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U
rea is a versatile molecular building
block that can be modified to self-
assemble into a multitude of struc-

tures, including pillars, fibers, sheets, tapes,
capsules, and gels.1�4 The urea NH groups
serve as hydrogen bond donors, while the
urea oxygen is an excellent acceptor. The
bis-urea macrocycles (Figure 1) consist of
two urea groups and two rigid C-shaped
spacers that allow the macrocycle to adopt
a relatively planar conformation with the
urea groups oriented approximately per-
pendicular to the plane of the macrocycle,
a conformation favoring high fidelity colum-
nar assembly.5�12 Phenylether bis-urea (1)
and phenylethynylene bis-urea (2) self-as-
semble into similar columnar structures
held together by hydrogen bonds with dis-
tances of 2.85�3.05 Å, which set a repeat
distance of between 4.6 and 4.7 Å.6,10 The
cross-sectional size and shape of the col-
umns differ as they are precisely deter-
mined by the molecular structure of the

macrocycle building blocks. In 1, the
cavity is seen to be roughly elliptical in
shape with cross-sectional dimensions of
∼4.8 Å � 3.7 Å, while in 2, the pore space
cross-section is almost round with a di-
ameter of∼9 Å. The columns pack together
to give molecular crystals with aligned
channels. Figure 2 compares the X-ray struc-
tures of 1 and 2 through views down the
b axis of seven neighboring columns to
show the spatial arrangement and homo-
geneity of these simple columns. Heating
removes the crystallization solvent.
The pore spaces of the bis-urea materials

assembled from 1 and 2 have not been
previously explored by Xe NMR. As can be
seen in the space-filling model shown in
Figure 1, two Xe atoms (collision diameter of
4.4 Å) are unable to fit side-by-side within
the cavity of 1, and hence, Xe atoms ad-
sorbed into the one-dimensional channels
formed by stacking of 1 are expected to
exhibit single-file molecular packing and
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ABSTRACT Urea is a versatile building block that can be modified to self-

assemble into a multitude of structures. One-dimensional nanochannels with

zigzag architecture and cross-sectional dimensions of only ∼3.7 Å � 4.8 Å are

formed by the columnar assembly of phenyl ether bis-urea macrocycles.

Nanochannels formed by phenylethynylene bis-urea macrocycles have a round

cross-section with a diameter of∼9.0 Å. This work compares the Xe atom packing

and diffusion inside the crystalline channels of these two bis-ureas using

hyperpolarized Xe-129 NMR. The elliptical channel structure of the phenyl ether bis-urea macrocycle produces a Xe-129 powder pattern line shape

characteristic of an asymmetric chemical shift tensor with shifts extending to well over 300 ppm with respect to the bulk gas, reflecting extreme

confinement of the Xe atom. The wider channels formed by phenylethynylene bis-urea, in contrast, present an isotropic dynamically average electronic

environment. Completely different diffusion dynamics are revealed in the two bis-ureas using hyperpolarized spin-tracer exchange NMR. Thus, a simple

replacement of phenyl ether with phenylethynylene as the rigid linker unit results in a transition from single-file to Fickian diffusion dynamics. Self-

assembled bis-urea macrocycles are found to be highly suitable materials for fundamental molecular transport studies on micrometer length scales.

KEYWORDS: xenon-129 . nanotubes . bis-urea . single-file diffusion . hyperpolarization . SEOP . spin-exchange optical pumping
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transport characteristics. Macrocycle 2, on the other
hand, has a larger cavity with a diameter of ∼9 Å, just
wide enough to accommodate two Xe atoms. Here,
we employ hyperpolarized (HP) 129Xe to examine the
effects of these structural differences onXepacking and
unidimensional diffusion dynamics within the channels
formed by self-assembly of 1 and 2. We introduce
the concept of transitioning between normal Fickian
diffusion (ND) to single-file diffusion based on rational
design of supramolecular channel architectures utilizing
the bis-urea assembly motif.
Single-file diffusion (SFD) is a collective many-body

phenomenon occurring in systems of random walkers
confined to one-dimensional channels under certain
conditions. In its simplest embodiment, SFD is a mani-
festation of correlated random displacements in a one-
dimensional lattice gas subject to interparticle exclusion
interaction. Like pearls on a string, the sequential order of
particles in the file is time-invariant,13 and the random-
walk (RW) displacements are suppressed. SFD has been
studied intensively in various macroscopic channel-
particle constructs with the aim of validating single-file
transport models and theoretical simulations.14�19

Single-file transport on the molecular scale has im-
portant potential applications. The recent demonstration

of single-file transport for controlled release of protein
drugs through cylindrical nanochannels formed in a
microfabricated block copolymer membrane provides
an elegant example of the power of this approach.20 In
principal, single-file nanochannels can alsobe exploited
for energetically efficient separations, for instance, in a
mixture of small (S) and large (L) gas molecules which
independently exhibit ND and SFD, respectively. If
S may pass S or L, S retains its high mobility with ND
time-scaling, allowing it to be efficiently separated
fromL. This property could also bebeneficial in catalysis
where L is converted to S, since a low single-filemobility
of L is favorable for a long contact time with active
sites while the product S molecules rapidly diffuse
away from the active sites. However, realization of such
applications requires SFD to be well-understood first in
single-component single-file conditions. Fundamental
studies require channel persistence lengths sufficient
to allow the SFD regime to be obtained within the
experimental detection time-window.21�27,28,29,30�32

Furthermore, channels must be free of obstructions
and defects where molecules might pass one another.
The exploration of crystalline materials composed

of one-dimensional channel structures with sub-
nanometer cross-sectional dimensions has proven
to be one of the most intriguing uses of 129Xe
NMR.24�26,31�42 The 129Xe peak for the adsorbed phase

Figure 2. Comparison of the X-ray structures of twodifferent
bis-urea macrocycles. (A) Self-assembly of phenyl ether
bis-ureamacrocycle 1 affords columns via hydrogenbonding
and edge-to-face aryl-stacking interactions.6 Mercury was
used to calculate the interior channel surface (in brown) from
the CIFfile of host 1 3AcOH after removal of the solvent.64 The
packing of the columns in the crystal structure is illustrated
by the view along the b-axis of seven hydrogen-bonded
tubes (AcOH guests omitted). (B) Self-assembly of pheny-
lethynylene bis-urea macrocycle 2 affords similar columns
that are held together through the urea hydrogen-bonding
motif.10 A representation of the interior channel surface
(in brown) was calculated from host 2 3nitrobenzene after
removal of the solvent.64 A similar view along the b-axis
of seven hydrogen-bonded tubes (nitrobenzene guests
omitted) shows the arrangement and larger relative diameter
of the channels of 2 in comparison to 1.

Figure 1. Xe atom diffusion studied in channels of two
different self-assembled bis-urea macrocycles. (A) Phenyl
ether bis-urea 1 displays an internal diameter of 0.48 nm �
0.37 nm.6,10 Xe has a collision diameter of 0.44 nm and is
depicted in the tube for comparison. (B) The phenylethy-
nylene bis-urea macrocycle 2 forms nanotubular structures
with internal diameters of approximately 0.9 nm,10 signifi-
cantly larger than the Xe atom. Thus, it is possible for twoXe
atoms to pass within macrocycle 2, but not in macrocycle 1.
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of Xe in sub-nanometer diameter channels is typically
well-resolved from the bulk gas peak, and the 129Xe
chemical shift depends on channel architecture, cross-
sectional dimensions, chemical composition, loading,
dynamics, and channel orientation in the static
magnetic field. Distortions from spherical symmetry
resulting from intermolecular interactions induce a
paramagnetic deshielding of the 129Xe nucleus relative
to the free atom. Hence, the chemical shift anisotropy
inside one-dimensional channels depends on both Xe-
channel and Xe�Xe interactions.43,44 In channels too
narrow for Xe atoms to pass one another, single-file
packing anddiffusion effects can be seen by 129XeNMR
with a clarity and detail unparalleled by any other
technique. These effects have been reported in
various types of porous solids with one-dimensional
channels, including TPP,24,37 dipeptides (L-alanyl-L-
valine, L-valyl-L-alanine),25,31,32,38,41 molecular sieves44

(e.g., ALPO-11,33,36 ALPO-5,34 SSZ-2445), and transition-
metalmolecularwheels.26 In diamagnetic porousmedia,
where the 129Xe spin�lattice relaxation time can be
exceedingly long (ca. 200 s in AV at low loading),24,25

conventional thermally polarized NMR experiments
can be impractical. In such cases, NMR studies can
be facilitated by 129Xe hyperpolarization (HP) signal
enhancement afforded by Rb�Xe spin-exchange
optical pumping (SEOP).45�53

A most decisive observation of small molecule
single-file diffusion was achieved in the crystalline
L-alanine-L-valine (AV) nanotubes, where a combina-
tion of high-gradient PFG-NMR measurements at
17.6 T and HP 129Xe spin tracer exchange (HSTE)
NMR revealed Xe in AV to be a highly ideal single-file
system.31 HSTE-NMR is a variant of conventional tracer
exchange54�61 based on the selective saturation�
recovery pulse sequence with the nuclear spin serving
as the sorbate tracer label.25 Signal enhancements
obtained with 129Xe SEOP enable diffusion dynamics
to be probed in an observation time window span-
ning more than 3 orders of magnitude (ca. 10 ms
-200 s). The 129Xe HSTE data obtained in AV was
found to be in essentially perfect compliance with
a fully determined SFD model with no fitting
parameters.31,32 Whether or not nanotubular bis-
ureas can serve as similarly ideal hosts, but with the
advantage of variability in channel architecture, is one
of several questions that is addressed in the present
study.
Taking advantage of the ∼104-fold NMR signal

enhancement afforded by 129Xe SEOP, we explore
the intermolecular Xe�wall and Xe�Xe interactions
within the nanotubular structures formed by 1 and 2 as
a function of the Xe overpressure. In 1, distortion from
spherical symmetry leads to a strong anisotropy of the
chemical shift tensor indicative of extreme confine-
ment and single-file Xe adsorption. We examine the
effect of enlarging the center cavity of the bis-urea

macrocycle on the 129Xe line shape and its loading
dependence. Additionally, we utilize 129Xe HSTE NMR
to characterize Xe diffusion dynamics within the nano-
channels of 1 and 2. We investigate the effects of a
simple replacement of phenyl ether with phenylethy-
nylene as the rigid linker unit on the unidimensional
diffusion dynamics.

RESULTS AND DISCUSSION

Hyperpolarized Xenon-129 NMR Spectroscopy. The isolated
Xe atomhas a purely diamagnetic shielding. Distortions
from spherical symmetry resulting from intermolecular
interactions induce paramagnetic excitations which
deshield the 129Xe nucleus relative to the free atom.
Hence, the chemical shift anisotropy inside one-
dimensional channels depends on Xe�channel and
Xe�Xe interactions.38,43,44 The cross-section of 1 may
be superficially described as elliptical, with dimensions
3.7 Å � 4.8 Å for the interior van der Waals surface
estimated from the crystal structure.62 Theminor axis of
the elliptical center cavity of 1 is substantially smaller
than the collision diameter of the Xe atom of 4.4 Å.
Hence, passage of a Xe atom through themacrocycle 1
requires a correspondingly large distortion of its elec-
tron density. Clearly, two Xe atoms are unable to fit
side-by-side in the channels formed by stacking of 1.
In the larger channels formed by stacking of 2, Xe is not
so tightly confined, and a more isotropic dynamically
averaged electronic environment is predicted. Figure 2
shows representationsof the interior channels (inbrown)
calculated using Mercury63 from the reported crystal
structures of the hosts with the solvent of crystallization
removed.64 Due to the geometry of the stabilizing aryl
stacking and alkyne to phenyl interactions, the walls of
the channels formed by 1 or 2 are not smooth on the
atomic scale. Thus, Xe�wall interactions (and hence the
transverse components of the shielding tensor) will vary
periodically along the channel axis but are dynamically
averaged when Xe diffusion is sufficiently fast.

The theory paper of Jameson et al.44 provides
valuable guidance on how to interpret the 129Xe line-
shapes observed in the bis-urea 1 crystals. Lineshapes
in the smooth, round “narrow-bore pipe” channel,
where the minimum potential energy occurs with the
Xe atom at the center of the pipe, reflect the axially
symmetric shielding tensor with principal values σxx =
σyy = σ^, where the z-principal axis is taken to be parallel
to the channel axis. The electron density of the isolated
Xe atom is football shaped. Due to the paramagnetic
excitation, the Xe nucleus is most strongly deshielded
along the channel axis (i.e., σ ) < σ^). With increased
loading, Xe�Xe interactions compress the electron
density along the channel axis, thereby increasing σ^
while σ ) remains unaffected.44 Anisotropy decreases
as loading increases. When the Xe�wall and Xe�Xe
interactions are balanced, σ )� σ^f 0 and a symmetric
isotropic NMR line shape is observed. At still higher
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loading, the anisotropy may reverse sign, as in AV,25,38

VA,38 and TPP.24,37

Figure 4 in the work of Jameson44 illustrates the
effect of elongation into an elliptical cross-section,
where reduced symmetry yields three unique principal
shielding tensor components, σ ) 6¼ σt 6¼ σ^, where σt
is the shielding component along the minor axis. The
observed shielding tensor depends on the orientation
of approach of two Xe atoms in the channel and is thus
highly sensitive to the channel architecture. In the
roughly elliptical channels of the zeolite ALPO-11,36,44

the experimental loading dependence of the 129Xe
powder pattern was analyzed in detail using a dynamic
averaging model based on a statistical distribution
of Xe site types consisting of zero, one, or two adjacent
Xe atoms, where elliptical pores are interconnected
in a zigzag arrangement.36 The narrower channels of
the bis-urea 1 crystals may also be described as zigzag
shaped (see Figure 2A).

Figure 3 presents theHP 129Xe spectra of 1 recorded
at a series of Xe pressures between ∼100 and ∼3000
Torr at 25 �C. Despite severe steric hindrance, we are
nevertheless able to detect the NMR signal of HP 129Xe
adsorbed inside the channels formedby1. As expected
for such extreme confinement, a broad powder pattern
is observedwith chemical shifts extending to>300ppm
at low loading. The fits to a single idealized chemical
shift tensor powder pattern line shape are super-
imposed on the experimental spectra in Figure 4A.
The agreement is not perfect but is considerably better
than the fits obtained in ALPO-11.36 Our assignment of
the shift tensor components is based on the discussion
in the preceding paragraph. At the lowest loading,

fitting yields δ ) = 341 ppm. We are unaware of such
large 129Xe chemical shifts in a physisorbed state under
ambient conditions. The shift is twice that observed in
ALPO-11 or VA.38 Notice that as the loading (and Xe�Xe
interactions) increases, δ ) decreases while δ^ increases
slightly and δt remains constant. The loading depen-
dence of the dynamically averaged shielding tensor
is consistent with a slight increase in the tilt angle of
the average Xe�Xe vector between adjacent occupied
lattice sites. The loading dependence is dissimilar to
that exhibited byALPO-11, where both of the transverse
shift tensor components increase with loading.36 For
the pressure range accessible in our SEOP apparatus,
no inversion in the sign of the chemical shift anisotropy

Figure 4. (A) Chemical shift powder pattern fits to the
HP 129Xe lineshapes in the channels of macrocycle 1 as
a function of the Xe partial overpressure. (B) Summary plot
of best fitted values for the principal values of the 129Xe
chemical shift tensor for macrocycle 1 (δ ), filled circles; δt,
triangles; δ^, squares; δiso(1), open circles; isotropic shifts in
macrocycle 2 (δiso(2), crosses). Linear least-squares fits gave
δ^ = (0.019 ( 0.002)PXe þ 173 ( 3 and δiso(2) = (0.0182 (
0.0004)PXeþ 96.7( 0.7. The slope of δt is essentially zero up
to the discontinuity.

Figure 3. Dependence of the HP 129Xe NMR spectrum
of phenyl ether bis-urea macrocycle 1. Experiments were
conducted using He/Xe mixture with a total pressure of
3115 Torr (25 �C).
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is observed. The Xe�Xe interactions are unable to
exceed the strong lateral confinement of the bis-urea
channel structure.

Upon increasing the pressure from 2650 to 2880
Torr, the isotropic shift varies continuously, but the
powder pattern exhibits a discontinuous change and
is insensitive to a further increase in Xe pressure. The
invariance above 2880 suggests that at this pressure
the loading is nearly complete. The short spin�lattice
relaxation time T1c observed in the HSTE data supports
this assertion (see below).

The HP spectra for the larger macrocycle (2), where
Xe is not so tightly confined as in 1, are presented in
Figure 5. The average chemical shift is substantially
smaller and the line shape is symmetric, consistent with
an effectively isotropic dynamically averaged electronic
environment. Interestingly, a resolved smaller peak
emerges at slightly higher chemical shift at pressures
above 2100 Torr, which we tentatively assign to an
ancillary pocket adsorption site. The trend in the shift
of the main peak with pressure is shown in Figure 5B.
The linear dependence indicates that the loading in 2 is
far from saturation up to 2800 Torr.

Diffusion Dynamics. Due to the atomistic corrugation
in nanochannels formed by the bis-urea macrocycles,
diffusion of an isolated Xe atom is a thermally activated
process involving hops between adjacent potential
energy minima. The self-diffusion constant D0 can be
estimated from the Einstein�Smoluchowski equation

D0 ¼ λ2=τ (1)

where λ is the lattice parameter separating potential
energy minima and τ is the hopping correlation time.
With increasing time, Xe�Xe encounters begin to
restrict the random-walk process, depending on the

Xe density, and the details of the particle�particle
interaction become relevant. For simple exclusion inter-
action in a single-file system, mutual exchange of
positions in the lattice is prohibited, and the unrest-
ricted RW process breaks down. The time-scaling of
themean-squared displacement (MSD) then enters the
SFD regime, depending on the density.56,65�75 The
single-file criterion for spherically shaped molecules
with collision diameter σc in smooth, rigid channels
with cylindrical symmetry and internal diameter d is dg
σc g d/2. Channels formed by macrocycle 1 fulfill the
single-file criterion. For larger channels (i.e., channels
formed by stacking of macrocycle 2) where σc < d/2,
passages can occur and the MSD should scale as in
normal unidimensional diffusion. The hallmark of SFD is
the proportionality of theMSD to the square-root of the
observation time76,77

ÆΔz2æ ¼ 2F(θ)t1=2 (2)

where

F(θ) ¼ 1� θ

θ
λ

ffiffiffiffiffiffi
D0

π

r
(3)

is known as the single-file mobility. For hypothetical
infinitely long channels, the ÆΔz2æ � t1/2 time-scaling
persists indefinitely, but in finite-length channels, which
are terminated by either blockages or openings to an
external phase, a more complex behavior ensues. The
MSD in single-file channels blocked at one or both ends
will eventually plateau, entering a restricted diffusion

regime.32,42 In open-ended files, particle exchange with
the bulk phase leads to a randomwalk of the center-of-
mass (CM) of the particles in the file that is correlated to
individual particle displacements.56,66,67 CM diffusion
is characterized by Fickian time-scaling, ÆΔz2æ = 2Dcmt,

Figure 5. (A) Dependence of the 129Xe line shape in the one-dimensional pores of the phenylethynylene bis-ureamacrocycle
2 on Xe partial pressure from 100 to 2800 Torr. Experiments were performed using a HP Xe/He mixture at a total pressure of
3115 Torr at room temperature (25 �C). (B) The emergence of a secondary adsorption site at pressures above 1900 Torr is
indicated by the arrows.
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with a reduced diffusivity Dcm. At sufficiently long time
scales, CMultimately dominates over SFD. Interestingly,
molecular CM diffusion has never been reported in a
molecule-nanochannel system, even though it is pre-
dicted to occur in the observation time-window of
the PFG and HSTE NMR experiments.31,32 Singly open
ended channels do not support CM diffusion: diffusion
in such channels enters a restricted regime. Therefore,
one generally expects to observe a time-scaling
ÆΔz2æ1/2 � ta(t), where 0 e a(t) e 1/2, in a macroscopic
ensemble of channels. In the single-file diffusion re-
gime, a = 1/4. In larger channels, where mutual passes
are not sterically hindered, as expected for Xe in
the channels formed by 2, a(t) = 1/2 is to be expected.
In the restricted diffusion regime, a(t)f 0 at sufficiently
long t.

Molecular-exchange dynamics in open-ended
channels can be accessed by the tracer exchange

technique.56,78 Tracer exchange monitors the uptake
of labeled molecules by a porous material which is
initially saturated with unlabeled molecules (or vice
versa). The tracer exchange function is defined as

γ(t) � nads(t)
nads(¥)

(4)

where nads(t) is the number of labeled molecules
adsorbed after time t. The analogous expression for
HSTE, which incorporates the spin�lattice relaxation
of the tracer label, is given by the ratio of NMR signal of
the adsorbed tracer species after a repolarization time
t to its steady-state value:

γNMR(t) �
Sc(t)

Sc(t f ¥)
(5)

The simple RWmodel for the HSTE function yields25,32,42

γNMR(t) ¼ 1� Γ(a, t=T1c)
Γ(a)

(6)

Equation 6 assumes constant a during the entire
observation time window. For diffusion times t , T1c,
Sc(t)� ta, and a remains as the single-fitting parameter
in the model. The simple RW dynamics with simple
interparticle exclusion interaction (i.e., double occu-
pancy of lattice sites is forbidden) can yield up to four
distinct diffusion time regimes (not including ballistic
transport at very short t).42 This complexity is com-
pounded by the effects of intermolecular interactions,
adsorption barriers, and transport impedances, produ-
cing deviations from pure SFD or a shift of the cross-
over between different regimes. Noise in the data also
contributes to error of fitted parameters. Equation 6
permits the assessment of the overall compliance to
the idealized single-file diffusion model. The HSTE
signals are collected and normalized to the steady
state. An accurate steady-state signal is obtained
by copious signal averaging in the fully recovered
regime.

HSTE utilizes a selective saturation-recovery pulse
sequence in which the spin polarization of 129Xe atoms
initially located within the channels is destroyed by
chemical-shift selective excitation, leaving the polari-
zation of Xe atoms outside the sample unaffected.
Recovery of the NMR signal of the adsorbed phase
Sc(t) back to the steady-state occurs by diffusion of
unpolarized atoms to the file openings followed by
exchange with hyperpolarized atoms exterior to the
file.

Figures 6 and 7 present the results of the HSTE NMR
experiments on our two bis-urea solids. Stacked plots
of the processed spectra used to prepare these figures
are presented in Figures S12 and S13 of the Supporting
Information. The blue data points plotted in the top (A)
panels represent the bulk gas phase HP 129Xe peak
areas normalized to the values obtained in the steady
state. The ratios of the peak areas for the channel-
adsorbed and bulk gas phase are normalized to
the steady-state ratio, Sc/Sg, and plotted as dark red
data points in the middle (B) panels, and the same
data is shown on a log scale in the bottom (C) panels.
Least-squares fitting to eq 6 was performed in three

Figure 6. HP 129Xe spin tracer exchange NMR in the phenyl
ether bis-ureamacrocycle 1 at�50 �C using 2600 Torr Xe at
∼150 mL/min. (A) Bulk gas-phase peak area normalized to
the steady state. (B) Ratio of the channel-to-gas peak areas,
normalized to the ratio in the steady state (red points).
The dashed curve shows the best fit to eq 6 by fixing a = 1/4
(single-file diffusion) and allowing T1c to vary; solid curve
was obtained by fixing a = 1/2 and allowing T1c to vary.
Dotted curve is the best fit allowing both T1c and a to vary.
(C) Log representation of the same data and fits at
short times. Raw spectra are provided in the Supporting
Information.
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ways: (i) fits to the model allowing both T1c and a to
vary as free parameters (dotted curves); (ii) fits ob-
tainedwhen T1c is allowed to varywith the a parameter
fixed to either 0.25 (for SFD) or 0.50 (ND), respectively
(dashed and solid curves), and (iii) linear least-squares
fitting to the linear region of log(Sc/Sg) vs log(t). Values
for the fitted parameters are summarized in Table 1,
and the fits obtained using methods (i) and (ii) are
superimposed on the data in Figures 6 and 7. For
macrocycle 1, the values for the fitted parameters were
reproduced (within the 90% confidence intervals) in
two trials on the same synthetic batch. Formacrocycle2,
twodifferent synthetic batches yielded consistentfitting
results. The values of the a parameter obtained from
linear least-squares fits to the log�log representation
gave close agreement to the values reported in Table 1
for fitting method ii. The linear least-squares fits are
included in Figures S14 of the Supporting Information.

In both Figure 6A and 7A, the gas-phase signal
immediately following selective saturation of the ad-
sorbed phase is seen to be depressed by∼40% relative

to the steady-state. A similar perturbation of the
HP 129Xe gas phase signal was reported in the HTSE
study of the dipeptide VA.31 Recovery occurs within
about 0.75 s. Clearly, the assumption in our model
that the bulk gas phasemagnetization is unaffected by
chemical exchange with the depolarized adsorbed
phase is not rigorously obeyed for very short repolar-
ization times. Therefore, the observed deviation in the
HSTE data from the t0.3 dependence (see Figure 6C) at
repolarization times shorter than ∼0.1 s is considered
insignificant. For macrocycle 2, the HSTE results pre-
sented in Figure 7 and Table 1 exhibit good compliance
to theNDmodel, yielding consistent fitting results by all
three methods and high R2 obtained whether a is fixed
to 0.5 or allowed to vary. When a is allowed to vary
freely, it obtains a value of 0.60 ( 0.04, slightly higher
than 0.5 as expected for ND. The data for t > 0.7 s
show essentially perfect agreement to the ND model
with a = 0.5.

The HSTE fitting results for themacrocycle 1 sample
are reported in Figure 6 and Table 1. Clearly, the
diffusion dynamics is dramatically altered by reducing
the size of the center cavity. In contrast to the larger
bis-urea macrocycle 2, the HTSE data for macrocycle 1
exhibit better compliance to SFD (a = 0.25) than to ND
(a = 0.5). A slight improvement in R2 is obtained when
a is allowed to vary, yielding a = 0.30( 0.04. This could
be indicative of CM diffusion, as predicted by the
analytical model for the observation times used in
our HTSE experiment,31 or it could be related to other
factors not included in the simple analytical model,
such as the distribution of channel persistence lengths,
existence of singly open-ended channels, Xe clustering,
momentum damping, or some combination of these
effects. Notably, the data do not exhibit any significant
time-dependence in a within the experimental obser-
vation window.

Previous 129XeNMR studies in other single-file nano-
channels systems has shown that T1c depends strongly
on loading θ and channel diameter due to the depen-
dence of the chemical shift relaxation mechanism on
Xe�Xe collision dynamics.25,26 The chemical shift and

Figure 7. HP 129Xe spin tracer exchange NMR in the
phenylethynylene bis-urea macrocycle 2 at 25 �C using
2800 Torr Xe at ∼70 mL/min flow rate. (A) Bulk gas-phase
peak area normalized to the steady state. (B) Ratio of the
channel-to-gas peak areas, normalized to the ratio in
the steady state (red points). The dashed curve is the best
fit to eq 6 fixing a = 1/4 (single-file diffusion) and allowing
T1c to vary. For the solid curve, a = 1/2 and T1c is allowed
to vary. Dotted line is the fit obtained allowing both T1c and
a to vary. (C) Log representation of same data. Raw spectra
are provided in the Supporting Information.

TABLE 1. Results of Nonlinear Least Squares Fitting of the

Model, eq 6, to the HSTE Data Obtained in the Nano-

channels of Macrocycles 1 and 2 Using All Three Fitting

Methods (See Text)a

fitting method a T1c (s) R2

macrocycle 1 i 0.25 (SFD) 50 ( 10 0.991
0.50 (ND) 10 ( 2 0.981

ii 0.30 ( 0.04 31 ( 11 0.993
iii 0.32 ( 0.02 n/a

macrocycle 2 i 0.25 (SFD) 13 ( 2 0.983
0.50 (ND) 3.8 ( 0.2 0.998

ii 0.60 ( 0.04 2.9 ( 0.2 0.999
iii 0.64 ( 0.04 n/a

a Uncertainties represent 90% confidence intervals.
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observed spin relaxation time suggests the high load-
ing regime (θ > 0.5) for macrocycle 1 for the HSTE
experiments at 2600 Torr Xe and�50 �C. The linearity of
the pressure dependence of the chemical shift in 2 is
consistent with the low-loading regime in the HSTE
experiment at 2800 Torr, 25 �C.

CONCLUSIONS

Supramolecular self-assembly offers innumerable
possibilities for synthesizing porous materials suitable
for studies of spatial confinement effects on chemical
reactions, gas adsorption/sequestration, controlled drug
release, and molecular transport phenomena. The key
advantageof this approach is that channel architecture is
determined at the molecular building-block level.79�84

Transition metal molecular wheels26,82,84 provided an
earlier example of a size-tunable supramolecular nano-
channel system.30 However, moisture/air sensitivity
which can result in defects, blockages, and short persis-
tence lengths make thesematerials less than optimal for
fundamental transport studies. Paramagnetic impurities,
which are detrimental to 129Xe NMR measurements,
are difficult to completely eliminate in the metal-based
systems. The present work was motivated by the possi-
bility to realize robust, hydrogen-bonded nanochannel
materialswith tunable structural properties.We employed
HP 129Xe NMR to probe intermoleular Xe interactions,
channel architecture, and diffusion dynamics in the
phenyl ether bis-urea and phenylethynylene macro-
cycles. The highly stable and robust crystals based on
the bis-urea assembly motif are superior host materials
for fundamental molecular transport studies.
Remarkably, we are able to report the NMR signal of

strongly confined Xe atoms adsorbed into the chan-
nels formed by the phenyl ether bis-ureamacrocycle 1.
Xenon can be accommodated only if its electron den-
sity undergoes a significant distortion from spherical
symmetry, which results in a strongmagnetic deshield-
ing and anistropy. Shifts of up to 340 ppm are seen,
surpassing even the chemical shift in solid Xe.85,86 The
129Xe chemical shift powder pattern reveals an asym-
metric chemical shift tensor with three unique principal

components. The pressure dependence of the line
shape was analyzed in detail based on Jameson's
theory. The powder pattern for macrocycle 1 shows a
discontinuity at around 2600 Torr and becomes invari-
ant to pressure thereafter, possibly due to reduced
single-file mobility as the occupancy approaches unity
or as a consequence of changes in packing or clustering
in the channels. In contrast, the wider channels formed
by phenylethynylene bis-urea macrocycle 2 yielded a
much smaller deshielding and a symmetric line shape
reflecting an isotropic dynamically averaged electronic
environment. The adsorbed phase signal for bis-urea 2
macrocycles was found to scale linearly with Xe pres-
sure up to 3115 Torr.
Our HSTE-NMR results conclusively demonstrate

that bis-urea macrocycles are kinetically accessible
to the gas phase. The diffusion of Xe through the
channels formed by 1 is approximately single file in
character, while the data in crystals of 2 are consistent
with normal Fickian diffusion. Refinement of the
diffusion model might be achieved by HTSE NMR
experiments on single crystals (thereby eliminating
effects of channel length distribution) or by measure-
ments of bulk transport through bis-urea nano-
channels in a membrane device.
As the porous solids studied here are assembled from

molecular units (bis-urea macrocycles) that are readily
synthesized from rigid spacers and protected ureas,
the dimensions of the homogeneous channels can be
controlled by the size of the macrocyclic units, allowing
for precise and rational control over cavity dimensions,
shape, channel architecture, and functionality. Notably,
a predicted transition fromFickiandiffusion to single-file
diffusion dynamics was induced by a small molecular-
levelmodification of the structure of the bis-urea spacer.
To our knowledge, this is the first unequivocal demon-
stration of a structure-induced transitioning, achieved
through rational design, from single-file to ordinary
Fickian molecular diffusion dynamics on micrometer
length scales. The high-fidelity, precisely uniform
channels of the bis-ureas are thus established as hosts
well-suited for molecular single-file diffusion studies.

MATERIALS AND METHODS
The syntheses of phenyl ether bis-urea (1) and phenylethy-

nylene bis-urea (2) macrocycles were repeated as described in
references 6 and 10�12. Needle-shaped crystals of the hosts
were obtained by slow cooling either an AcOH solution of 1
(100 mg/50 mL from 120 �C at 1 �C/h) or a DMSO solution of 2
(150 mg/30 mL from 130 �C at 1 �C/h), respectively. The
structures of the synthesized macrocycles were confirmed by
single-crystal X-ray and high-resolution solution-state proton
and carbon-13 NMR (see the Supporting Information, Figures
S1�S3). Powder X-ray diffraction suggests that the bulkmaterial
is single phase (Supporting Information, Figures S7 and S8).
Prior studies demonstrate that crystalline 1 and 2 are micro-
porous and display type-I CO2 adsorption isotherms with
adsorption capacities of 316 and 349 m2/g, respectively.11,12

Host 1 is nonporous with both N2 (g) and Ar (g), which have
slightly larger kinetic diameters.87 Although the Xe isotherms
are unavailable, the accessible surface area in 1 is also expected
to be small, considering its larger size relative to the other gases.
Inspection of the SEM images of 1prior to packing in the sample
holder shows that the sample consists of rod-shaped crystallites
with an average length of 250 ( 90 μm � 3 ( 2 μm (Figure S9,
Supporting Information).11 SEM images of 2 reveal crystals
with dimensions of ∼80 ( 20 μm � 20 ( 10 μm (Figure S10,
Supporting Information).10,12

The Rb�Xe SEOP polarizer is described in ref 52. Approxi-
mately 80 mg of solid was packed into a cylindrically shaped
NMR sample holder machined from PEEK, threaded on both
ends to accept PEEK compression fittings for 1/8 in. OD PFA
tubing.40 The continuous stream of HP 129Xe gas is transported
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directly from the optical pumping cell outlet to the PEEK sample
holder through the 1/8 in. PFA tubing, which is routed through
the probe body. Prior to the NMR measurements, the samples
were evacuated to∼10�3 Torr under dynamic vacuum at 110 �C
for 6�8 h using a turbomolecular drag pump. Thermogravi-
metric analysis (see the Supporting Information, Figures S4�S6)
was used to verify that this pretreatment was sufficient to fully
remove solvent and leave the channels fully vacant for the
adsorption of HP 129Xe.
All NMR spectra presented in this work were acquired on a

9.4 T Bruker Avance 400 MHz wide-bore NMR spectrometer
fitted with a Bruker wide-line solids probe, tuned and matched
to 110.68859 MHz. HP 129Xe NMR spectra in the crystals of 1
and 2 were acquired at 25 �C in continuous flow (CF) mode
in which the Xe/He gas mixture is recirculated between
the optical pumping cell and the sample holder.25 Spectra were
collected at a series of Xe partial pressures with a fixed total
pressure of about 3000 Torr. The HP 129Xe spectra were
collected using a Hahn echo pulse sequence with 30 μs echo
delay, a 3.25 μs π/2 pulse, and a 6.5 μs π pulse. For the sample
containing macrocycle 1, a minimum of 256 transients were
signal averaged using a 4 s recycle delay. For 2, 16 transients
were averaged using a 1 s recycle delay. A 200 Hz Gaussian
line broadening was applied to the free induction decay prior
to Fourier Transformation. Least-squares fitting of the experi-
mental line shapes for 1 to a single chemical shift powder
pattern was carried out using DMFIT.88 The reported best-fit
values for the chemical shift tensor elements are referenced to
the gas peak at low pressure.
The 129Xe HSTE measurements were also performed in CF

mode using mixtures of natural isotopic abundance Xe and
helium.25 A frequency-selective π/2 pulse train was applied
to saturate the spin polarization of 129Xe adsorbed inside the
nanochannels. For macrocycle 1, 32 transients were signal
averaged at each repolarization delay ranging from 0.1 ms
to 120 s. To increase the signal of the adsorbed phase, the
temperature was lowered to �50 �C using the built-in variable
temperature capability of the Bruker probe. For macrocycle 2,
which yielded much more intense adsorbed phase HP 129Xe
signals, eight transients were signal averaged for repolarization
delays ranging from 0.1 ms to 60 s. The data was processed in
MestraNova version 8.1.1 (MestraLab Research, S.L.). Free in-
duction decays were apodized with a 200 Hz line broadening
factor, Fourier transformed, and baseline corrected using cubic
spline interpolation. Since the polarization of the gas may drift
or fluctuate in time due to the various instrumental instabilities
that affect the SEOP (e.g., pumping cell temperature, Rb density,
flow rate), the adsorbed phase signal was referenced to the gas
by dividing peak integrals. The signal ratios were then normali-
zed to the steady-state. For 1, the HSTE experiments and fitting
analysis were repeated twice on the same sample. For 2,
HSTE experiments and analysis were repeated in two different
samples originating from different synthetic batches.

SEM Imaging. SEM micrographs of polycrystalline specimens
of recrystallized 1 and 2 before packing into the NMR sample
holder are shown in Figures S9 and S10 (Supporting Informa-
tion).11,12 SEM after packing were recorded using the FEG-SEM
XL-40 microscope at the MAIC facility at the University of
Florida. Comparison of the micrographs of 2 acquired before
and after packing into the sample holder (Figure S11, Support-
ing Information) showed that averaged crystal length was
affected somewhat by the packing/unpacking operation, but
no attempt was made to quantify the change. Samples were
recrystallized before reuse.
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