| Article |

analygiglanlistry

pubs.acs.org/ac

Single-File Nanochannel Persistence Lengths from NMR
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ABSTRACT: Crystalline solids composed of one-dimensional channels

with cross-sectional dimensions below 1 nm represent an intriguing class
of materials with important potential applications. A key characteristic
for certain applications is the average open channel persistence length,
i.e., the ensemble average distance from a channel opening to the first
obstruction. This paper introduces an NMR-based methodology to
measure this quantity. The protocol is applied to polycrystalline
specimens of two different dipeptide nanotubes: L-Ala-L-Val and its
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retro-analog L-Val-L-Ala. Persistence lengths derived from the NMR

measurements are found to be comparable to the typical crystallite dimensions seen in scanning electron microscopy (SEM)
images, indicating that the crystals of these AV and VA specimens are essentially hollow with practically no blockages.
Applications of the method to an AV sample that has been pulverized in a mortar and pestle showed that the open channel
persistence length was reduced from 50 to 6.6 pm, consistent with the crystallite sizes observed in SEM images.

rystalline solids composed of one-dimensional channels

with cross-sectional dimensions below 1 nm represent a
unique class of materials. Within the confined spaces, chemical
or photochemical transformations may be constrained by
guest—host interactions," and the one-dimensional topology
may also yield anomalous transport properties with potential
applications to gas storage, separations, catalysis, and drug
delivery. Representatives include the crystalline dipeptides,™
transition metal molecular wheels,* and bis-urea macrocycles.
In all of these materials, microscopy reveals needle-shaped
single crystals in which the channel axis is aligned parallel to the
long dimension of the crystal. A key property resulting from
self-assembly is the perfect monodispersity in the cross-
sectional geometry. Channel lengths resulting from sponta-
neous crystallization, on the other hand, usually exhibit a very
broad distribution, as exemplified in the scanning electron
microscopy (SEM) images of the polycrystalline specimens of
the dipeptides L-Ala-L-Val (AV) and its retro-analog L-Val-L-Ala
(VA) shown in Figure 1a and 1b. Individual crystals extending
into the hundreds of micrometers in length and a few
micrometers in width can be seen. On the basis of the crystal
structure, we know that these crystallites are spanned by
millions of parallel nanochannels. But are these channels open
at both ends? Are they hollow and unobstructed all the way
through from one end of the crystal to the other? How could
this be investigated? The answers to these questions are
critically important to applications.

As noted in ref 6, defects may or may not alter sorption
characteristics. Pore architecture may be altered without
changing the total capacity or diffusion properties, or channels
may be blocked, reducing the accessible pore volume and
sorption capacity. The specific sorption capacity in solids with
one-dimensional pores depends on both the average crystallite
length and the blockage density. Hence the open channel
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persistence length, defined here as the average distance between
a channel opening and the first obstruction, is not available
from sorption measurements alone. Here we demonstrate how
this quantity can be determined by combining information
from several different types of NMR measurements.

Diffusion of Xe in L-Ala-L-Val (AV) nanochannels exhibits
single-file dynamics.”® The hallmark of single-file diffusion
(SED) is the t'* time-scaling of the mean-squared disglace-
ment, ie., o> = 2Ft"/2, where F is the single-file mobility.” The
open channel persistence length, as defined above, can be
estimated by combining hyperpolarized spin tracer exchange
(HSTE) NMR data with single-file mobility data measured on
the same specimens at the same temperature and Xe pressures.”
Average open channel persistence lengths 1 were thus obtained
for VA, AV, and a sample of AV that was pulverized in a mortar
and pestle (pAV). Comparison of these values to the crystallite
lengths seen in the SEM will afford an estimation of the
blockage densities in these materials.

B MATERIALS AND METHODS

Crystalline AV and VA consist of helical channel structures with
mean channel diameters of 0.51 and 0.49 nm, respectively.”'*'!
The spacing of the windings is nearly the same in the two
materials — about 1 nm."" Xe satisfies the single-file criterion in
AV and VA, as evidenced by the loading dependence of the
129Xe chemical shift tensors.”'* The as-received specimens of
VA and AV show a broad distribution of channel lengths with a
mean of roughly 50—100 um, whereas the pAV specimen
consists of particles roughly S ym in average length (see Figure

1).
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(a) VA, as received

Figure 1. SEM images of three dipeptide specimens: (a) VA, as
received from Bachem Americas, LLC; (b) AV, as received from
Bachem Americas, LLC; (c) AV after pulverizing in a mortar and
pestle.

NMR spin hyperpolarization methods such as '*Xe spin
exchange optical pumping (SEOP)"'* can produce signal
enhancements of more than 4 orders of magnitude, making it
possible to follow diffusion in AV and VA in real time in the 10
ms—200 s time-window.*'>'¢ Xenon-129 typically exhibits a
large chemical shift in physisorbed environments relative to the
gas. In VA and AV, the adsorbed and gas phase peaks are well-
resolved, allowing exchange between the adsorbed and gas
phases to be studied by applying the selective-saturation
recovery pulse sequence.”

The HSTE NMR technique is illustrated in Figure 2.
Utilization of the nuclear spin asa 9particle tag is advantageous
for tracer exchange studies'’ because the system is
conveniently reinitialized using chemical shift-selective radio-
frequency pulse excitation. Hyperpolarized '**Xe gas produced
by SEOP is continuously pumped through the NMR sample
holder containing the porous solid sample."*** Hyperpolarized
atoms of the bulk gas enter the channel openings and undergo
spin—lattice relaxation as they propagate into the channel
spaces, while unpolarized atoms desorb from the channels and
are purged from the sample space by the continuous flow of
gas. In one-dimensional channels with diffusion-limited
exchange kinetics, the recovery of the adsorbed phase '*Xe
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Figure 2. Schematic illustration of the hyperpolarized spin tracer
exchange experiment. The NMR spectrum is recorded at a series of
time delays following frequency selective RF saturation of the
nanochannel-adsorbed '*’Xe polarization.

spin signal contains information about the diffusion time-
scaling. A steady-state gradient in the '*Xe spin hyper-
polarization along the channel axis is ultimately established.

Single-file systems such as Xe in AV or VA can potentially
exhibit up to four distinct diffusion time regimes (not including
ballistic transport at very short t).'”*' The initial period
(regime i) of ordinary Fickian Diffusion (FD), where 6* = 2Dt,
is followed by the onset of SFD (regime ii). In finite, doubly
open-ended channels devoid of obstructions, particle displace-
ments correlated to diffusion of the center-of-mass lead to a
crossover to a center-of-mass (CM) diffusion (regime iii).'”*!
CM diffusion is characterized by Fickian time-scaling, ¢* =
2Dcpt, but with reduced diffusivity Dey = Do(1 — 6)/(6L),*"*
where L is the number of sorption sites in the channel and 8 is
the fractional occupancy. A fourth regime, restricted diffusion,
occurs in singly open ended channels. For particles located
initially at the center of the channels, the crossover between
regimes ii and iii m doubly open-ended channels can be
estimated analytically:*'

o*(t) = (2A/z)(1 - 6)/0 (1)

where A is the elementary random walk displacement. For other
initial locations, deviations from the #/? time-scaling of the
MSD will occur at shorter diffusion times, depending on
proximity to the file boundary and boundary conditions.

In sufficiently long channels, where the minimum channel
length in the distribution fulfills the criteria

Ioin/2 > J2F\[T;, l.../2> [2DT,, @)

for SFD and FD, respectively, the spin hyperpolarization on the
sorbate molecule relaxes with a time constant T, before the
sorbate reaches the midpoint of the channel. When this “long
channel” criterion is fulfilled, the signal arising from the
hyperpolarized sorbates within the channels can be estimated
analytically in the two limiting cases of pure SED and pure FD:*

or

ar_ NE ' s o
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The total signal depends on 7, the ensemble average number of
channel openings per channel (ranging from 0 to 2), and ], the
average open channel persistence length. A time-scaling of ¢*(t)
intermediate between the limiting cases of pure SFD and pure
FD may result if the data is acquired in a time window spanning
the crossover between different diffusion regimes. Effects of
intermolecular interactions, adsorption barriers, and transport
impedances may also produce such deviations. Deviations may
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be analyzed by ﬁttinég the normalized HSTE-NMR data to the
following function:'®**

_ s e
CS(t> ) fowr“_le_t/Tl‘dr

()

where a = 0.25 in the case of pure SFD to a = 0.5 for FD. In
sufficiently long channels, T}, can be measured independently
by thermally polarized NMR (sensitivity permitting). This
leaves a as the single remaining fitting parameter.

In cases when fitting of the HSTE-NMR data to S indicates
purely single-file or purely Fickian diffusion, the prefactors in eq
3 or 4 can be obtained by referencing the adsorbed phase NMR
signal to the signal of the hyperpolarized gas:

S(t)  n
5 g
t
=C, / %/ Tdr  SFD (7)
0
t
= CD/ 727/ Tdr FD (8)
0
where
T ”\/ﬁ [nc]
Cp=ov" %
l 2F(1/4) ng (9)
and
Cp= 7 |mD (ﬂ]
PV 2 \ng (10)

Here, I is the complete gamma function and n./n, is the ratio
of the number of channel-adsorbed to gas phase atoms within
the detected region of the coil. The integral forms (eqs 7 and 8)
first appeared in the seminar paper of Meersmann et al,"> but
the constants of proportionality, C and Cp, were not specified
in that work. The explicit analytical forms, 8given in egs 9 and
10, were derived in a subsequent paper.” These equations
provide practical relationships for estimating [ from the
measured quantities n/n, F and Cy or D and Cp,.

_ar (F
~ar(1/4)\ ¢,

](i] (SFD, 2-site exchange model)

Mg
(11)
T=n|2 Q(&] (FD, 2-site exchange model)
2 CD ng (12)

Similar expressions but with slightly different numerical factors
can be derived using an alternate approach involving
integration of the spin-relaxation weighted residence time
distribution.'”**

B RESULTS AND DISCUSSION

Figure 3a—c presents the fully relaxed, thermally polarized
129%e spectra in VA, AV, and pAV at 9.4 T, 297 K, and 3 bar Xe
in the gas phase. About 200 mbar of O, gas was mixed with the
Xe and a recycle delay of 30 min was used to ensure complete
relaxation in the signal averaging of 32 transients. The adsorbed
phase '®Xe NMR peaks in both polycrystalline dipeptide

2202

(a) VA
channel gas

(b) AV

(c) PAV

210 180 150 120 90 60 30 0 -30

Chemical Shift (ppm)

Figure 3. Fully relaxed, thermally polarized **Xe NMR spectra of the
three polycrystalline dipeptide specimens at a Xe pressure of 3 bar and
O, pressure of 200 mbar and a sample temperature of 298 K. Spectra
were acquired at 9.4 T using a single 3.5 us pulse. The free gas peak is
observed near O ppm whereas the channel adsorbed peaks occur at 150
and 120 ppm for VA and AV, respectively. The ratio of the signal
integrals measured from each spectrum are reported in Table 1.

specimens exhibit a symmetric line shape with a fwhm =~ 7
ppm. The ratio of the channel-adsorbed and gas phase NMR
signal integrals provides a quantitative measure of the ratio of
the number of adsorbed and gas phase atoms, n./n,. For as-
received VA, n./n, = 2.7 £ 0.1. For AV and pAV, n./n, = 1.43 +
0.07 and 1.4 + 0.1, respectively. The relative signal ratios are
consistent with the relative loadings of VA and AV. Grinding
significantly altered the '*’Xe spectrum. The bulk gas peak and
channel-adsorbed peaks are both broader in the pAV,
presumably due to increased exchange effects in shorter
channels.

Figures 4 and S present the experimentally measured ¥y (t)
data for VA, AV, and pAV, together with nonlinear least-
squares best fits to eq S. Fitting yielded a4 = 0.3 & 0.01, 0.25 +
0.01, and 0.24 + 0.01, respectively.

For VA, the data at short ¢ increasingly deviate from the SFD
model in the direction toward higher values of a. It has the
appearance of a crossover from FD to SFD. The deviation
could be due to depolarization of the gas phase as a result of
mixing with unpolarized gas desorbing from the channels. The
bulk gas phase signal integrals, normalized to the signal
integrals obtained in the steady-state, are included in Figures 4
and S. Notice that the signal of the bulk phase is initially
depressed by about 15% with respect to the steady-state value,
and increases over the first 100 s of the experiment.

For both AV and pAV, nearly perfect agreement with the
pure SED model is obtained at all t. Equation 1 predicts a

dx.doi.org/10.1021/ac403868t | Anal. Chem. 2014, 86, 2200—2204



Analytical Chemistry

104--=----- R s
& % o
)
) 0.9 N
0.8 T T T T T

T T T T
150 200 250 300
t(s)

T
100

T
0 50

Figure 4. Hyperpolarized '*Xe spin tracer exchange NMR signal
integrals (referenced to the gas phase) acquired in VA at 298 K using 3
bar Xe at ~100 mL/min. The black dashed curves show the best fits to
eq 7 taking Cp as the fitting parameter. The blue symbols in the upper
panel represent the integrals of the free gas signal. Inset: log—log
representation of the normalized tracer exchange data (black spheres)
together with best fits (dashed curves) to eq S taking a as the single
fitting parameter (results given in Table 1). The functions yyur(t)
with a = 0.25 and a = 0.50 are represented by the black dot-dashed and
solid curves, respectively.

crossover to CM diffusion under PFG NMR conditions.”!
Taking A ~ ¢/3 ~ 0.33 nm (corresponding to a capacity of ~3
Xe atoms per c-translation of the unit cell), I = 6.2 ym and 0 =
0.35, the crossover is estimated to occur at 6(t,) ~ 50 nm for
hollow, doubly open-ended AV channels. The HSTE-NMR
experiments probes displacements up to ~3.5 um, yet no
indication whatsoever of any transition yyygoct!/*—t!/>
stemming either from mutual passages within the nanochannels
or as a consequence of CM diftusion is detected. CM diffusion
is fully suppressed in channels with single openings. The
coefficients C were extracted from the HSTE data with the aid
of eq 7. Three different methods were utilized as follows: (1)
Linear least-squares fit of log(s.(t)/s,) vs logt to the data at
short t yields an intercept log(4Cr). This approach does not
require measurement of T'.. (2) Acquisition of the steady-state
(SS) signal ratio, which is related to Cp by s.o0)/ Sy =
CeTY*T'(1/4). (3) Nonlinear least-squares fitting of s.(t)/ sy to
the data over the full range of t with Cy as a fitting parameter.

Table 1 summarizes all of the parameters used in the
estimation of [ for all three samples, including F values obtained
by PFG-NMR.” The mean channel lengths I reported in the last
column of Table 1 assume 7 = 1. The values are comparable to
the physical crystallite lengths seen in the SEM images of each
specimen. However, because 7 is an unknown quantity, [ could
conceivably be greater by up to a factor of 2 (i.e., if all channels
are doubly open ended).

To summarize, an improved two-step protocol for the
analysis of hyperpolarized xenon-129 spin tracer exchange
NMR data has been demonstrated. In the first step, the time-
scaling of the mean-squared displacement is extracted from the
hyperpolarized spin tracer exchange data using eq S. In VA,
fitting yielded o*oct”®*** which shows significant deviation
from pure SFD, whereas in AV and pAV o t30E002 ¢
obtained, which further validates previous claims of pure SFD
of Xe in this material.”® In the second step, fitting of the HSTE-
NMR data to the analytical model referenced to the gas phase
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Figure 5. Hyperpolarized '*’Xe spin tracer exchange NMR signal
integrals (referenced to the gas phase signal) acquired in (a) AV and
(b) pAV at 298 K using 3 bar Xe at ~100 mL/min. The dashed black
curves show the best fits to eq 7 taking C as the fitting parameter. The
blue symbols in the upper panels have the same meaning as in Figure
4. Insets: log—log representation of the normalized tracer exchange
data (black spheres) together with best fits (dashed curves) to eq S
taking a as the single fitting parameter (results given in Table 1). The
solid black curves represents yyr(t) with a = 0.50.

signal facilitated estimation of the average open channel
persistence lengths, as reported in Table 1. In the case of VA,

the reported J-value should be considered to be good only at a
qualitative level.

B CONCLUSIONS

The open channel persistence lengths in VA, AV, and p-AV are
found to be comparable to the typical crystallite dimension seen
in the SEM images. This indicates that the crystals are
effectively hollow all the way through with defect densities per
unit channel length estimated to be less than 10 ppm. Our
methodology is validated by experiments performed on a
sample of pulverized AV, which resulted in a reduction of the
open channel length from 50 to 6.6 um. The particles seen in
the pulverized sample appear to be at most 5 pm in size,
suggesting most of the channels are blocked at one end.
Whether this is due to grinding-induced damage to the channel
openings or defects intrinsic to the material remains unclear.

The HSTE-NMR data show no indication of an incipient
transition to CM diffusion. In addition to channel blockages,
particle—particle interactions,”® particle clustering,*® and/or the
occurrence of molecular desorption barriers, may also play a
role.'”?” Further theoretical work is clearly needed to elucidate
and assess the relative importance of these factors.
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Cr (by method)

Table 1
a ne/ng Se/S 1
VA 0.3 + 0.01 2.70 £ 0.10 0.48
AV 0.25 + 0.01 143 + 0.07 0.088 0.0095
pAV 0.24 + 0.01 1.40 + 0.10 0.64 0.072

2 3 T,/s F/m? s72 (ref 7) T/um eq 11
0.054 0.040 87 44 +02x 1078 20 £ 2
0.0099 0.0097 36 6+ 0.7 %1071 S0 + 10
0.072 0.071 36 6+ 0.7x%x 1078 6.6 + 03
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B NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published ASAP January 27, 2014, a
correction was made to the first sentence of the Materials and
Methods section. The corrected version was reposted January
28, 2014.
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