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In this work we show the use of high-resolution *H MAS NMR to distinguish between two kinds of aggre-
gation states of (1R,2S)-ephedrine, a chiral organic structure directing agent, occluded within AFI-type
microporous aluminophosphates. We investigate in particular the supramolecular assembly of the mole-
cules through =---nt type interactions of their aromatic rings when confined within the one-dimensional
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AFl channels. A series of high-resolution two-dimensional spin diffusion spectra combined with mole-
cular simulations and DFT calculations allowed us to distinguish different aggregation states of ephedrine
molecules and precisely estimate the distances between the aromatic rings and their closest protons
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1. Introduction

The development of chiral solid materials able to perform
chemical operations in adsorption or catalysis in an enantio-
selective way is crucial in the chemical industry (especially in
the pharmaceutical sector) in order to produce pure enantio-
mers of chiral compounds."” Among the different types of
active solids, zeolites, which are microporous crystalline
materials based on connected SiO, tetrahedra, have been pro-
posed as excellent candidates for producing chiral-active solid
materials as they can potentially combine their unique shape-
selectivity capabilities with enantioselective properties.*™

The most straightforward strategy to induce chirality in
zeolite frameworks is through the use of chiral organic mole-
cules as structure-directing agents (SDA).>® These SDAs
organize the inorganic units around in a particular geometry,
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inside the zeolite channels as a consequence of distinct proton spin diffusion profiles.

driving the crystallization pathway towards a particular frame-
work type, remaining occluded within the porous structure
after the crystallization process. Therefore, the study at mole-
cular level of the structure-directing effect of chiral organic
molecules during the synthesis of zeolite microporous
materials is fundamental in order to realize a transfer of chir-
ality from organic species to inorganic zeolite frameworks.”
This has been recently accomplished for the STW chiral frame-
work by using computationally-designed chiral SDAs that
follow the helicoidal pattern of the micropores of the STW
network.®?

In an attempt to induce chirality in zeolite frameworks, we
proposed the use of the alkaloid (1R,2)-ephedrine (EPH) as
chiral SDA (Scheme 1)."° In previous works we showed that
these molecules tend to form supramolecular aggregates when
confined within the one-dimensional pores of the AFI alumi-
nophosphate framework, in which part of the aluminum
atoms of the framework have been isomorphically substituted
by Mg?* cations."™* Indeed, the aggregation of these species

Scheme 1 Molecular structure of (1R,2S)-ephedrine.
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confined within AFI nanopores (7.3 A of diameter) can be
altered by modifying the crystallization conditions, in particu-
lar with gel composition and crystallization temperature:"?
high Mg and low SDA contents and low crystallization temp-
eratures favor the incorporation of EPH as monomers
(Fig. 1-top), whilst the opposite (low Mg, high SDA and high
crystallization temperature) favor the occlusion of EPH as
dimers (Fig. 1-bottom). Moreover, the molecular structure of
the ephedrine derivative also strongly affects the supramolecu-
lar behaviour, with (1R,2S)-ephedrine displaying the strongest
self-assembly trend.'*'**

As a matter of fact, the development of supramolecular
assemblies of organic species as structure-directing entities
has become a fundamental concept in zeolite synthesis that
has led to the crystallization of a number of open frameworks
or new compositions of already known structures.'®>> Under
this strategy, which has been referred as supramolecular
assembly templating (SAT), simple organic species form supra-
molecular aggregates, usually through development of n—x type
interactions (provided aromatic rings are present), whose
larger size tends to drive the crystallization pathway towards
large-pore and/or large-cavity-based materials. In this context,
the monitoring of the supramolecular behavior of these mole-
cules confined within microporous materials represents a
crucial issue. As shown in previous works, UV-VIS fluorescence
spectroscopy has proved as an efficient tool to monitor the
aggregation state of the molecules confined in nanoporous
spaces.'”?® The formation of supramolecular dimers through

Fig. 1 Location of ephedrine molecules in monomer (top) or dimer
(bottom) configurations. Yellow arrow indicates short H(para)---H3 inter-
molecular distances (see text below).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

stacking of the aromatic rings involves strong m-m type inter-
actions that result in a reorganization of the electronic levels,
causing a red-shift of the emission band of the aromatic ring.

Solid-state nuclear magnetic resonance (NMR) is a powerful
tool to probe non-covalent host-guest interactions in supramo-
lecular assemblies, e.g. hydrogen bonding, van der Waals and
n-n interactions, giving unique, atomic-level information
about structure and dynamics of guest molecules adsorbed in
solid materials.>”*® However, getting precise information
about internuclear distances when proton nuclei are involved
is hindered by intense dipole-dipole couplings, giving rise to
spectral broadenings.>® Highly resolved spectra are usually
obtained using magic angle spinning that aims to average
dipole-dipole couplings among other anisotropic interactions.
Hence, the increase of resolution is on detriment of precious
information like internuclear distances. For this reason,
several two-dimensional recoupling techniques have been
designed to reintroduce the dipole-dipole coupling in one
dimension while having a highly resolved spectrum in the
other. These techniques are either homonuclear or heteronuc-
lear.®® We have recently localized silanol defects in as-syn-
thesized silicalite-1 using homonuclear '"H-'"H DQ-SQ recou-
pling technique,®' and probed the aluminum distribution in
ZSM-5 using heteronuclear *°Si->’Al symmetry-based recou-
pling technique.’> Moreover, proton spin diffusion (PSD)
process describes the magnetization exchange between
protons driven by the dipolar coupling dependent on internuc-
lear distances, potentially giving access to information about
internuclear distances.*?

In this work we use high-resolution "H NMR measurement
of PSD process combined with DFT calculations, to distinguish
different supramolecular behaviors of ephedrine molecules
when confined within nanopores, getting a precise idea on the
intermolecular distances separating the molecules, providing
precious information about packing interactions in host-guest
systems.

2. Experimental

2.1 Synthesis and general characterization

Synthesis of MgAPO-5 materials using (1R,2S)-ephedrine (EPH)
as SDA was carried out following our previously reported
recipes.” The solids were characterized by powder X-ray diffr-
action (XRD) (Philips X’PERT diffractometer with Cu [Ka] radi-
ation with a Ni filter), thermogravimetric analyses (TGA)
(Perkin-Elmer TGA7 instrument [heating rate = 20 °C min™']
under air flow), and UV-Visible diffuse reflectance spectroscopy
(UV-vis Cary 5000 Varian spectrophotometer). Solid state
UV-visible fluorescence emission spectra were recorded in a
RF-5300 Shimadzu fluorimeter in the front-face configuration.

2.2 Nuclear magnetic resonance

Magic-angle spinning (MAS) NMR spectra were acquired at a
11.7 T Bruker Avance III-HD spectrometer, using 1.9 OD-mm
probe head for 'H. The rotor was spun with a spinning rate of

Dalton Trans., 2022, 51, 5434-5440 | 5435
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40 kHz, a radiofrequency power of 125 kHz was used, and 16
scans were acquired with a recycle delay of 5 seconds. The
experimental parameters used for other nuclei are given in the
ESLt The 'H-'H spin diffusion spectra were acquired with
short spin diffusion mixing times varying from 0 to
1 millisecond.

2.3 Computational details

Plane waves DFT-D theoretical calculations have been per-
formed with the CASTEP module in Material Studio,** using
PBE* as functional; the Grimme dispersion term®® was used
to account for dispersion interactions. The most stable
location of ephedrine in different configurations in the AFI
systems, with 3 [for monomers] or 4 [for dimers] protonated
EPH cations in 1 x 1 x 3 AFI supercells in the required orien-
tations, was found by molecular mechanics-based simulated
annealing calculations, using the cvff forcefield.’” The systems
were then geometry optimized at DFT-D level. Calculation of
the NMR chemical shifts were performed with the gauge-
including projector augmented-wave method (GIPAW) devel-
oped by Pickard and Mauri.*® "H chemical shieldings () were
converted into chemical shifts (6) by using reference values of
oref = 30, in order to make them roughly coincide with the
expected chemical shift values of the aromatic protons (6 = oyt
— o0); averaged values for the different chemically equivalent
protons in the different molecules present in the models will
be considered.

3. Results and discussion

In previous works we showed that EPH tends to direct the crys-
tallization of the AFI framework structure, which is based on
one-dimensional 12-MR channels (Fig. 1). Interestingly, we
had observed that the supramolecular behavior of this mole-
cule when confined within nanoporous materials can be
altered by tuning the synthesis conditions."® In this work, two
MgAPO-5 (AFI-framework type) samples have been studied for
which the synthesis conditions were adjusted in order to have
different aggregation states of ephedrine molecules, arranged
as monomers (M) or dimers (D) (Fig. 1). X-ray diffraction pat-
terns showed that both samples are pure MgAPO-5 materials
(Fig. S17).

Depending on the crystallization temperature and the gel
composition, two different EPH species in the AFI channels
can be spectroscopically identified. The UV-VIS fluorescence
spectrum of the sample obtained at 165 °C from gel compo-
sition 0.32 MgO:1 EPH:0.84 Al,05:1 P,0O5:100 H,O (with
high Mg and water contents) consists in an emission peak cen-
tered at 282 nm with an overlapped vibrational shoulder at
around 295 nm (Fig. 2-blue) which is assigned to the EPH
monomer. In contrast, the fluorescence spectrum of the
sample obtained upon a reduction of the Mg and water con-
tents (gel composition of 1 EPH:0.22 MgO:0.89 Al,05:1
P,05:50 H,0) and an increase in the crystallization tempera-
ture (to 180 °C) presents a main broad emission band in the
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Fig. 2 Fluorescence spectra of MgAPO-5-M (blue line) and MgAPO-5-
D (red line).

blue VIS region between 425 and 500 nm (Fig. 2-red) attributed
to an aggregate (dimer) state of EPH>® (no higher-order aggre-
gates can be confined within the AFI channels); in this case,
n---1 interactions between stacked aromatic rings composing
the dimer involve a reorganization of the electronic levels, pro-
moting a stabilization of the n* molecular orbital which
reduces the transition energy, resulting in such shift to higher
wavelengths. The formation of monomer and dimer species of
EPH in the AFI channels is confirmed by UV/VIS diffuse reflec-
tance spectroscopy (Fig. S27), with two clear absorption peaks
at ~215 and ~260 nm (with a vibrational profile) for EPH
monomers (Fig. S21-blue for MgAPO-5-M) and a broad and an
additional overlapping absorption band centered at around
360 nm, characteristic of the presence of EPH dimers
(Fig. S27-red for MgAPO-5-D).

Interestingly, TGA results (Fig. S31) show a higher incorpor-
ation of organics in the sample where dimers predominate
(MgAPO-5-D, with 1.26 EPH per u.c., compared to MgAPO-5-M,
with 1.13 EPH per u.c.). This suggests a more efficient packing
of ephedrine molecules in the AFI channels when they arrange
as dimers (see Fig. 1). In the MgAPO-5-M sample, the lower
organic incorporation is accompanied by a slightly higher
water content. SEM images (Fig. S41) show the occurrence of
hexagonal prismatic crystals typical of AFI materials, these
crystals being larger in sample MgAPO-5-D, obtained from
more concentrated gels. Moreover, SEM also shows the pres-
ence of a minor amount of amorphous material in the
MgAPO-5-M sample.

3C MAS NMR (Fig. S51) shows all the typical bands associ-
ated to EPH, evidencing the resistance of ephedrine molecules
to the hydrothermal treatment and their integral incorporation
in both MgAPO-5 materials; broader bands are observed for
dimers in MgAPO-5 (Fig. S5,T red line). >’Al MAS NMR spectra
(Fig. S61) show a band at 38 ppm characteristic of tetrahedral
aluminum in the AFI framework; a minor presence of penta-
coordinated Al at 8 ppm is also observed, more abundant in
sample MgAPO-5-M, possibly coming from the amorphous
material, as observed by SEM (see Fig. S4f). *'P MAS NMR

This journal is © The Royal Society of Chemistry 2022
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(Fig. S71) shows two bands at —30 and —24 ppm, characteristic
of P(4Al) and P(1Mg,3Al) environments in the AFI tetrahedral
network, respectively,®® confirming the incorporation of Mg
atoms in the AFI framework. This incorporation is higher for
sample MgAPO-5-D than for MgAPO-5-M (1.30 and 1.03 Mg
per u.c., respectively, as obtained from deconvolution of the
*Ip NMR spectra), despite the higher concentration of Mg in
the synthesis gel used for MgAPO-5-M. Indeed, these Mg con-
tents are in line with the EPH contents (as calculated from
TGA) since these (protonated) molecules provide charge-
balance for the isomorphic substitution of AI** by Mg**. The
lower packing efficiency of ephedrine monomers (limited to
1.0-1.1 EPH per u.c.) in this material thus restricts the incor-
poration of Mg in the framework to 1.1.

The conventional "H MAS NMR spectra of the as-syn-
thesized MgAPO-5 materials are shown in Fig. 3. They display
a number of resonances between 1 and 8 ppm assigned to
ephedrine protons. Four clear NMR signals are observed for
EPH monomers at 0.9, 2.1, 3.1 and 4.9 ppm (blue line), which
are assigned to protons 1, 2, 3 and 4, respectively, apart from a
broad band at 7.3 ppm with several peaks corresponding to
aromatic protons. When we compare with the dimer spectrum,
several clues reveal the existence of different molecular assem-
blies in both samples. The first observation is the increase of
the peaks’ width in the spectrum of sample MgAPO-5-D, where
the observed loss of resolution may be due to (i) the aggrega-
tion of the molecules (wider distribution of chemical environ-
ments giving rise to wider chemical shift ranges for each
proton in the molecule) or (ii) the dipolar coupling between
the protons (directly related to the inter-nuclear distances).
Indeed, several overlapped peaks in the H2-H3 region are
observed, which might be associated to dimers in different
orientations. In addition, a notable difference is observed on
dimers where a new band arises at 6.7 ppm as a shoulder of
the aromatic band, which must be associated to =n---n stacked
aggregates.

In an attempt to understand these differences, we used DFT
calculations to predict the chemical shifts as a function of the
supramolecular state (Table 1). We focus on aromatic protons

Dimers

Monomers

12 9 6 3 0 -3
1H chemical shift (ppm)

Fig. 3 *H NMR spectra of samples MgAPO-5-M (bottom, blue line) and
MgAPO-5-D (top, red line).
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Table 1 DFT calculated chemical shifts for EPH cations in different
supramolecular aggregation states

H H H CHOH CHCH; CH;N CHCH,
meta  ortho para (4) (3) (2) (1)

M 7.6 7.5 7.4 5.1 2.6 1.5 0.5

D 7.0 7.1 6.5 5.0 3.0 2.9 1.4

which are the ones that will mostly feel the =---x stacking inter-
action upon formation of supramolecular dimers and the ones
less affected by the free-movement of protons (considering
that these are static DFT calculations); indeed, differences in
H2 and H1 predicted shifts (Table 1) might be associated to
static DFT calculations artifacts and the presence of different
molecular conformations/orientations. Theoretical results
show that protons that mostly feel the =---m stacking inter-
action are those in meta and especially in para positions since
they are closer to the aromatic ring of the other molecule com-
posing the dimer (see Fig. 1), explaining that these protons
show a larger difference in the predicted chemical shift upon
aggregation. Interestingly, our modeling results predict a clear
shift of the band corresponding to H in para position of the
aromatic rings upon formation of dimers towards lower chemi-
cal shifts (from 7.4 to 6.5 ppm, Table 1), which must be due to
the proximity to the next EPH molecule in the dimer. This
observation might explain the shoulder observed in the "H
NMR spectrum of MgAPO-5-D sample.

Two-dimensional (2D) spin diffusion 'H MAS NMR allows
to get precious information on the internuclear distances from
the measurements of the proton spin diffusion (PSD)
coefficients.”™*" They are directly related to the internuclear
distances when short diffusion periods are used, as relaxation
effects can be ignored for short spin diffusion times.*>*?
However, the spin diffusion rate depends also on the orien-
tation of the internuclear vector in the solid and the MAS rate,
and a phenomenological multi-spin kinetic rate matrix
approach was proposed. Thus, the combination of PSD
approach with DFT calculations allows an accurate determi-
nation of 'H-"H distances.**

Fig. 4 shows two examples of 2D PSD spectra recorded with
a mixing time of 0 and 1 milliseconds. The intensity of the
peaks varies with the mixing time tsp due to proton spin
diffusion; the evolution of the polarization P; obeys the
equation Py(tsp) = exp[—kj-tsp|yMs:, with k; being the spin
diffusion rate constant between a pair of spins i and j, and M?
the longitudinal magnetization. Then, with increasing spin
diffusion time, the intensity of diagonal cross peaks decreases
while off-diagonal cross peaks get more intense, as shown in
Fig. S9.1 Interestingly, the spin diffusion rate varies from one
proton to another but interference may occur between several
types of intermolecular and intramolecular protons, and it is
complex to estimate all distances between all protons,
especially inside the channels where a statistical distribution
of negative and positive charges occurs with possibly different
configurations. Then, we will only consider protons of the

Dalton Trans., 2022, 51, 5434-5440 | 5437
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Fig. 4 'H NMR spin diffusion spectrum of the sample MgAPO-5-M
(monomers) recorded at 500 MHz at two different mixing times 0.0 (A)
and 1.0 ms (B).

phenyl groups, the ones most involved in the =---n stacking
interactions. It is also important to note that all relaxation pro-
cesses are neglected at this time-scale and proton-proton spin-
diffusion processes are the only ones responsible for the decay
or build-up of the diagonal or off-diagonal peaks, respectively.

Fig. 5 shows the evolution of the diagonal peak area corres-
ponding to the phenyl groups with spin diffusion time for
MgAPO-5-M and -D samples. The spin diffusion rate constant
k; is much higher for sample with EPH dimers: 1.1134 =+
0.0636 ms™' for MgAPO-5-M vs. 4.6841 + 0.3249 ms™ ' for
MgAPO-5-D; the high error for the latter indicates the eventual
presence of some monomers. These differences are mainly
driven by dipolar couplings, spin diffusion processes, occur-
ring either between equivalent or different spins, which
depend directly on internuclear distances and, as a conse-
quence, on supramolecular assemblies. They are described
using the diffusion equation (vide supra).

Nevertheless, the spin diffusion rate is directly related to
'H-"H distances via the equation k; = A(uoyw’h/8n)’/r;°, where

5438 | Dalton Trans., 2022, 51, 5434-5440
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Fig. 5 Evolution of the diagonal peak in spin diffusion experiments
corresponding to the phenyl group in the samples MgAPO-5-M (blue
squares) and MgAPO-5-D (red dots), and the corresponding fits (black
lines) using the diffusion equation.

Mo, yu, and & are physical constants, r; is the internuclear dis-
tance between atoms i/ and j, and A is a phenomenological
scaling factor, set to 10'® for both normalized curves. Using
this equation, we can estimate average distances separating
aromatic rings from their closest protons in both samples,
considering the diffusion with the first neighbor spin as the
most effective one. These distances correspond to 3.27 and
4.15 A for MgAPO-5-D and MgAPO-5-M, respectively, being
lower for the arrangement of dimers. This proves the higher
packing efficiency of EPH when arranged as dimers, which
prompts a higher incorporation of organics, as observed from
TGA and indirectly also by *'P NMR results. The incorporation
of dimers is a consequence of z---n interactions between the
aromatic rings, but can also be assisted by the potential devel-
opment of intermolecular H-bonds between consecutive
dimers to compensate for the electrostatic repulsion generated
by their positive charge associated to N.

In order to correlate such packing efficiency and the associ-
ated higher proton spin diffusion rate with shorter interatomic
distances between protons, we ran molecular dynamics simu-
lations (100 ps in the NVT ensemble at 25 °C) for monomers
and dimers occluded within AFI channels, and calculated the
interatomic distance between protons as the radial distri-
bution function between selected groups of H atoms (Fig. 6).
Overall, results show a stronger intermolecular interaction
(shorter intermolecular distances) between all protons when
they arranged as dimers (Fig. 6A), given by the higher RDF
intensity of dimers between 2 and 7 A (red line). This involves
a higher packing efficiency for dimers, as previously observed.
Such shorter inter-proton distances for dimers is a conse-
quence of the interaction between aromatic protons compos-
ing the dimer (Fig. 6B, red line), as evidenced by the RDF peak
between 3 and 6 A, which is not present when they arrange as
monomers (Fig. 6B, blue line). In addition, if we focus on the
intermolecular distances between aromatic and the rest of
protons (Fig. 6C), we observe a strong H---H intermolecular
interaction between 2 and 3 A for dimers which is absent in
monomers; this short dimer distance corresponds to the dis-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Intermolecular RDF between protons during MD simulations for
monomers (blue lines) and dimers (red lines): A: RDF between all EPH
protons (top); B: RDF between aromatic protons (middle); C: RDF
between aromatic and non-aromatic protons (bottom). All RDF calcu-
lations exclude intramolecular interactions.

tance between aromatic protons in para position and H3 (from
CH-CH; group) (see Fig. 1-bottom, yellow dashed arrow).
These results are a direct consequence of the high packing
efficiency when EPH form supramolecular aggregates. Indeed,
if we look at the overall intermolecular H---H distances
(Fig. 6A), a short distance between 2 and 3 A is found for
dimers, while this short distance shifts to ~4 A for monomers,
which are in good agreement with the distances found by our
proton spin diffusion model, explaining the higher 'H spin
diffusion rates for EPH aggregates.

4. Conclusions

In this work, we used high-resolution proton spin diffusion
MAS NMR combined with DFT calculations to analyse the
supramolecular state of organic structure-directing agents con-
fined within the nanopores of microporous materials, which is
a direct consequence of the distinct packing efficiency of the
guest species as a function of their aggregation state. A series

This journal is © The Royal Society of Chemistry 2022
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of two-dimensional spin diffusion spectra allowed us to esti-
mate the distances and interactions between the aromatic
rings and their first proton neighbours inside the nanopores.
This methodology may be very useful to understand the incor-
poration of organic species in host-guest nanoporous systems,
providing important information on how efficiently guest
species pack upon confinement.
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