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Nanoporosity of an organo-clay shown by hyperpolarized xenon and 2D

NMR spectroscopy T
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Interlayer nanoporosity of hectorite pillared by tetraethyl-
ammonium ions is explored by hyperpolarized xenon NMR
and relevant gases such as carbon dioxide revealing the
adsorption capacity of the open galleries.

Nanoporous materials are attracting a great deal of scientific and
technological interest for their ability to separate and store gas
atoms and molecules. A material with small-sized pores is
competitive with materials of large or giant pore-size not so much
for its adsorption capacity but for the selectivity, specificity and
sorption it shows at low pressure.' The nature of the constituent
matter can range from fully inorganic’> and metallo-organic® to
organic materials. Most structures present a framework of
building blocks that form nanochannels or interconnected cages,
but less commonly they are constituted by a skeleton of inorganic
nanolayers.” A possible way to incorporate porosity in a
nanolayered material is the intercalation, between the layers, of
spacers such as inorganic ions and colloids or simply large organic
ions.® Here we show, for the first time, the microporosity of an
organohectorite by 2D advanced solid-state NMR techniques and
its sorption properties with respect to xenon and gases important
for energetic and environmental reasons such as methane and
carbon dioxide. Rare spectroscopic observations were performed
on the adsorbed gases. We applied laser enhanced hyperpolarized
xenon NMR to demonstrate the nanoporosity of the material at
high sensitivity and extremely low partial pressure of xenon.” The
technique offers a great advantage over conventional Xe NMR
spectroscopy, especially in the continuous flow set-up, demonstrat-
ing the accessibility of the cavities from the gas phase after short
diffusion times. Tetraethylammonium hectorite (TEA-hectorite)
was prepared in the presence of tetraecthylammonium cations that
counterbalance the negative charges of the inorganic layers (Fig. 1).
Bulky cations are placed as pillars between the interlayers to keep
them about 6 A apart. It can be expected that the cations will not
pack densely because of the charge repulsion and the stoichio-
metric balance that generates empty interpillar spaces. Until now
this potential porosity has not been explored or characterized.
TEA-hectorite was prepared by hydrothermal synthesis with a
formal stoichiometry EXOA66(Mg5A34,Li0A66)Si8020(OH,F)4,8 where
Ex is the exchangeable monocation TEA or Li*. The content of
TEA was determined to be 0.5 moles by thermogravimetric
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1 Electronic supplementary information (ESI) available: Fig. S1. Powder
X-ray diffraction of TEA-hectorite; Fig. S2. Pore distribution as obtained
by the Horvath-Kavazoe method. See DOI: 10.1039/b602040b

analysis and the peak due to the d(001) repeat period was observed
at 14.7 A by powder X-ray diffraction (Supporting Information).
The presence of the organic cation in the interlamellar space, in
close contact with the inorganic walls, was evidenced by the
"H-*’Si 2D Heterocorrelated MAS NMR spectrum at 7.04 T,
performed at high spinning speed (15 kHz) with Lee-Goldburg
homonuclear decoupling that allows optimal resolution in the
hydrogen domain.’

When the hydrogens in the ammonium ethyl moieties sit at
short distances with respect to >Si, they can transfer magnetization
to the observed nucleus, and a correlation signal is shown in the
2D 'H-®Si spectrum. Fig. 2a highlights the through-space
interaction of the methylene and methyl hydrogens of TEA
(0 = 3.0 and 0.5 ppm, respectively) with silicon Q* Si(OSi); at Jg;
= —95.1 ppm in the hybrid material (the signal at oy = 0.5 ppm
overlaps the silanol groups bonded to the Q species). In support
of the assignment of the TEA protons, the 2D 'H-'3C
Heterocorrelated Lee-Goldburg NMR spectrum (Fig. 2b) shows
the correlation of TEA hydrogens covalently bonded to both
methylene and methyl carbons at dc = 52.0 and 5.6 ppm,
respectively. These experiments allowed us to detect, separately,
carbon, silicon and hydrogen in magnetic communication one with
the other and provide direct proof of the intimate relationships
between the organic and inorganic components; they are one of
the few examples of direct detection of hybrid interfaces by 2D
NMR.? Considering the 9 A thickness of the inorganic lamellae
and the 6 A diameter of the cations, the overall height of the layer
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Fig. 1 Pillared structure of TEA-hectorite. It consists of inorganic
pockets of two tetrahedral silicate layers (yellow) condensed to a central
magnesium oxide octahedral layer (blue) intercalated by tetracthylammo-
nium cations.
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Fig. 2 Schematic representation of the intimate relationship between the
tetraecthylammonium cation and the silicate surface of the inorganic sheet
(above) and 2D NMR spectroscopy: a) 'H->Si Lee-Goldburg MAS
NMR of the TEA-hectorite at a spinning speed of 15 kHz and a contact
time of 8 ms; b) 'H-'>C Lee-Goldburg MAS NMR of the TEA-hectorite
with a contact time of 2 ms.

is evaluated to be 15 A, in agreement with the powder X-ray
diffraction data.

The surface area, 330 m”> g~ ! determined by the BET method on
N, adsorption data at 77 K, follows a type IV curve.'® The
Horvath-Kavazoe method and a slit-pore model revealed the
micropore distribution of the material to be centered at 6 A. A
valuable probe gas for the exploration of nanocavities is xenon,
which has a van der Waals radius of 2.2 A and enters the interlayer
pores easily, giving rise to a Xe NMR signal that is sensitive to the
dimension of the confined spaces. Continuous Flow Laser-assisted
Xenon NMR with its high sensitivity and low partial pressure is
the method of choice for exploring small and large cavities.” The
TEA-hectorite powder is placed in a homogeneous magnetic field
through which there is a continuous flow of hyperpolarized Xe;
after a few scans an intense resonance of xenon diffused inside the
open cavities can be collected. At room temperature the signal at
105 ppm, downfield from the free-gas resonance, is indicative of
the gas confined to the restricted spaces (Fig. 3a). Such a high
value falls within the chemical shift range observed for micro-
porous materials investigated at the limit of diluted xenon. In the
case of our hyperpolarized xenon experiments the concentration is
as low as 1.25% with a partial pressure of 9.5 torr. At the diluted
limit the Xe-probe samples the interaction with the surrounding
surface, with the advantage that the Xe—Xe interactions become
negligible. Under these conditions the chemical shift d; due solely
to interactions with the surfaces, depends on the mean free path /
that defines the size of the explored micropores as ds = 243%*2.054/
(2.054 + I), according to a semiempirical model proposed by
Fraissard.'! Taking into account the xenon diameter, the pore size
is evaluated as 7 A. This is consistent with the interlamellar spacing
generated by the pillars in the clay, as previously determined by 2D
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Fig. 3 a) Continuous Flow Hyperpolarized '*Xe NMR spectra of
xenon diffusing in the interpillar structure of TEA-hectorite at variable
temperature. At low temperature an extra signal due to the xenon on the
external surface is detected. b) Xe chemical shifts as a function of
temperature.

NMR experiments, and also indicates that the ammonium pillars
are effective in restricting the in-plane movement of xenon within a
space of about 7 A. In addition, from the Xe NMR data and the
stoichiometry we can evaluate the average microscopic space of the
void explored by the xenon atoms; indeed this void is twice as large
as the space occupied by a single ammonium pillar, indicating that
a remarkable 70% of the interlamellar volume is accessible to the
adsorptive species.'®

Lowering the temperature causes the Xe resonance to shift
linearly downfield, up to 144 ppm (Fig. 3), indicating increasing
condensation on the micropore surface. Below 205 K an extra
resonance appears, due to xenon condensation on the particles’
external surfaces that competes with sorption within the micro-
pores.12 Thus, below 205 K the chemical shift of the confined
xenon remains virtually unchanged. The easy accessibility of the
galleries created by the ammonium pillars was demonstrated by
the fact that the signal of the confined-xenon was recorded in less
than 200 ms from when the flow of hyperpolarized Xe was put
into contact with the sample. In addition, the lipophilic nature of
xenon allows favourable interactions with organic TEA even in the
extreme dilution of 1.25% of the gas mixture. The overall adsorp-
tion energy of xenon in the galleries amounts to 14 kJ mol '

The nanoporosity generated by pillared cations can be exploited
for the adsorption of small organic molecules and gases. We tested
benzene adsorption from the vapor phase at low pressure (within
the ideal range), reaching an adsorption capacity of up to
50 cm® g~ ! (STP) at P/P, = 0.6 and 295 K (Fig. 4). Important
gases such as methane and carbon dioxide could be stored in the
organoclay with remarkable efficiency. The isotherm for methane
at 195 K presents a typical type I curve that at 1 atm has not yet
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Fig. 4 Adsorption isotherms of a) methane, b) benzene and c¢) carbon
dioxide in TEA-hectorite.

reached the saturation value. Microporous organoclay can store
up to 0.63 mol of CH4 per mol of formula unit, which represents a
ratio of 1.26 with respect to the tetracthylammonium pillars. The
uptake value of methane in TEA-hectorite is comparable with the
values of other efficient microporous materials®® and its
adsorption energy is accounted for at 15 kJ mol . A remarkable
18% of CO, uptake by weight is obtained at 195 K and 600 torr
corresponding to 90 cm® g~ ! (STP). Half of this value is already
reached at 100 torr, due to the notable CO, adsorption energy of
26 kJ mol ! in the polar environment, and corresponds to 50%
filling of the interpillar spaces (3.3 moles of CO, per mole of
TEA).®

In conclusion, the nanoporosity of a pillared hectorite has been
described by the non conventional tool of hyperpolarized Xe
NMR, demonstrating the open pore accessibility of the structure
to gases. The space available for xenon diffusion was established
following the 2D Lee-Goldburg MAS NMR experiments that
directly detect the intercalation of bulky organic cations and their
intimacy with the inorganic layers. By this innovative methodology
we were able to collect, with unprecedented accuracy, the pictures
of both the solid and empty parts of the porous structure at the
nanometric scale. The use of spectroscopic techniques to collect,
with a high level of detail, the location of pillars and the diffusion
of guest species should help in the design of the structure of novel
nanoporous hybrid materials for targeted applications.

This work was supported by Fondazione Cariplo and the
Italian Ministry of University and Research. We are grateful to
Alice Cattaneo for collaboration on the 2D NMR experiments.
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