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Abstract

Laser hyperpolarised (HP) '2°Xe NMR technique has been used to study the porous structure of ordered purely siliceous MCM-41, SBA-15 and
functionalised mesoporous materials and mesoporous SiO, thin films. The use of hyperpolarised xenon allows us to measure spectra at very low
concentrations of xenon where xenon reflects mainly interaction between the adsorbed xenon atoms and the surface. Variable temperature
measurements allowed us to obtain information on the heat of adsorption of xenon on the surface and to evaluate the chemical shift of xenon

interacting with the surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The '**Xe NMR spectroscopy is a powerful technique for
the characterisation of porous solids [1,2]. Its main advantage is
the high sensitivity of the chemical shift of '**Xe to its local
environment. However, the application of thermally polarised
129% e NMR to materials, viz to mesoporous silica [3], is often
hampered by a relatively weak signal-to-noise ratio due to low
concentration of adsorbed xenon and long relaxation times. An
increase in sensitivity of several orders of magnitude (up to a
factor 10%) can be achieved by using optical pumping
techniques to produce hyperpolarised (HP) xenon [4]. Recent
advances including HP Xe delivery into MAS probes [5] and
circulating continuous flow systems [6] made it very attractive
for materials applications [7] and allowed to probe very small
quantities of matter [8].

Since 1991, great interest has been drawn to a new class of
mesoporous materials, i.e. MCM-41 [9] and SBA-15 [10] in
powder or in thin films silica [11] and non-silicate [12] oxide.
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In this article, we focus on the use of hyperpolarised xenon
NMR spectroscopy to understand the structure of these
mesoporous materials.

2. Experimental
2.1. Materials

The synthesis and characterisation of MCM-41 used in this
work were described elsewhere [13]. The powders with
template were calcined at 773 K in the flow of oxygen.

SBA-15 mesoporous solids were synthesised by using
tetraethyl orthosilicate (TEOS), and triblock poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO;q
PO,,EO,() Pluronic P-123 copolymers. The synthesis condi-
tions were described elsewhere [14]. The structural parameters
of the samples under study are presented in Table 1.

Arenesulfonic-functionalised mesoporous silica samples
were synthesised using the co-condensation of TEOS and
2-(4-chlorosulfonyl) ethyltrimethoxysilane (CSPTMS) in
the presence of a poly(alkylene oxide) block copolymer
(Pluronic P-123). The molar composition of the studied
material was: (1 —x) SiO,: xCSTPMS:6.5 HCI:180 H,O,
where x = 0.15.



F. Guenneau et al./Catalysis Today 113 (2006) 126—130 127

Table 1
Structural parameters for the studied MCM-41 and SBA-15 samples

Sample SBET Pore diameter
(m?/g) (nm)

MCM-41 1065 39

SBA-100 °C 993 6.7

SBA-60 °C 938 4.2

SBA-SO;H 623 6.5

The mesoporous silica thin films having 2D hexagonal, 3D
hexagonal and 3D cubic structures were prepared using the sol—
gel chemistry process using CTAB as surfactants [15]. The thin
films were deposited on a glass substrate using the dip-coating
method. While the substrate is withdrawn, evaporation occurs
and leads to a self-assembly condensation process.

2.2. Optical pumping setup

The continuous flow system for the production of
hyperpolarised xenon based on the design of Ref. [16] was
described elsewhere [17]. Circular polarised light from a 60 W
diode array laser (COHERENT) was used for optical pumping
at the D1 transition of rubidium (794.7 nm) within a Pyrex
pumping cell containing a small amount of rubidium vapour
and placed in the fringe field of the superconducting magnet.
The Xe—He mixtures containing 0.5-1000 Torr of Xe purified
using oxygen trap, polarised to ca. 1% at total pressure of
1000 Torr, were circulated at ca. 100 cc/min flow rate through
the samples.

2.3. NMR

The spectra were recorded at 7 T using a Bruker AMX300
spectrometer operating at 83.02 MHz for '*Xe. Prior to the
NMR measurements, MCM-41 and SBA-15 samples were
made into pellets of ca. 0.2 mm thickness by applying pressure
at 380 MPa. For flow experiments, the pellets were broken into
smaller pieces that fit into a 10 mm o.d. NMR tube equipped
with two Young valves. The samples were subsequently
evacuated at 573 K for 12 h. For the supported films, six slices
were cut into 0.3 cm x 1.5 cm pieces, which represent about
0.1 mg of SiO, or TiO; and placed into the NMR tube. 81024
FIDs were acquired using 10 ws (7/2) pulses and 1-30s
relaxation delays. The signal of xenon gas at 10 Torr is used as
the reference of the chemical shifts.

3. Results and discussions
3.1. "*°Xe chemical shift

Based on the fast exchange concept [2], and in the absence of
strong adsorption sites, the chemical shift §; of xenon adsorbed
on site i can be presented as the sum of the terms corresponding
to the different perturbations to which xenon is subjected:
8; = 8o + 8 + Sxe, Where J is the chemical shift of xenon gas at
zero pressure and d, is the contribution due to xenon interacting
with the surface of the solid. This term can reflect the geometry

of the xenon environment on the surface. The contribution §x.
is due to xenon—xenon collisions. This term is proportional to
xenon density, and thus will increase (lower field) when xenon
concentration increases.

In the presence of strong adsorption sites (SAS), there will
be another contribution to the observed chemical shift. At very
low xenon concentration, each xenon spends a relatively long
time on the SAS, which would increase the observed chemical
shift. At higher xenon concentration the relative population of
xenon adsorbed on the SAS decreases and the chemical shift
will decrease to the values characteristic of the rest of the
surface.

3.2. Variable pressure experiments for MCM-41 and SBA-
15 samples

The '*Xe NMR spectra (not shown) of xenon adsorbed on
MCM-41 and SBA-15 mesoporous solids at 298 K exhibit the
line at O ppm peculiar to the xenon in the gas phase and the lines
shifted to lower field due to the xenon adsorbed in the pores.

Fig. 1 shows the variation of the observed chemical shift
against the partial pressure of adsorbed xenon on MCM-41 and
two samples of SBA-15 synthesised at 60 and 100 °C,
respectively. Chemical shifts of xenon in mesoporous materials
depend on their pore size. The bigger the pore diameter, the
smaller are the observed shifts [14].

For MCM-41, the '*°Xe chemical shift is almost pressure
independent, which agrees well with previous results [18-20].

For the SBA-15 sample synthesised at 100 °C, the chemical
shift occurs to higher fields when xenon pressures increase,
which is typical of the presence of a small amount of SAS in the
pores. The most likely candidates for such sites are the
micropores in the walls of SBA-15, which presence is well
established [21]. The length of such micropores should be of the
order of the wall thickness, which for SBA-15 does not exceed
several nm, so xenon will be in fast exchange between micro-
and mesopores. Similar behaviour of the xenon adsorbed on
mesoporous silica has been observed [7b,22]. The tangent of
the '*Xe chemical shift provides further information on the
micropore size. The increase of the chemical shift when
pressure increases for SBA-15 synthesised at 60 °C indicates
that each micropore is large enough to accommodate more than
one Xe atom. This suggests that the micropores in this sample
are larger than twice the kinetic diameter of xenon
(dxe. =3.96 10%) along at least one direction.

Such a size would be in fair agreement with the genesis of
the micropores, formed by the polymerisation of silica around
loops of the poly(oxyethylene) chains, normally protruding up
to 9 A from the surface of a micelle of nonionic surfactant [23].

3.3. Arenesulfonic-functionalised SBA-15 material

Fig. 2 displays HP-'**Xe NMR spectra of an arenesulfonic
SBA-15 sample after calcinations treatment, measured at
different pressures. Fig. 3 shows '*’Xe chemical shift at
different pressures. Unlike purely siliceous SBA-15 samples,
whose '*Xe NMR spectra of the adsorbed Xe exhibited a
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Fig. 1. Variation of '**Xe NMR chemical shift at 298 K vs. xenon pressure for
MCM-41 and SBA-15 synthesised at 60 and 100 °C, respectively.

symmetrical narrow peak, broader and somewhat asymmetric
lines were observed for the functionalised sample.

Two overlapped peaks at 109 ppm (peak A) and 116 ppm
(peak B) were observed at 20 Torr. These peaks are partially
resolved at high pressure. This observation demonstrates that in
the sample Xe is in fast exchange between two distinct
adsorption regions. Thus, we attribute the shoulder at 109 ppm
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Fig. 2. Evolution of peaks A and B with the HP xenon pressure.

(peak A) to the xenon adsorbed in the bare mesopore silica and
the peak B to the xenon interacting with the surface-bound
organic phase. The variation of the xenon chemical shift of
peaks A and B is shown in Fig. 3. The decrease of §(B) when the
pressure decreases proves the presence of strong adsorption
sites, e.g. shallow micropores at the surface of the SBA walls
(“‘rugosity”) that can only accept a single xenon atom.

However, the fact that §(A) is pressure independent, proves
that the probed surface has no defects and all the micropores are
occupied by an arenesulfonic group.

3.4. Mesoporous silica films

Fig. 4 shows the '**Xe NMR spectrum of the HP xenon
adsorbed on the supported mesoporous silica films at 163 K.
The intense line at 0 ppm in this spectrum is related to xenon in
the gas phase.

The other signal corresponds to the xenon adsorbed on the
surface of the film pores. The measured chemical shift reflects
the structure of the film. Unlike conventional '**Xe NMR
techniques, HP '**Xe is a very sensitive detection of xenon
local structures.

3.5. Temperature-dependence of '**Xe NMR spectra for
MCM-41 and SBA-15 samples

Dynamics of adsorbed xenon in confined geometry and
subsequently the morphology of the porous surface can be
studied by measuring '*’Xe NMR spectra as a function of
temperature. The temperature-dependence of the chemical
shifts may provide information on the enthalpy of xenon
adsorption and homogeneity of the pore surface.

The temperature dependencies of the chemical shift of
xenon adsorbed on the studied samples are summarised in
Fig. 5. An interesting feature of low-temperature measurements
in these samples is the fact that the spectra of thermally
polarised (TP) xenon become easily detectable (within several
minutes of accumulation without laser irradiation) at tempera-
tures below 253 K due to a higher adsorption of xenon.
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Fig. 3. Variation of '**Xe NMR chemical shift at 298 K vs. xenon pressure for
SBA-SO;H sample.
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Fig. 4. The HP '**Xe spectrum, acquired at 163 K, of the xenon adsorbed on
silica films with different hexagonal (Hex) or cubic structures.

Chemical shifts of TP xenon coincide within the experimental
error with those of HP xenon, which indicates that, in our case,
the spectra truly represent the properties of the entire sample,
despite the fact that HP xenon does not probe all its volume.

For the supported silica film, the signals observed at room
and just below room temperature and just below are very
different from those observed in the case of mesoporous
powders [8], which are usually much narrower. The reasons for
such broad signals at room temperature can be a distribution of
pore diameters, a poor organisation of the mesoporous phase
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Fig. 5. Effect of temperature on the chemical shift of the xenon adsorbed on
MCM-41, SBA-15 (100 °C) and silica thin film (2D hexagonal).

and/or the exchange process between xenon adsorbed in the
pores and on the outer surface of the film. The former two
explanations can be ruled out since TEM and XRD data show a
quite narrow distribution of pore sizes and a high degree of
order of the mesoporous structure [8].

The exchange phenomena are known to be responsible for
broadening of NMR signals of Xe in mesoporous powders in
the case of small particle dimensions (<10 pm) due to the
formation of an interparticle secondary pore system. In our
case, such a severe broadening is impossible, since this
mesoporous continuous film is free of interparticle pores. The
observed broadening could thus be attributed to the presence of
shallow mesopores, in which xenon atoms are not confined, but
spend most of time in the outer space. When temperature
decreases, exchange with the gas phase drastically slows down
and the observed chemical shift becomes function of the
chemical composition of the surface and of the Xe-Xe
interactions in the adsorbed layer. The comparison of the
evolutions of the xenon chemical shift values with temperature
in MCM-41, SBA-15 powders and in film (Fig. 3) illustrates
these ideas.

To obtain quantitative information on xenon adsorption, let
us consider the expression of the observed chemical shift 8.
Under the conditions of fast exchange, §.ps can be expressed as
8obs = »_8:N;, where §; is the chemical shift of xenon adsorbed
on site i and N; is the relative xenon population on site i.

Taking the chemical shift of xenon in the gas phase §y =0,
and assuming that xenon adsorbed in the pores is described by
Henry’s law, one can obtain:

8a

§=— 2
D
1 + fkadsRT

(D

where §, is the chemical shift of adsorbed xenon on the surface,
D the pore diameter, k.45 the Henry constant at temperature 7, R
the ideal gas constant and f a pore geometry factor.

The Henry constant, which is temperature dependent, can be
expressed as

_ ko Oads
—\/Texp<—RT> @)

where Q.45 is the effective heat of adsorption for the pores under
consideration and k is the pre-exponent factor which does not
depend on temperature.

Combining Egs. (1) and (2), the observed chemical shift can
be expressed as

kads (T)

§= 8a 3)

1+ (D/ﬂcoRTW exp< - %;s))

In logarithmic coordinates, Eq. (3) transforms to:

o1y 1 D Qus
(-~ ) 4-WmT=In—" 4
n(a aa)+2 n =S kR T RT @
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In the high temperature region, where the adsorption of
xenon and hence, xenon—xenon interactions in the adsorbed
layer are low, and for the case where D and 4, do not depend on
temperature, it is possible to determine the heats of xenon
adsorption by plotting [In(1/5§ — 1/5,) + 0.5 In T] versus 1/T.
The values of heats of adsorption (—11.53, —17.3 and 9.1 kJ,
for MCM-41, SBA-100°C and SBA-60 °C, respectively)
indicate that, in all cases, physical adsorption takes place.

4. Conclusion

This paper clearly shows that the porosity of silica thin films
can be probed directly by using HP '**Xe NMR. The evolution
of the '**Xe NMR chemical shift with pressure allows to detect
the presence of microporosity in SBA-15 materials. Variable
temperature measurements allowed us to evaluate the heats of
adsorption of xenon adsorbed on different types of mesoporous
solids.
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