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Abstract

We report the variation of '*Xe chemical shift & versus the pore size, the temperature and the xenon pressure of xenon
adsorbed on mesoporous materials prepared in different synthesis conditions. The use of hyperpolarized xenon allows us to
measure spectra at very low concentration of xenon, where J reflects mainly interaction between the adsorbed xenon atoms and
the surface. We deduce the heat adsorption of xenon adsorbed on the surface of studied materials. To cite this article: E. Haddad
et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous présentons une étude détaillée de la variation du déplacement chimique J§ du '*?Xe adsorbé en fonction de la taille de
pores, de la température et de la pression de xénon, pour différents types de solides mésoporeux préparés dans différentes
conditions de synthese. L utilisation du xénon hyperpolarisé nous permet de travailler avec des faibles concentrations de xénon,
pour lesquelles 6 dépend uniquement de I’interaction du xénon avec la surface. Nous en déduisons sa chaleur d”adsorption sur les
surfaces des différents matériaux étudiés. Pour citer cet article : E. Haddad et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction tion of the surface structure and of the adsorption sites

of porous sorbents [1-5].
Owing the large polarizability and the chemical

inert nature of xenon, the '>*Xe NMR chemical shift is The sensitivity of conventional nuclear magnetic
very sensitive to its local environment and thus pro- resonance NMR techniques is fundamentally limited
vides an ideal probe and a useful tool for the investiga- by the ordinarily low-spin polarization achievable even
in the strongest magnetic NMR magnets. However, by
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Table 1

Porosity measurements, adsorption energy values (AH, ) and xenon chemical shift on the surface (J,) of studied samples

Sample Sger (m* g™')° V, (em® gy Dy (A)° Dgag (A)° AH, 4, (kcal mol™") 4, (ppm)
MCM-41 1062 0.8 30 34 2.08 118
AIMCM-41 971 0.81 28 31 2.13 124
SBAI5-a 680 0.89 67 63 23 119
SBAI15-b 812 0.72 38 51 23 125
SBA15-c 1041 1.41 55 74 1.5 125
SBAI15-d 546 1.25 76 104 2.4 125
SBA15-e 909 0.76 33 44 22 117
SBAI15-f 1030 0.66 26.6 345 3.15 96
SBA-16 325 0.29 35.4 46

AISBA-I 490 0.66 57.8 74 2.44 112
AISBA-II 700 1.04 77.4 102 1.8 110

4 Surface area; °, pore volume; ¢, BJH pore diameter; d, BdB pore diameter [18]

then to the nuclear spins of xenon [6], optical pumping
methods can increase the nuclear spin polarization of
xenon by several orders of magnitude, thereby greatly
enhancing its NMR sensitivity (x 10%) [7-9].
Mesoporous silicate materials consisting of an or-
dered network of nanometer size channels were first
introduced by Mobil researchers in the early 1990s
[10-11]. After a decade of intensive studies, these
materials still generate strong interest in catalysis ap-
plications and adsorption [12-15]. In this article, we
report a comprehensive variable temperature and vari-
able pressure, hyperpolarized (HP) '*Xe NMR study
in order to provide information on the correlation be-
tween chemical shift and mesopore size as well as the
adsorption enthalpy of xenon on different silica and
aluminium-containing silica mesoporous materials.

2. Experimental
2.1. Materials

The synthesis and characterization of MCM-41 and
AIMCM-41 with 0.05 Al/(Si+Al) atomic ratio used in
this work has been described elsewhere [16].

The SBA-16 sample, synthesized using Pluronic
F127 (EO,(cPO;4EO () as a surfactant, presents a
distorted cubic face-centered array of cavities of
8—10 nm diameter connected through openings of ca.
2nm [17].

Four pure silicate SBA15 (a, b, ¢, and d) with
different pore sizes have been prepared in different
experimental conditions, using Pluronic 123 triblock

copolymer (EO,,PO,,EO,,) as a structure-directing
agent. SBA15-a was treated in a Teflon bottle inside the
oven at 100 °C for 24 h. SBA15 (b, ¢ and d) were
treated for 48 h at 60, 110 and 130 °C respectively [18].
SBA15-e and SBA15-f samples were synthesized us-
ing Brij 56 (C,(EO,,) as a surfactant and tetraethyl
orthosilicate (TEOS) as a silica source [19]. After be-
ing stirred for 20 h, the gel solution was transferred
into a Teflon bottle heated for 24 h at 60 and 100 °C,
respectively.

Two Al-containing SBA15 mesoporous AISBA-I
and AISBA-II solids with Si/Al = 10 have been pre-
pared as described elsewhere [13,20]. The characteris-
tics of these samples are given in Table 1.

2.2. 1°Xe NMR optical pumping set-up

29Xe NMR spectra were recorded on a Bruker
AMX300 spectrometer operating at 83.03 MHz. The
continuous flow system for production of hyperpolar-
ized xenon was described in [9]. Variable xenon pres-
sure spectra were taken using Xe—He mixtures con-
taining 0.5-1000 Torr of '**Xe polarized to ca. 1% at a
total pressure of 1000 Torr. Variable temperature spec-
tra were obtained using a 1% Xe—He mixture at a total
pressure of 1000 Torr. The mixtures were delivered to
the sample at a 75-cm® min~' flow rate.

Prior to the NMR measurements samples have been
compressed at 380 MPa to pellets of ca. 0.2 mm thick-
ness and heated under vacuum at 573 K for 12 h. A
number of 8-256 FIDs were accumulated with 10 ps
(n/2) pulses and 1-30-s recycling delays. The '**Xe
chemical shift are referenced to the signal of xenon gas
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at 10 Torr. Once the HP '*°Xe spectrum was recorded,
the lasers were switched off and the thermally polar-
ized (TP) xenon experiment was performed under the
same conditions.

3. Results and discussion

3.1. Variable-pressure experiments

The observed '#°Xe chemical shift & of xenon ad-
sorbed on the surface can be expressed as:

5:5ref+5Xe+5s (1)

where 0, is the chemical shift of xenon gas at zero
pressure (0,.; = 0), dx. is the chemical shift due to
xenon—xenon collisions and d; is the contribution due
to the interaction of xenon with the surface [2—4,9].

For zeolites, the chemical shift increases with the
xenon pressure due to the Xe—Xe interactions inside
the micropores [2]. The pressure influence on J is
however limited in mesoporous solids owing to the
presence in these samples of relatively large cavities
where the xenon does not spend much time at the
surface and thus does not feel the wall or the other
xenon atoms much. The main contribution to the
chemical shift is caused by the Xe atoms adsorbed on
the surface owing to their rapid exchange with free
surrounding Xe atoms.

Following the analysis of Terskikh et al. [4] under
fast exchange conditions and assuming that the adsorp-
tion isotherms of xenon on mesoporous materials obey
Henry’s law, the '**Xe chemical shift of xenon ad-
sorbed on mesoporous materials is expressed as:

o=0/{1+v,/(S, TKR)} )

where V. is the mesoporous volume, S, the
mesoporous surface area, 7 the temperature, and K
the Henry constant.

This relationship shows the d-independence of the
equilibrium pressure. Knowing K, and d, it is pos-
sible to obtain the volume to surface ratio, the geom-
etry and the dimensions of the pore system [4]. Varia-
tion of ¢ versus xenon pressure for pure silica MCM-41
(Fig. 1) shows that the chemical shift is practically
pressure-independent. Indeed, the independence of the
chemical shift of xenon pressure was also observed for
amorphous silica [4-5] and MCM-41 [21].

Contrary to MCM-41, a variation of the chemical
shift with xenon pressure is observed for AIMCM-41,
AISBA-I, pure silica SBA15-a (¢, d and f in Fig. 1). In
the case of AIMCM-41, this decrease in the chemical
shift can be due to the coordinatively unsaturated AI**
ions, which are known to induce a strong downfield
shift of adsorbed xenon [22]. The other possible expla-
nation of the observed pressure dependence is the pres-
ence of microdefects in the walls of AIMCM-41 [16],
which can also act as strong adsorption centres for
xenon. So, the Equation (1) can be expressed as:

5 :5ref+5Xe +5s +5

Since the chemical composition of the surface of
SBA15 samples is the same as in the case of MCM-41,
the only reason for the difference in the pressure de-
pendencies of the chemical shifts can be some factors,
connected to the geometry of the adsorption sites and
fast exchange of xenon between interconnected re-
gions of different porosities. The most probable candi-
dates for such sites are the micropores in the walls of
SBA1S5. The presence of such microporosity in SBA15
samples under specific synthesis conditions has been
well established [18]. In order to have such a behaviour
of J, the length of the micropores should be in the order
of the wall thickness, which does not exceed several
nanometers for SBA15, so xenon will be in fast ex-
change between micro- and mesopores. To explain the
pressure dependence of ¢ for AISBA-I and AISBA-II,
we have to take into account not only the presence of
micropores [14,20], but also the influence of alu-
minium, as in the case of AIMCM-41.

For SBA15-b and SBA15-e, synthesized at 60 °C,
the chemical shift of xenon increases with the xenon
loading (Fig. 1). This suggests the presence of mi-
cropores, long enough to adsorb several xenon atoms
and sufficiently large to ensure the Xe—Xe interactions.
Such interactions are responsible for the positive de-
viation of ¢. As it has been shown by Galarneau et al.
[18], SBA15 samples prepared with Pluronic 123
(EO,(PO,,EO,) as surfactant at temperatures below
80 °C present a microporosity resulting from interpen-
etration of the EO segments into the silica walls. This
interaction decreases inversely with the synthesis tem-
perature and leads to the disappearance of the mi-
cropores and to the formation of secondary porosity
connecting adjacent pores through the walls.

129%Xe NMR spectrum for Xe adsorbed on SBA-16
at a pressure of 9 Torr exhibits two lines corresponding

SAS
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Fig. 1. Variation of 129X e NMR chemical shift versus xenon pressure for MCM-41, AIMCM-41, SBA-16, SBA15-a (b, ¢, d, e and f), AISBA-I and

AISBA-II mesoporous solids.

to two different porosities in the sample (Fig. 2). The
line (1) with 0 = 98.5 ppm is attributed to xenon
adsorbed on the small connections. Indeed, the positive
deviation of 0 with xenon pressure is due to the Xe—Xe
collisions inside these small pores. The line (2) with
0 =65.7 ppm is attributed to the xenon adsorbed in the
around 8-nm cavities. The decrease of ¢ with xenon

LINE (1)

LINE (2)

L

00 150 100 50 0 50 -100
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Fig. 2. '*Xe NMR spectrum of SBA-16 mesoporous solid at 9 Torr
Xenon pressure.

loading is due to the fast exchange between adsorbed
xenon and the xenon gas in free space.

3.2. Chemical shift and pore size correlation

Empirical correlations were proposed long ago be-
tween isotropic Xe chemical shifts and the pore size
(0-D correlation) in clathrates and zeolites [3]. At-
tempts to extend it beyond zeolites have failed, and it
has been pointed out that different correlations must
exist for small pores, with a diameter less than about
twice the diameter of a Xe atom, and large pores, as in
the latter case one should take into account the free Xe
not adsorbed on the pore walls [4,21]. Assuming that
the '**Xe NMR chemical shift of xenon adsorbed in
mesoporous silica is a dynamic average between the
gas and adsorbed states Equation (2) can be expressed,
under fast exchange conditions, as described by Ter-
skikh et al. [23] (Equation (3)):

6=6/(1+D/b) 3)

where the pore diameter D=# V/S,b=n KR T and 5
depends on the model adopted for the pores.



E. Haddad et al. / C. R. Chimie 7 (2004) 305-310 309

140

100 —

80 —

60 —

129X e chemical shift, ppm

40 —

20—

A AO O Terskikh et al. Langmuir, 18, 2002, 5653
120 = O Samples studied in this paper.
B Galarneau Stud. Surf. Sci. Catal., 141, 2002, 395

0 T I
0 100

|
200 300 400

mean pore diameter, A

Fig. 3. Correlation between the '*Xe Chemical shift and the pore size of mesoporous materials. The solid curve corresponds to the Equation (1)

in [23].

129Xe NMR chemical shifts versus mean pore diam-
eters of porous silica-based materials are shown in
Fig. 3, revealing an obvious relationship between ¢ and
D. One should know that this 0—D correlation has its
limitations [4,5,23]. They are mainly associated with
the fact that, at ambient and higher temperatures, xe-
non atoms can probe a lot of distinct adsorption sites
with different chemical shift values, and hence the
value of the observed chemical shift cannot be directly
related to a specific environment. It is also obvious that
textural properties such as size and packing of the
particles, as well as the chemical composition and the
structure of the surface, all influence the observed
chemical shift.

3.3. Variable-temperature experiments

An interesting feature of low-temperature measure-
ments on these samples is the fact that the spectra of TP

xenon become easily detectable (within several min-
utes of accumulation without laser irradiation) at tem-
peratures below 253 K, due to higher adsorption of
xenon. Chemical shifts of TP xenon coincide within
the experimental error with those of HP xenon, which
indicates that, in our case, the spectra of HP xenon
truly represent the properties of the entire sample. The
integrated area of the line from adsorbed TP xenon that
corresponds to the amount N, of adsorbed xenon was
corrected at different temperatures following the Curie
law [9].

In the case of Henry adsorption, the amount of
xenon adsorbed on the surface is [9,24] (Equation (4)):

k AH
N, =K, (T) PS=—=exp[ —=|PS “)
\T RT
where k, is the pre-exponent factor and AH, 4 is the
adsorption  enthalpy. From the temperature-
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dependence of the adsorbed xenon signal intensity, it is
possible to obtain the AH 4 values (Table 1) [9,24].

It is also possible to evaluate AH,,, using the ob-
served chemical shift values in the high-temperature
range. Knowing that:

el )

and in the presence of cylindrical non-intersecting
pores, Equation (2) can be written in logarithmic coor-
dinates as (Equation (5)):

1 1 1 D AH
111(——5—>+—1n(7")=1n—+—ad5 )

Oy 05/ 2 464k,R RT

The value of the experimentally observed chemical
shift & depends both on J, and D. The independent
measurements of these two parameters are needed to
determine the adsorption enthalpy. The determination
of AH ,, from independent measurements on TP xenon
makes it possible to obtain the value of J, without
any assumptions on the values of D. If one plots

In L - l +0.5 In(T) versus 10T for a material
obs s
having a given J, value, the slope of this linear varia-
tion allows us to determine the corresponding AH, 4
parameter [9,24]. Then, it is possible to plot AH,
versus J for a set of (AH,,; J,) values. Based on the
value of AH,  obtained from TP '**Xe spectra, the J,
parameter for the studied solid can be determined. The
calculated values for the studied mesoporous materials
are shown in Table 1. They are in a good agreement

with previously published data [4,5].

4. Conclusion

The general correlation [23] between the mean pore
diameter and the chemical shift of HP '**Xe adsorbed
on mesoporous materials is also valid for the samples
studied here. The combination between HP '?°Xe and
TP '*°Xe NMR data performed respectively at high
and low temperatures allowed us to measure the ad-
sorption energy and the chemical shift of xenon on the
surface. The variation of '*Xe chemical shift with
pressure allowed us to evidence the presence of strong
adsorption sites such as microporosity in the walls of
several mesoporous materials.
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