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Quadrupole Interactions with Adsorbed Polar Molecules and Exchangeable Cations
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Longitudinal relaxation times of 27Al in zeolite frameworks are between ca. 0.3 and 70 ms and are governed by
quadrupole interactions with polar sorbates and cations; dipolar interactions with guest molecules and

paramagnetic impurities are normally insignificant.

The widespread availability of high-field magnets and the
routine use of magic-angle spinning (MAS) has led to
considerable advances in solid-state 27 Al n.m.r. of aluminosili-
cates, particularly zeolitic catalysts.! Such studies are not free
from pitfalls and several considerations must be kept in mind.
First, in order for the spectra to be quantitatively reliable, they
must be acquired using very short and powerful radio-
frequency pulses.2— Secondly, the chemical shifts of signals
must include a quadrupole correction.5 Finally, in dehydrated
zeolites some extra-framework aluminium is ‘invisible’ to
n.m.r. because of very large quadrupolar interactions.® The
longitudinal relaxation time 7; is a fundamental parameter
which must be known for efficient design of n.m.r. experi-
ments. It has been established’ that T; relaxation of 2°Si in
zeolites is governed by dipole interaction with the paramag-
netic oxygen molecule from the atmosphere. We have
investigated the relaxation of 27Al, the other major com-
ponent of zeolitic frameworks.

For half-integer spin nuclei involved in large quadrupole
interactions we observe only the central (+1/2 «— —1/2)
transition of the n.m.r. spectrum. The following mechanisms
for T relaxation must be considered:

(i) dipolar interactions with paramagnetic impurities (such
as Fe3+ introduced during synthesis);

(i) quadrupolar interactions with the crystal electric field
gradients modulated by lattice vibrations;

(iii) dipolar interactions with adsorbed molecules;

(iv) quadrupolar interactions modulated by the motion of
polar sorbate molecules and/or charge-compensating cations.

Our experiments have shown that, except at very low
temperatures, the 27Al relaxation is independent of the
concentration of paramagnetic species,® which means that
mechanism (i) is insignificant. We have also discounted
mechanism (ii), which proceeds via the two-phonon Raman

process,? by calculating® that it could account for 27Al T times
of the order of 100 s, 4—5 orders of magnitude longer than the
experimental values. It follows that only mechanisms (iii) and
(iv), associated with adsorbed polar molecules and cations,
must be considered.

Measurements were carried out on a home-made spec-
trometer (‘UDRIS’) operating at 23.5 MHz for 27Al, by using
selective saturation of the central transition. The saturating
pulse was 50 ps long and the measuring pulse 1.5 us long.
Sample temperature was controlled by flowing nitrogen gas.
The amplitude of the free induction decay following the short
measuring pulse is proportional to the difference in occupancy
(Ny2 — N_ip) of the two central levels, and can be
approximated by an exponential function8 of which 77 is the
time constant.

Figure 1(a) shows the temperature dependence of T in
hydrated zeolite NaX with pore filling factor 6 = 0.9. The
results were completely unaffected by replacing two-thirds of
the intracrystalline water with D,O while keeping the overall
filling factor constant. Since 1H and ?H have very different
gyromagnetic constants, relaxation of 27Al cannot be caused
by the dipole interaction with 'H of the water molecules.
Furthermore, T; dramatically increases upon dehydration of
the sample [see Figure 1(b)], which demonstrates that the
controlling mechanism in the hydrated samples is the quadru-
pole interaction of 27Al with the crystal electric field gradient
produced by the very similar dipole moments of the H,O and
D,0 molecules.

Theoretical considerations!? indicate that for mechanism
(iv), originating from a jumping electrical dipole with the
dipolar moment of the water molecule at a distance of 0.5 nm
from the 27Al nucleus, T, is ca. 30 ms; a moving univalent
cation at a distance of 0.33 nm gives T; ca. 1 ms. Both values
are typical of those found experimentally. Theory also



J. CHEM. SOC., CHEM. COMMUN., 1988

100 4 (a) _——0 NaX
g—0
D/
n
E 107
. o
N o
D\
a
S
b g
14 \IE /
o a
o
01 T Ll T T A T T
4 6 8
100 1 {b) NaTiA
]
a~—
/ El\m a =0
B o 0-002
™~
IS 10 4 E\ e =01
£ e —y // —* »-05
W 4 ‘/ L J ‘/’ o =1
LAy —
/0’8\ .\'
m/ 0.
1 Te /
/ ~—O
0-1 T L] L] T v L) L
4 6 8
100 (c)
. /
NaX o—* ¢ :
n ]
£ /
W ot
" -
/ NaA
19 /l
.
0-1 T L] T L} Ll T T
4 6 8

1000 777K !

Figure 1. Temperature dependence of the longitudinal relaxation time
of 27Al: (a) zeolite NaX loaded with water (8 = 0.9) and with a
mixture of H,O (8 = 0.3) and D,O (8 = 0.6); (b) zeolite NaTIA at
various degrees of hydration; (c) dehydrated zeolites NaX and NaA.

predicts a minimum in 7 at temperatures at which t.wa, =
0.5—1.0, where . is the correlation time and w,, the Larmor
frequency. The proton T, of the intracrystalline water goes
through a minimum at the same temperature (Figure 2)
provided the measurement is performed in a magnetic field
corresponding to the same frequency of 23.5 MHz. Since we
know!! that the minimum T for the proton occurs for t.wy =
0.6—1.0, we conclude that the two correlation times are equal
and determined by the mobility of the adsorbed water. Figure
1(b) shows the temperature dependence of T, for zeolite
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Figure 2. Temperature dependence of longitudinal relaxation time of
'H n.m.r. for zeolite NaX loaded with water (0 = 0.9) at 23.8 MHz.

Na, ¢Tly 4A at various degrees of hydration. With decreasing
water content in the range 1 > 6 > 0.5 the minimum shifts to
higher temperatures (this behaviour is analogous to that of
proton T}); at lower water contents it disappears. Similar
behaviour is found in dehydrated zeolite NaX and NaA
[Figure 1(c)] but not in Najz (Ca4 ;A or Nay sMg; ;A. All these
results can be explained by assuming that the correlation time
1. in dehydrated zeolites is simply equal to the mean residence
time of the cation between successive translational jumps.
These residence times have been measured!2—15 for zeolites
NaX and NaA and are entirely consistent with the results in
Figure 1(c). The absence of a minimum in dehydrated NaCaA
is in agreement with dielectric measurements!4 which indicate
that translational cation jumps do not occur at room tempera-
ture in the dehydrated sample in the range 30—12 MHz.
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