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The dynamics of intercalated water molecules in Li-saponite was studied by measurement of 

solid state 2H and 7Li NMR spectra and of the 2H spin-lattice relaxation time at 175 ~ 350 K. 
Only a single component was observed in the -H spectra above 260 K, suggesting that the water 
hydrogens rapidly exchange their positions between various distinct environments. Analysis of the 
observed spectra suggests that the water molecules possess Ci rotational freedom at around 260 
K and that the hydration shell around Li+ cations is highly symmetrical in the same temperature 
region. 

Introduction 

Recently, layer-structured clay minerals have at-
tracted great attention due to their intercalating 
properties [1,2]. Saponi te , usually expressed as 
M J S i 4 _ x A l : r M g 3 ( 0 H ) 2 0 | ( ) (M: Li, Na, K, etc.), is 
a type of layered clay mineral consist ing of layers 
of MgOfc sandwiched between two sheets of SiO.4 
with an analogous layer structure to that of talc, 
Si4Mg3(OH)2O]0. The characteristic of this layer sys-
tem is the carrying of negative charges caused by iso-
morphic substitution of Si4 + with Al 3 + and, to main-
tain neutrality, cations are taken up into the interlayer 
space. This structure enables various polar molecules , 
such as water, to also be intercalated be tween the 
layers. 

The structure and dynamics of water in such porous 
media have attracted attention on account of its pe-
culiarity [1], The clay minerals are example of such 
porous media and their hydrated sys tems have been 
studied by various methods , e. g., measurement of 
thermodynamic parameters [3 - 5], quasielast ic neu-
tron scattering (QENS) [6 - 8] and N M R [9], and sim-
ulations by Monte Car lo (MC) [ 10] and molecular dy-
namics (MD) [11] methods . In highly hydrated clay, 
the intercalated water can be classified into several 
categories corresponding to the strength of its ad-
sorption. This diversity of water envi ronments makes 
analysis of the experimental data difficult . Spectro-
scopic methods can observe only mot ions or struc-
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tures which match to the t ime scale of the observa-
tion method. Conversely, computer s imulat ion meth-
ods can reproduce well the behaviour of all contained 
water molecules, but it is difficult to see the (slow) 
mot ions of the consti tuent molecules, and also the 
size of the system is limited because of problems of 
calculat ion time. 

To get information about the very slow motion of 
the order of 10 M H z corresponding to the applied 
N M R frequencies , expected for water molecules in 
the clay, we conducted solid state 2 H and 7Li N M R 
spectra and 2 H spin-lattice relaxation t ime (T\ ) mea-
surements over a wide temperature range. 

Experimenta l 

We used a synthetic Na-saponite, 
Nao.4Si3.6Alo.4Mg3(OH)2Oio, which is a reference 
clay ( JCSS-3501) of the Clay Science Society of 
Japan as the starting material. Li-saponite was pre-
pared by the standard cation exchange method using 
a 2 mol l _ l LiCl aqueous solution. The suspension 
of the cation exchanged clay was filtered and washed 
with distilled water until the filtrate showed a negative 
reaction to the AgNC>3 test. 

The specimens for N M R measurement were put in 
glass sample tubes and aspirated at room temperature 
for one day, then exposed to D 2 0 vapour at its sat-
urated vapour pressure at room temperature. These 
spec imens were then sealed with hel ium gas of un-
der a tmospheric pressure. The D i O content in these 
spec imens was determined by measur ing the weight 
loss af ter heating to 600°C to be ca. 35 molecules per 
cat ion. 
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Fig. 1. The temperature dependence of : H NMR spectra in 
D2O saturated Li-saponite. 

2 H and 7Li N M R spectra and 2 H N M R T\ were 
measured using a Bruker MSL-300 N M R system over 
a temperature range of 175 - 350 K. The sample tem-
perature reading was controlled within ± 2 K, with 
its accuracy being est imated to be about ± 5 K. The 
evaluated error in T\ was ± 10 %. 

Results and Discussion 

We determined the size of the interlayer space of 
the prepared Li-saponite by means of X-ray powder 
diffract ion data. A d i f fuse peak sited at d = 1 , 7 2 ± 0 . 1 5 
nm was observed at room temperature. The interlayer 
distance was determined as 0.76 nm by subtracting 
the 0 .96 nm reported as being the pure layer thickness 
[ 12] f rom the observed value. The est imated interlayer 
distance corresponds to three or more layers of water 
molecules being present in the interlayer space. 

The temperature dependence of the 2 H NMR spec-
tra is shown in Figure 1. The quadrupole coupling 
constant ( e 2 Q q / h ) and the asymmetry parameter (77) 
were determined to be 220 ± 5 kHz and 0 .10 ± 0.02 at 
175 K, respectively. The fact that these values agree 
well with reported e2Qq/h values, 213 and 216 kHz, 
and 77 = 0.1, for the rigid water molecules in D20- ice 
[13] implies that the greater part of the interlayer-
water f reezes below 200 K, where the swelling at the 
centre of the spect rum shows that some slow motion 
is occurr ing even at 175 K. 

Upon heating, the 2 H spectrum was drastically 
sharpened around 220 K. At 260 K, the spectrum 
shows a well-defined structure again. The e2Qq/h and 
77 values obtained f r o m this spectrum are 11 .0±0.5 
k H z and ~ 0, respectively. This large reduction in the 
e2Qq/h value can be attributed to the onset of a single 
mot ional process of water molecules by way of the 
relaxation measurement given below. We can assign 
this mot ion to the rotation of D 2 0 about its C 2 axis 
since the e2Qq/h and 77 values for this motion can 
be calculated as be ing 13.8 kHz and 0 [15], respec-
tively, provided we assume e2Qq/h and 77 in the rigid 
molecule to be 220 kHz and 0.1, respectively, and the 
D - O - D bond angle to be 104.51° [15]. 

We then el iminated the possibility that a combina-
tion of two or more mot ions of D 2 0 molecules might 
explain the observed spectral narrowing by determin-
ing the 2 H N M R relaxation t ime (T\). Figure 2 shows 
the observed temperature dependence of T\. The 2 H 
T\ is governed by a single molecular mot ion and can 

7 7 K 

Fig. 2. The temperature dependence of 2H NMR spin-lattice 
relaxation time, T\ in D 2 0 saturated Li-saponite. The solid 
line is the best-fit calculated curve. See details in text. 
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Fig. 3. The temperature dependence of 7Li NMR spectra in 
D2O saturated Li-saponite. 

be expressed as a BPP type relation [16], given by 

T F L = H 0 + 3 " ) ( A ! 7 T ) { J ^ O ) + 4 J ( 2 C O ) } , 

where A e 2 Q q / h is the decrease in apparent e2Qq/h 
due to motional averaging, and loq is the 2 H Larmor 
frequency. The spectral density J(uj) is represented by 
using the correlation time r of the motion as follows: 

where 

r = ro e x p ( £ ' a / R T ) . 

and EA is the activation energy of the motion. 
The observed T\ data, fitted by these equations, 

reproduce a BPP curve corresponding to a single mo-
tional process, as shown by the solid line in Fig-
ure 2. The estimated A e 2 Q q / h , 2 3 0 ± 2 0 kHz, is in 
good agreement with the ca. 210 kHz observed in the 
present measurement. This implies that the observed 
motion can be assigned to the C 2 rotation of the water 
molecules. The estimated EA and tq for this motion 
are 42 ± 2 kJ mol" 1 and 5.6 x 10"1 9 s. 

At the temperatures above 278 K the line-width 
was reduced again, suggesting that another motion 
becomes active around this point. The width of ca. 6 
kHz observed at 353 K is, however, very wide com-
pared with the value of < 0.1 kHz predicted for bulk 

liquid water, considering the nonhomogeneity of the 
magnetic field. 

To obtain further information about the behaviour 
of the water molecules around the Li+ ions, we 
recorded the 7Li NMR spectra shown in Figure 3. 
The spectrum observed at 278 K shows a typical 
line-shape, which consists of a central main peak 
and symmetric side peaks caused by the first or-
der effect of the nuclear quadrupole interaction for 
1 = 3/2 nuclei with a small e2Qq/h. The value 
e2Qq/h = 6.5 ± 0.5 kHz was estimated from the 
observed separation (Av) of the two side peaks using 
the relationship Av = 1 / 2 ( e 2 Q q / h ) for I = 3 / 2 nu-
clei [16] and assuming // = 0. The line-shape became 
indistinct on both heating above and cooling below 
this temperature. Below 220 K the central line gradu-
ally broadened and the side peaks became ambiguous 
and distributed over a wide range of ca. ± 2 0 kHz at 
175 K. This implies the presence of inhomogeneity 
in the Li+ environment. 

Lagaly [17-19] has reported that the layer charges 
of the clays have significant heterogeneity. Consid-
ering this charge distribution and the results of the 
2H NMR studies, a possible explanation for the ob-
served 7Li spectrum change may be as follows: In 
the low temperature region, the water molecules are 
almost rigid and the Li+ cations are exposed to a high 
anisotropy and site inhomogeneity. In the medium 
temperature region, the water molecules undergo C 2 

rotation accompanied by the breaking of hydrogen 
bonds. The small e2Qq/h value of 6.5 kHz for 7Li 
shows that the cations are in (comparatively) highly 
symmetric environments. The origin of the finite value 
of e2Qq/h can be attributed to the layer charge cen-
tres located near the cations or to a slight deformation 
of the hydration sphere. The fluctuations in the hy-
dration sphere caused by rotational vibration with a 
large amplitude and/or exchange of the hydrated wa-
ter with the outer water environments are expected to 
be significant, the time scale of this motion becomes 
comparable to the line-width of 7Li or 2H, i. e., of the 
order of 1 kHz, at elevated temperatures. 

The interlayeral water in clay can be classified into 
three categories [11]: 1) bound water, directly co-
ordinated to the cations, 2) unbound water, without 
direct coordination to the cations, and 3) hole wa-
ter, forming hydrogen bond with a hydroxyl of the 
layer in a depression in the layer. The MD simulation 
[11] has revealed that the mobility of the unbound 
water at room temperature is similar to that in the 
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bulk liquid, while the bound water molecules show 
no displacement during the calculation time. QENS 
studies, performed on analogous clay-water systems 
such as Li-montmorillonite [6], also showed that at 
least part of the water has a high mobility as in the 
bulk liquid. The observed 2H NMR spectra, however, 
exhibited only a single broad component even at room 

temperature. This suggests that the three kinds of wa-
ter molecules perform mutual exchange over a shorter 
time period than 10~3 ~ 10~4 s at room temperature, 
although at the present stage we cannot determine 
whether molecular exchange as a whole or hydro-
gen transfer makes the dominant contribution to the 
exchange. 

[ 1 ] G. Sposit and R. Prost, Chem. Rev. 82. 554 (1982). 
[2] Chemistry of Clays and Clay Minerals, edited by 

A. C. D. Newman, Wiley, New York 1987; Mineral. 
Soc. of Great Britain Monograph, No. 6. 

[3] P. F. Low, Soil. Sei. Soc. Amer. J. 43, 651 (1979). 
[4] P. F. Low and J. F. Margheim, Soil. Sei. Soc. Amer. J. 

43, 473 (1979). 
[5] P. F. Low. Soil. Sei. Soc. Amer. J. 44. 667 (1980). 
[6] D. J. Cebula. R. K. Thomas, and J. W. White, Clays 

Clay Mineral. 29, 241 (1981). 
[7] J. J. Tuck, P. L. Hall, M. H. B. Hayes, D. K. Ross, and 

C. Poinsignon, J. Chem. Soc., Faraday Trans. 1 80. 

309(1984). 
[81 J. J. Tuck, P. L. Hall, M. H. B. Hayes, D. K. Ross, and 

J. B. Hayter, J. Chem. Soc., Faraday Trans. 1 81, 833 
(1985). 

[91 J. J. Fripiat, Advanced Chemical Method of Soil and 
Clay Minerals Research, edited by J. W. Stucki and 
W. L. Banwart, D. Reidel Publishing Co., London 
1980, pp. 245. 

[10] N. T. Skipper, K. Refson, and J. D. C. McConnell, 
J. Chem. Phys. 94, 7434(1991). 

[11] K. Refson, N. T. Skipper, and J. D. C. McConnell, 
Geochemistry of clay-pore fluid interactions, edited 
by D. A. C. Manning, P. L. Hall, and C. R. Hughes, 
Chapman & Hall, London 1993, pp. 62. 

[12] G. F. Walker, X-ray Identification and Crystal Struc-
tures of Clay Minerals; Mineral. Soc. of Great Britain 
Monograph, No. 5. 

[13] P. Waldstein, S. W. Rabideau, and J. A. Jackson, 
J. Chem. Phys. 41, 3407 (1964). 

[14] S. Ishimaru and N. Nakamura, Ber. Bunsenges. Phys. 
Chem., 97, 777 (1993). 

[15] Landolt-Börnstein Numerical Data and Functional 
Relations in Science and Technology, New Series, 
11/7, edited by K.-H. Hellwege. 

[16] A. Abragam, The Principles of Nuclear Magnetism, 
Clarendon Press, Oxford 1961. 

[17] G. Lagaly, Clays Clay Mineral. 27, 1 (1979). 
[18] G. Lagaly, Clay Mineral. 16, 1 (1981). 
[19] G. Lagaly, Clays Clay Mineral. 30, 215 (1982). 


