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aBstract

We present an X-ray diffraction and multi-nuclear (2H and 43Ca) NMR study of Ca-exchanged hec-
torite (a smectite clay) that provides important new insight into molecular behavior at the smectite-H2O 
interface. Variable-temperature 43Ca MAS NMR and controlled humidity XRD indicate that Ca2+ occurs 
as proximity-restricted outer-sphere hydration complexes between –120 and +25 qC in a two-layer 
hydrate and at T d –50 °C in a 2:1 water/solid paste. Changes in the 43Ca NMR peak width and position 
with temperature are more consistent with diffusion-related processes than with dynamics involving 
metal-surface interactions such as site exchange. The 2H NMR signal between –50 and +25 qC for a 
two-layer hydrate of Ca-hectorite is similar to that of Na- and other alkali metal hectorites and repre-
sents 2H2O molecules experiencing anisotropic motion describable using the 2H C2/C3 jump model we 
proposed previously. 2H T1�UHOD[DWLRQ�UHVXOWV�IRU�&D��DQG�1D�KHFWRULWH�DUH�ZHOO�¿W�ZLWK�D�IDVW�H[FKDQJH�
limit, rotational diffusion model for 2H2O dynamics, yielding GHz-scale rotational reorientation rates 
compatible with the C3 component of the C2/C3 hopping model. The apparent activation energy for 
2H2O rotational diffusion in the two-layer hydrate is greater for Ca-hectorite than Na-hectorite (25.1 
YV�������N-�PRO���FRQVLVWHQW�ZLWK�WKH�JUHDWHU�DI¿QLW\�RI�&D2+ for H2O. The results support the general 
principle that the dynamic mechanisms of proximity-restricted H22�DUH�RQO\�ZHDNO\�LQÀXHQFHG�E\�WKH�
cation in alkali metal and alkaline earth metal smectites and provide critical evidence that the NMR 
UHVRQDQFHV�RI�FKDUJH�EDODQFLQJ�FDWLRQV�LQ�VPHFWLWHV�EHFRPH�LQFUHDVLQJO\�LQÀXHQFHG�E\�GLIIXVLRQ�OLNH�
dynamic processes at low temperatures as the charge density of the unhydrated cation increases.
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introduction

Processes at fluid-solid interfaces influence the behavior of 
many chemical and natural systems but are difficult to study 
because of the inherently multi-phase character of the systems 
and the disordered structure of the interface due to static and 
dynamic effects. The high surface area and layered structures of 
clay minerals offer an excellent opportunity to investigate funda-
mental structural and dynamical questions about the behavior of 
H2O molecules, cations, and other fluids at fluid-solid interfaces. 
In particular, the smectite clay minerals (swelling clays) have 
been extensively studied because of the ease with which they 
exchange their charge-balancing cations and their ability to in-
corporate large amounts of H2O in their interlayer space, in some 
cases swelling to many times their initial volume. The interfacial 
behavior in clay mineral systems has been studied using a wide 
range of experimental and computational techniques, although 
most work has focused on systems involving alkali metal cations 
as the charge-balancing species (Bish et al. 2003; Bowers et al. 
2008a, 2011; Chipera et al. 1997; Fripiat et al. 1982; Gates et 
al. 2012; Guichet et al. 2008; Loring et al. 2012; McKinley et 
al. 2001; Park and Sposito 2004; Pons et al. 1982; Porion et al. 
2001a; Porion and Delville 2005; Sposito et al. 1999; Wang et 

al. 2006; Zachara et al. 2002; Weiss et al. 1990a, 1990b). Cur-
rently, there is consensus from NMR spectroscopy, neutron scat-
tering, and computational molecular dynamics simulations that 
proximity-restricted H2O (molecules within 5 Å of an external 
or interlayer surface or cation) in hydrated alkali metal smec-
tites (those with alkali metal charge-balancing cations) cannot 
be adequately described structurally or dynamically as either 
bulk liquid H2O or ice at most temperatures [see Bowers et al. 
(2011) and the references therein for a more detailed review]. 
In addition, this proximity-restricted H2O diffuses at rates 4–5× 
slower than in bulk H2O at room temperature. 1H and 2H NMR 
results (Bowers et al. 2011; Ishimaru and Ikeda 1999; Tenorio 
et al. 2008) provide insight into the reorientation mechanisms of 
proximity-restricted H2O molecules, and 2H NMR suggests vari-
ability in the geometry of the charge-balancing cation hydration 
shell for proximity-restricted alkali metal smectites (Bowers et 
al. 2011). The H2O content of the system, total permanent charge 
on the clay layers, and the location of isomorphic substitution 
sites causing the layer charge (octahedral vs. tetrahedral substi-
tutions) are known to influence H2O dynamics, cation diffusion 
and sorption/desorption behavior, and interlayer expansion 
and delamination (Delville and Laszlo 1990; Grandjean 1997; 
Greathouse and Sposito 1998; Labouriau et al. 1997; Porion and 
Delville 2005; Sposito et al. 1999).

NMR spectroscopy is an effective, element-specific probe 
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