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I .  Introduction 

A. Adsorbed Water Structure as an 
Experimental Concept 

The continued appearance of reviews over the past 
20 years concerning one or more aspects of the molec- 
ular structure of water adsorbed by smectites'+ attests 
to the enduring importance of this subject to colloid 
chemistry and clay technology. During the last few 
years, there has been a significant increase in the num- 
ber of studies of smectite-water systems that employ 
relatively sophisticated chemical methods, with the 
result that the structure of adsorbed water has begun 
to leave the domain of speculative hypotheses to be- 
come an experimental concept. This transition is com- 
plete enough at  present to warrant an initial attempt, 
not yet made in the literature, to synthesize the 
available empirical information obtained by diverse 
laboratory methods. The question that can be posed 
at this time thus is simply: Does enough of a consensus 
exist among the available experimental data to make 
it possible to draw a minimal set of nonconflicting 
conclusions, i.e., to state what the structure of water 
adsorbed by smectites mus t  be like? 

In this paper, a review will be made of the results of 
recent experiments concerning the structure of water 
in smectite-water systems. The review will be organ- 
ized according to the kind of experimental method em- 
ployed, including within its perspective infrared, inco- 
herent neutron scattering, magnetic resonance, and 
dielectric relaxation spectroscopy, neutron and X-ray 
diffraction, and thermodynamic measurements. Em- 
phasis will be given to data obtained by these tech- 
niques during the past 10 years. This kind of organi- 
zation recommends itself because each of the experi- 
mental methods listed is characterized by a particular 
t ime scale during which it probes the structure of a 
molecular environment (Figure 1). As will become 
evident during the course of this review, information 
about the structure of adsorbed water provided by a 
given experimental method pertains, in principle, only 
to the properties of the structure as they exist during 
the time scale appropriate to that method. This point 
of view is essential to any attempt at making a coherent 
picture from the data on smectite-water systems ob- 
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tained by the techniques indicated in Figure 1. 

B. Structural Concepts for Bulk Liquid Water 

For reasons of economy of space, no discussion will 
be given in this review concerning the basic physical 
properties of the water molecule, liquid water, or ice, 
nor will there be a detailed accounting of smectite no- 
menclature, methods of clay preparation, and the in- 
strumentation that has been employed in the studies 
reviewed. The chemistry of smectites and the modern 
methods for studying it have been described recently 
in comprehensive reviews.l&13 Thus, it will be noted 
here only that the smectites form a subgroup of the 2:l 
phyllosilicates, characterized by (1) a negative charge 
per unit cell, from isomorphous substitutions, that 
ranges between 0.50 and 1.3 electron charges and is 
compensated by exchangeable cations, and (2) a specific 
surface area near 750 m2 g-' on the oxygen cleavage 
planes. The crystal chemistry of the smectites is sum- 
marized in a clear fashion by Swartzen-Allen and 
MatijeviL6 The properties of water also have been 
documented exhaustively in widely available publica- 
t i o n ~ . ' ~ - ' ~  On the other hand, there is a useful concept 
regarding the molecular structure of bulk liquid water 
that should be mentioned explicitly, since it is closely 
related to the idea of characteristic time scales probed 
by different experimental techniques. This concept is 
the definition of "liquid water structure" given by Ei- 
senberg and Ka~2mann.l~ On a time scale which is long 
relative to the period of vibration of a hydrogen bond 
in liquid water (about s) but short relative to the 
time required for a water molecule to diffuse a distance 
equal to its own diameter (about s), a typical 
molecule in liquid water "sees" a spatial arrangement 
of its neighbors that is called the vibrationally averaged 
structure (V structure). This structure will include only 
the effects of vibrational motions of the water molecules 
and, according to Figure 1, it can be probed by infrared, 
neutron scattering, and magnetic resonance spectros- 
copy. At the other extreme, on a time scale that is long 
compared with that during which a molecule diffuses 
a nominal distance in liquid water, a typical molecule 
"sees" a surrounding spatial arrangement that is called 
the diffusionally averaged structure (D structure). 
This structure includes the effects of vibrational, ro- 
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Figure 1. Time scales for adsorbed water structures and the experimental methods used to measure the properties of adsorbed water. 
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posit of an air-dry smectite is rotated away from normal 
incidence of the infrared beam; this result implies that 
the adsorbed water molecules have a preferred orien- 
tation on the smectite surface.20 

The interaction between water and smectite does not 
produce changes only in the IR spectrum of the water. 
Significant modifications of the spectrum of the clay 
mineral also are observed, as illustrated in Figure 2 for 
Na-montmorillonite. It can be seen in Figure 2a that 
there is a significant increase in the intensity of the 
lattice vibrational band at 1118 cm-’ as the water con- 
tent of the clay increases. Changes in the spectrum of 
the structural hydroxyl groups in hectorite20 and in 
saponite23 have been noted as well. These changes 
depend on whether the smectite is di- or trioctahedral. 

The study of these kinds of perturbations in the IR 
spectrum has provided information about the rela- 
tionship among the adsorbed water molecules, the ex- 
changeable cations, and the mineral structure of 
smectites. In particular, the available data permit 
conclusions to be drawn concerning the spatial organ- 
ization of adsorbed water molecules, the mechanism of 
hydration of smectites, and, tentatively, the thickness 
of the layer of adsorbed water whose IR spectrum is 
modified significantly by the surface of the clay mineral. 

tational, and translational motions of the water mole- 
cules and will be more ordered than the V structure 
because it comprises only the most probable molecular 
configurations. The D structure can be probed by 
neutron and X-ray diffraction experiments, and it 
provides a basis in molecular structure for thermody- 
namic properties, as suggested in Figure 1. 

Between the time domains of the V and D structures, 
there is a transition region that can be investigated by 
neutron scattering, magnetic resonance, and dielectric 
relaxation spectroscopy. These techniques are expected 
to give information about the rotational and transla- 
tional motions of water molecules that lead from t,he 
V structure to the D structure. Thus, it is clear that 
the concept of “structure” in liquid water is a dynamic 
one, and the same should be true for the water adsorbed 
by smectites. In the case of adsorbed water, an addi- 
tional complexity is provided by the exchangeable 
cations, whose vibrational and translational motions 
take place in the transition region between the V and 
D structures.1° Nonetheless, it is expected that the 
conceptual framework summarized in Figure 1 will be 
useful as a guide to understanding the molecular 
structural significance of experiments on smectikwater 
systems. 

I I. Infrared Specfroscopy 

A. Method of Progresslve Deuteration 

The infrared (IR) spectrometers available for studies 
on adsorbed water cover the range of wavenumbers 
between 30 and 3 X lo4 cm-l corresponding to periods 
of molecular vibration between and s. Thus, 
IR spectroscopy permits the study of molecular struc- 
ture on a time scale that is very short compared to those 
characteristic of other available techniques (e.g., inco- 
herent neutron scattering or magnetic resonance spec- 
troscopy). Because of the complex nature of the 
structure of water adsorbed by smectites, the normal 
mode analysis of this system cannot yet be carried out. 
Instead, the vibrational spectrum must be simplified 
by suppressing the coupling between adsorbed water 
molecules and between the hydroxyl groups in a single 
water molecule. This can be accomplished through a 
progressive deuteration of the adsorbed water in a 
manner so as to obtain levels of deuteration for which 
the water molecules or hydroxyl groups can be regarded, 
from the point of view of IR spectroscopy, as individual 
units. This technique, employed by Falk and Knoplg 
to study water in crystalline hydrates, has been de- 
veloped and utilized by Prostm to study adsorbed water 
structures on clay minerals. 

The absorption spectrum between 250 and 10 000 
cm-’ (50 to 1 pm wavelength) of air-dried smectites 
comprises a series of bands attributable either to ad- 
sorbed water or to the clay mineral itself. The spectrum 
of the valence vibrations in adsorbed water on smectites 
(Figure 2) differs from that of bulk liquid water or ice 
by the presence of a band whose wavenumber varies 
between 3620 and 3640 cm11.2e22 The position of this 
band depends both on the nature of the exchangeable 
cations on the clay surface and on the location within 
the clay structure of the deficits of positive charge 
produced by isomorphous substitutions. Moreover, the 
intensity of this band increases when an oriented de- 

B. Spatial Organization of Adsorbed Water 
Molecules 

At a given water content, the water adsorbed by 
smectites can be found in two different states: the 
water solvating the exchangeable cations in the inter- 
lamellar space and the water in external regions (e.g., 
external surfaces and micropores).20 The study of the 
changes in the IR spectrum of adsorbed water during 
the course of isothermal dehydration of a smectite al- 
lows one to define the ranges of water content in which 
one of the two states predominates. For example, in 
the case of Li-hectorite, dehydration under 0.01 torr 
produces a state corresponding to three molecules of 
water, on the average, for each exchangeable cation. 
The IR spectra of progressively deuterated adsorbed 
water in this systemm indicate that the water molecules 
hydrating the Li ions are located on sites with CZv 
symmetry. A band at 3610 cm-l is observed for the OH 
groups in HOD, showing that the water molecules form 
very weak hydrogen bonds, and the dichroism of the 
high-wavenumber member of the doublet at 3580-3640 
cm-’ (symmetric and antisymmetric vibrations of the 
water molecule) demonstrates that the transition dipole 
moment of the antisymmetric mode points nearly along 
a normal to the hectorite surface. Figure 3 illustrates 
a spatial arrangement of the water molecules that is 
consistent with these results. On this model, the 
lone-pair orbitals of the oxygen atom in each water 
molecule are directed toward the Li+ cation and one of 
the protons in each molecule lies along an axis normal 
to the clay surface. This proton can be expected to 
perturb the structural OH groups significantly in 
trioctahedral smectites because it will reside in the 
center of a ditrigonal cavity in the tetrahedral sheet 
adjacent to the one onto which it is adsorbed (Figure 
4). This effect has been observed in the IR spectrum 
of the structural hydroxyl groups in Li-hectorite, where 
shifts of the stretching mode wavenumber from 3680 
to 3690 cm-l and of the bending mode wavenumber 
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Figure 2. (a) IR spectrum of the skeletal vibrations of Na-montmorillonite dehydrated under vacuum and air-dried at ambient 
temperature. (b) The same as in (a) for Na-hectorite. 

from 655 to 645 cm-' have been noted as the clay 
mineral is hydrated.20 The directions of these wave- 
number shifts are consistent with the perturbation of 
the clay mineral OH groups by a neighboring positive 
charge. This arrangement of the proton, which has been 
confirmed also for Li-montmorillonite, is possible, de- 
spite the repulsive interaction with the structural OH 
group, because the proton is situated in the center of 
a cluster of lone pair orbitals, each inclined at 20' 
relative to the clay surface, that emanate from the ox- 
ygen atoms surrounding a ditrigonal cavity. 

Progressive deuteration experiments carried out at 
ambient temperature and at  148 K on Na- and Ca- 
hectoriteZ0 lead to the conclusion that similar arrange- 
ments of the water molecules around exchangeable Na+ 
and Ca2+ cations exist at low water contents. Therefore, 
it is reasonable to suppose that the structures illustrated 
in Figure 3 and 4 apply generally to alkali-metal and 
alkaline-earth cations. However, this conclusion is no 
longer tenable when there is a significant deficit of 
positive charge in the tetrahedral sheet of a smectite. 
In this case, the adsorbed water molecules will form 

hydrogen bonds with the clay surface oxygen atoms at 
sites where Si4+ has been replaced by AP+. Models for 
the arrangement of water molecules around exchange- 
able Mg2+, Ca2+, and Li+ on saponite have been pro- 
posed on the basis of X-ray diffraction and IR spec- 
troscopic s t ~ d i e s . ~ l - ~ ~  Figure 5 illustrates the structure 
proposed for Ca-saponite.22 

It is clear on the basis of IR spectroscopic experi- 
ments that the location of the deficit of positive charge 
in the structure of a smectite plays an important role 
in determining the spatial arrangement of the water 
molecules solvating the exchangeable cations. If this 
charge deficit occurs in the octahedral sheet, the neg- 
ative charge on the surface oxygen atoms is delocalized 
and the adsorbed water molecules form only weak hy- 
drogen bonds with these surface atoms. On the other 
hand, if the charge deficit occurs in the tetrahedral 
sheet, there is a greater localization of the negative 
charge, and the formation of relatively strong hydrogen 
bonds between the adsorbed water molecules and sur- 
face oxygen atoms near sites of isomorphous substitu- 
tion is favored.21 Another important effect of the 
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Figure 3. Spatial arrangement of water molecules solvating 
exchangeable Li+ cations on hectorite as determined by IR 
spectroscopy:m (a) section new in the plane AB; (b) plan view. 
M denotes the transition dipole moment for the symmetric ( 8 )  
and asymmetric (as) stretching modes. 

lrioctahadrai mineral 

e on 6 n20 cation 

Figure 4. Spatial arrangement of water molecules adsorbed in 
the interlamellar spaces of smectites without isomorphous sub- 
stitution in the tetrahedral ~ h e e t . 2 ~  

smectite structure on the waterclay interaction was 
illustrated in Figure 2, where it can be seen that 
changing the water content perturbs the structural 
vibrational bands in Na-montmorillonite (Figure 2a) 
but does not seem to perturb those in Na-hectorite 
(Figure 2b). This difference in behavior may be related 
to the changes in the crystallographic b dimension ob- 
served when Na-montmorillonites adsorb water.24 
Evidently this characteristic pertains only to diocta- 
hedral minerals. 

C. Mechanisms of Hydration 

Infrared spectroscopic studies of smectite hydra- 
tion20.z5,26 have led to the suggestion that the first stage 
of water adsorption by these clays is the solvation of 
the exchangeable cations by either three (monovalent 
ions) or more (bivalent cations) water molecules. These 

0 '  0 

0 Colclum 

Figure 5. Spatial arrangement of water molecules solvating 
exchangeable CaZ+ cations on sa onite as determined by X-ray 

showing water molecules hydrogen bonded to  oxygen atoms in 
an upper silicak surface (0,) and to oxygen a t o m  in dower silicate 
surface (O,,) bounding the interlamellar space. 

diffraction and IR spectroscopy: 2 (a) section view; (b) plan new 

hydration states correspond to interlamellar c axis 
spacings large enough to accommodate either one or two 
layers of adsorbed water molecules. The second stage 
of hydration is the formation of either an octahedral 
solvation complex for the monovalent exchangeable 
cations or a second solvation sheath for the bivalent 
exchangeable cations.20 Since this stage of hydration 
depends only on the ability of the exchangeable cations 
to solvate themselves, it is not necessarily accompanied 
by the formation of complete monolayers of water 
molecules in the interlamellar space. 

Beyond the solvation of the exchangeable cations, the 
water adsorbed by smectites can condense in micro- 
pores and on external surfaces. ProstZ5 has employed 
the shift in wavenumber of the absorption band of the 
structural OH group produced by water adsorption on 
hectorite to show that the fraction of interlamellar 
surface covered by water molecules a t  a given water 
content depends strongly on the nature of the ex- 
changeable cation (Figure 6). The greater is the sol- 
vation energy of the cation, the greater is the amount 
of internal surface hydrated. 

D. Estimation of the Extent of the 
Smectite-Water Interaction 

Although it is clear that the IR spectrum of a smec- 
tite-water system differs from a simple, linear combi- 
nation of the IR spectra of bulk liquid water and the 
fully dehydrated clay, it remains to specify the extent 
of the interfacial region whose spectroscopic properties 
are perturbed significantly by the clay-water interac- 
tion. This difficult problem has been approached in two 
distinct ways. One approach is through the study of 
strictly macroscopic properties of the smectite-water 
system as a function of water content.27 The other is 
through an investigation of the intrinsic molecular 
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applications are discussed in standard  monograph^.^'?^^ 
Ross and Hall33 have given an excellent discussion of 
the principles and applications in relation to clay-water 
systems. The pioneering studies of adsorbed water by 
the Oxford group have been summarized by White,34 
whereas HalP5 has given an overview of the recent in- 
vestigations carried out by the Birmingham group and 
others. Reference to these review chapters and books 
should be made for details of the equations and data 
that follow. 

Neutron scattering by protons produces very few in- 
terference effects and usually can be described by the 
scattering function, S,,(Q,w), known as the incoherent 
scattering law. The probability that the scattered 
neutron has exchanged momentum hQ and energy Aw 
with the target proton is proportional to Sinc(Q,w). 
Experimentally, this probability also is proportional to 
the intensity of a scattered beam of neutrons in an 
appropriate geometric configurat i~n.~~ The experi- 
mental scattering law must be corrected empirically for 
undesired contributions from the clay mineral structure 
(e.g., structural protons) and the sample apparatus. 
The corrected scattering law will contain both the 
quasielastic and inelastic peaks, as was shown clearly 
for water adsorbed on Li-montmorillonite by Olejnik 
and White.36 The inelastic peaks for adsorbed water 
on smectites have not yet been the subject of detailed 
investigation and, therefore, their contributions to the 
scattering law invariably are subtracted to obtain the 
quasielastic peak alone. This subtraction process always 
must involve an element of subjectivity that, in prin- 
ciple, makes the interpretation of the quasielastic peak 
ambiguous. Despite this problem, the consensus view 
is that experiments on the Q dependence of the qua- 
sielastic peak deconvoluted from the observed neutron 
scattering spectrum can provide useful information 
about the structure of adsorbed water.35 

The quasielastic portion of Sh,(Q,w) can be described 
theroetically by33 

lz of the surface area covered by water 
* Ba" 1 Na' 
CS' 

I75 

0 5 10 15 20 25 
Xg water per 100g dry c lay 

Figure 6. Percentage of the silicate surface area covered by water 
molecules as a function of water content in homoionic hectorites.zO 

properties of adsorbed water molecules as revealed by 
spectroscopic techniques.%vs These investigations have 
led to the conclusion that the stretching mode wave- 
number of water adsorbed by Na-montmorillonite de- 
creases as the water content increases and has not yet 
become equal to the value for bulk liquid water even 
at water contents above 1.0 kg of H20/kg of clay. 

Prost30 has studied the absorption bands at 1.45 and 
1.93 pm in the near-IR spectrum of Na-hectoritewater 
systems as a function of water content in the range 0.5 
to 10 kg of H20/kg of clay. A comparison among the 
different spectra was made by subtracting them con- 
secutively after normalization to the same total quantity 
of clay. In this way, one could estimate the water 
content at which the last added increment of water has 
the same spectroscopic characteristics (band position, 
intensity, and profile) as bulk liquid water. It was found 
that this water content, in the case of Na-hectorite, is 
less than 0.5 kg of H20/  kg of clay. Since a water con- 
tent of 0.2 kg of H20/kg of clay corresponds to one 
monolayer of water molecules on the Na-hectorite 
surface,25 it can be concluded that the near-IR spec- 
troscopic properties of the adsorbed water are not 
perturbed significantly beyond about two monolayers. 

I I I .  Incoherent Neutron Scattering 

A. The Incoherent Scattering Law 

The translational, rotational, and vibrational motions 
of the protons in adsorbed water molecules can be 
studied through experiments in which well-collimated 
beams of monoenergetic, thermal neutrons are scattered 
elastically or inelastically by the protons. Neutron 
scattering probes the structure of a liquid on a time 
scale between and s. Therefore, protons 
whose residence times in a particular configuration of 
water molecules are longer than about s will act as 
stationary targets for the neutrons. On the other hand, 
only low frequency vibrational modes, corresponding 
to hindered translations and rotations (i.e., wavenum- 
bers up to about lo3 cm-'), can be studied conveniently 
by inelastic neutron scattering. Thus neutron scattering 
explores a time domain that is intermediate between 
those characteristic of infrared spectroscopy and mag- 
netic resonance spectroscopy, respectively. 

The fundamental theoretical and experimental as- 
pects of neutron scattering along with representative 

where ( u2) is the mean square vibrational displacement 
of a proton from its equilibrium position and 

(2) 

The interpretation of experimental quasielastic neutron 
spectra involves choosing model expressions for the 
contributions from translational [St , (Q,w)]  and rota- 
tional [Srot(Q,w)] proton motions, then convoluting the 
resultant Sinc(Q,w)  with the spectrometer resolution 
function to obtain an estimate of the observed neutron 
intensity A number of models for &(Q,w) and 
S,,(Q,w) has been described by Ross and Hall.33 Hall 
and Ross38v39 have worked out the mathematical prop- 
erties of model expressions for SJQ,w)  appropriate to 
translational proton diffusion in the interlamellar space 
of a smectite. Hall et al.40 have shown in detail how 
these expressions may be utilized to fit quasielastic 
scattering data directly. 

B. Smectites Saturated with Monovalent 
Exchangeable Cations 

Following the early studies of Olejnik and White,36 
Cebula et a l . 3 7 3 4 1  have made extensive measurements of 

f(w)*g(w) E S f(w - w')g(w') dw' 
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TABLE I. Model Parameters Characterizing the 
Quasielastic Scattering of Neutrons by Water Protons on 
Li-montmorillonite3’ 

no. of 
water D, ( 1 9 ,  ( U 3 ,  
layers mz s-l T ~ , P S  nmz n m * x  IO3 r R , p s  

1 0.4  0.1 1 5  * 5 0.10 * 1 . 7 *  0.5 43 t 5 

2 0.7 t 0.1 15 * 5 0.15 t 1.6 t 0.5 33 t 5 

3 1 . O t  0.1 15 t 5 0.14 * 2 .2+-  0.5 23 t 5 

0.04 

0.04 

0.04 

the quasielastic spectrum of neutrons scattered by or- 
iented Li-montmorillonite containing either one, two, 
or three layers of water in the interlamellar space. 
Several model forms for Str(Q,w) and Srot(Q,w) were 
introduced into eq 1 and convoluted with the spec- 
trometer resolution function to obtain a best least- 
squares fit to the quasielastic peaks measured at  Q 
values between 0.6 and 4 A-l. It was found that model 
expressions corresponding to either isotropic transla- 
tional or rotational diffusion alone could not describe 
the neutron spectra. But a model incorporating either 
two-dimensional translational diffusion (with due al- 
lowance for deviations from a perfectly parallel ar- 
rangement of the clay platelets) or isotropic transla- 
tional diffusion simultaneously with isotropic rotational 
diffusion could describe the data very well. The model 
equation employed to represent the translational dif- 
fusion was based on the hypothesis that the adsorbed 
water molecules oscillate with a mean square amplitude 
( u2) about an equilibrium position for a mean time TR 
and then quickly jump to another equilibrium position 
at a mean square distance ( 1 2 )  away during the time TJ. 

For isotropic translational diffusion, the explicit forms 
of S,(Q,w) and Smt(Q,w) used in eq 1 were (cf. Hall and 
Ross39) 

r = 6D/ (12)  E I/TR F(Q) = exp(-Q2( 1 2 )  / e )  
(4) 

( 5 )  Srot(Q,w) = lio(Qa)l26(w) + lil(Qa)12[1+ (W71)21-1 

where D is the translational diffusion coefficient, j,(Qa) 
(n = 0, 1) is a spherical Bessel function, a is a radius 
of gyration (0.123 nm for a water molecule), and T~ is 
a rotational diffusion time constant. The derivation of 
eq 3 assumes that T~ << 7R.37 Table I lists the values 
of the parameters D,  T ~ ,  ( 1 2 ) ,  (u2 ) ,  and TR determined 
by Cebula et al.37 for adsorbed water on Li-montmo- 
rillonite. These parameters and eq 1,3, and 5 were used 
to calculate the full width at  half maximum (broaden- 
ing) of the quasielastic peak as a function of Q2. 

The values of D and T~ in Table I may be compared 
with D = 2.02 X lo4 m2 s-l and T~ = 9.3 ps at 293 K for 
bulk liquid water.l* Cebula et al.37 concluded from this 
kind of comparison that the water molecules adsorbed 
by Li-montmorillonite were diffusing much more slowly 
than those in bulk water. It is apparent also that they 
are rotating somewhat more slowly. That the quasie- 
lastic spectra did not reflect significant anisotropy in 
the molecular motions was thought to be the result of 
the small spatial domain sampled by the neutrons 

(about the thickness of a water layer), the existence of 
water in micropores (isotropic environments), and the 
lack of perfect parallel alignment of the clay platelets. 
The values of ( 1 2 )  in Table I are consistent with jump 
lengths of 0.33 to 0.37 nm-about the same as one 
molecular diameter-and the residence times are 
somewhat larger than the diffusion time for molecules 
in liquid water (12 ps at 293 K). The overall conclusion 
drawn by Cebula et al.37 was that the motions of the 
water molecules on Li-montmorillonite are associated 
with correlation times less than 50 ps, a property shared 
by the molecules in bulk water.18 The conclusion that 
none of the water molecules was stationary on the 
neutron time scale was deduced from the absence of an 
elastic peak surmounting the quasielastic spectrum. 
This result, in turn, means that none of the adsorbed 
water molecules is rigidly bound to the exchangeable 
Li+ cations, since the self-diffusion coefficient of a Li’ 
cation is only about 10-l2 m2 s-l at 293 K on dry 
m~ntmori l loni te~~ and, therefore, it will be stationary 
on the neutron scattering time scale. 

have come to rather dif- 
ferent conclusions on the basis of their preliminary 
neutron scattering investigation of the water molecules 
remaining on Li-hectorite after pumping the clay at 
torr at about 300 K. These investigators stated that the 
experimental quasielastic peak broadenings they ob- 
served could be fit well by a model that assumed that 
all of the water molecules were bound strongly to the 
(stationary) exchangeable Li+ cations. Each solvating 
water molecule was allowed to rotate about its own 
symmetry (C,) axis and about an axis perpendicular to 
the clay platelet through the exchangeable cation. 
These motions alone were considered to produce the 
observed broadenings. The resulting values of 7 2  (for 
the rotation about the C2 axis of the water molecule) 
and 7, (for the rotation about the cation center) were 
2.7 ps and 148 ps, respectively, at 300 K. As the tem- 
perature was reduced, these two parameters were found 
to increase in value; at 200 K, no evidence for rotational 
motion was detected. Since the water content of the 
Li-hectorite studied by Estrade-Szwarckopf et was 
much lower than that of the Li-montmorillonite studied 
by Cebula et al.,37 no conflict would exist between the 
two sets of results, if cation solvation is the initial step 
in the adsorption of water by Li-smectite and either (a) 
the exchange of protons between the cation solvation 
shell and other adsorbed water molecules is very rapid 
when at least one layer of interlamellar water is present 
or (b) the rotational motion of the cation solvation shell 
and the jump diffusion of the adsorbed water molecules 
give similar contributions to the quasielastic peak after 
one layer of water is adsorbed. Neither of these two 
latter conditions is unreasonable physically. In par- 
ticular, condition a is known to exist for the water 
molecules solvating monovalent cations in aqueous so- 
l u t i o n ~ . ~ ~  

Estrade-Szwarckopf et 

C. Smectltes Saturated with Bivalent 
Exchangeable Catlons 

Hall et a1.45146 have obtained quasielastic neutron 
scattering spectra for water adsorbed by Ca- and Mg- 
montmorillonite. Oriented clays containing up to three 
layers of water in the interlamellar space were inves- 
tigated. The data were analyzed with the model of Hall 
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has reviewed NMR studies on bulk liquid 
water and ice Ih, and F r i ~ i a t ~ ~ ~ ~ O  has summarized the 
extensive contributions of his laboratory to the study 
of NMR spectra of adsorbed water protons and ex- 
changeable cations on silicate surfaces. A general the- 
oretical framework for the interpretation of NMR 
spectra of water in heterogeneous systems has been 
described by Halle and Wenner~ t rom.~~  

TABLE 11. Characteristics of Water Protons on  Ca- and 
Mg-montmorillonite As Determined by Neutron 
Scattering’ ’3 3 5  

ex- 
change- no. of 

able water D. 10-9 
cation layers Xobsd‘ Xtheor m z  s~- 1 

Ca 2 0.55 0.62 0.34 I 
0.02 

Ca 3 0.65 0.69 
Mg 2 0.60 0.62 0.34 t 

a Xobsd = ratio of quasielastic t o  (elastic t quasielastic) 
neutron scattering = fraction of protons in motion on the 
neutron scattering time scale. b Xtheqr = fraction of pro- 
tons not in the clay structure or coordinated in solvation 
shells of the exchangeable cations = water protons not  in 
solvation shells/(clay structure protons + all water pro- 
tons). 

et al.,40 which permits the direct simulation of uncor- 
rected intensity-energy (time-of-flight) measurements. 
The results of this analysis have been summarized by 

The physical characteristics of the model employed 
to describe the quasielastic spectra are as follows: (a) 
A fraction of the adsorbed water protons are stationary 
on the neutron scattering time scale (Table 11, columns 
3 and 4). These are associated with the first solvation 
layers of the bivalent exchangeable cations, whose 
self-diffusion coefficients are around m2 s-l, mak- 
ing them also immobile on the neutron time (b) 
Some of the remaining adsorbed water protons diffuse 
by jumps within a region bounded by the opposing 
silicate surfaces and the solvated exchangeable cations, 
while others undergo isotropic, translational jump dif- 
fusion between adjacent bounded regions of this type. 
For example, in the two-layer hydrate of Ca-montmo- 
rillonite, the two sets of (12) and 7R vdues are 0.029 run2 
and 10 ps, and 0.25 nm2 and 100 ps, respectively. The 
second value of ( Z 2 )  corresponds to a jump length of 
about 0.5 nm, which agrees well with the mean distance 
between Ca2+ solvation shells, calculated with the help 
of the specific surface area and cation exchange capacity 
of the clay under the assumption of octahedral coor- 
dination of the solvation shell water molecules.35 

Table I1 lists the values of the self-diffusion coeffi- 
cient for translational jump motion of the water mole- 
cules on each of the homoionic clays studied by Hall 
et al.45946 There is general comparability with the D 
values calculated by Cebula et al.37 for water on Li+- 
montmorillonite (Table I), suggesting that the water 
molecules that are not rigidly bound to an exchangeable 
cation diffuse similarly on any smectite. It should be 
emphasized that the motions of water molecules in both 
the interlamellar spaces and the micropores contribute 
to the parameter D in Tables I and 11. 

~al1.35 

I V. Magnetic Resonance Spectroscopy 

A. Nuclear Magnetic Resonance Spectra 

Nuclear magnetic resonance (NMR) spectroscopy can 
probe a molecular environment on the time scale be- 
tween and s. The principles and experimental 
methodologies of NMR spectroscopy as applied to clay 
minerals have been discussed recently by F r i ~ i a t . ~ ~  

1. Measurements of Line Shape 

Hecht et al.,52 Hecht and Gei~sler,5~*” and Woessner 
and S n o ~ d e n ~ ~ ~ ~ ~  obtained perhaps the first well-re- 
solved proton NMR spectra of water adsorbed by 
montmorillonite, beidellite, saponite, and hectorite 
saturated with Ca2+ and with monovalent exchangeable 
cations (usually Na’). The characteristic features of the 
spectra were a doublet and a central line whose ap- 
pearance depended on the temperature, the water 
content, and the orientation of the clay 
Woessner and S n ~ w d e n ~ ~  studied the proton doublet 
for Na-hectorite at water contents between 0.21 and 2.3 
dm3/kg clay and at 283 and 298 K. At the lower tem- 
perature, a doublet was observed whose splitting was 
inversely proportional to the water content. The 
doublet splitting when the applied magnetic field was 
normal to the oriented clay sample was twice that ob- 
served when the field was parallel to the plane of the 
sample. At room temperature, a doublet was seen only 
at  the lowest water content; otherwise, the NMR 
spectrum consisted of a singlet. Hecht and G e i ~ s l e r ~ ~  
investigated the doublet splitting for a single layer of 
water adsorbed by a synthetic fluoromontmorillonite 
in the sodium form. Below 200 K, they found only a 
broad singlet, but at 298 K, a doublet was observed 
whose splitting followed the same orientation depen- 
dence reported by Woessner and S n ~ w d e n . ~ ~  This be- 
havior was interpreted by both sets of authors to be 
evidence for a doublet separation proportional to the 
quantity 13 cos2 6 - 11, where 6 is the angle between the 
applied magnetic field and a normal to the plane of the 
clay sample. According to standard a doublet 
whose splitting is proportional to 13 cos2 6 - 11 is ex- 
pected for a pair of isolated protons located on a vector 
of fixed length that rotates very rapidly about a bi- 
secting axis fixed in space. Thus, it was concluded that 
adsorbed water molecules on smectite surfaces are or- 
iented preferentially in space at low water contents and 
at temperatures near 298 K. This behavior contrasts 
with that of the molecules in bulk liquid water, where 
no preferred orientation is expected on the NMR time 
scale and the spectrum consists of a broad singlet. In 
adsorbed water, translational diffusion is rapid on the 
NMR time scale, so the molecules sample all of the sites 
in the structure and, therfore, experience the same 
average preferred orientation. The fact that this av- 
erage preferred orientation is diminished readily by 
increasing the water content or t e m p e r a t ~ r e ~ ~ p ~ ~ ~  sug- 
gests that the forces causing it are not very strong, 
perhaps being limited to the region within about 1.0 nm 
away from the clay mineral surface.57b Precisely the 
same general trend has been noted in NMR studies of 
water adsorbed by proteins.58 

The early proton NMR studies have been refined and 
extended considerably by C 0 n a r d ~ ~ 9 ~  and by Fripiat et 
a1.,61 who have obtained both the proton and the 7Li+ 
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NMR spectra of an oriented film of Li-hectorite with 
a (001) spacing of 1.26 nm, corresponding to a single 
layer of water molecules in the interlamellar space. The 
proton NMR spectra for this smectite comprised the 
characteristic doublet, which decreased in separation 
as 6 increased from 0” to 60°, then increased again as 
6 was varied from 60” to 90”. This variation was found 
to follow 13 cos2 6 - 11 very closely, with due allowance 
for small differences produced by slight deviations from 
parallel alignment of the clay platelets in the sample.61 
The doublet structure was found by C ~ n a r d ~ ~  to persist 
without change as the temperature was lowered from 
300 to 208 K. However, by 193 K, the spectrum had 
become a broad singlet, in agreement with the data of 
Hecht and G e i ~ s l e r . ~ ~  An examination of the first de- 
rivative of the spectrum of a powder sample of Li- 
h e ~ t o r i t e ~ ~ ~ ~  showed the presence of a narrow central 
line in addition to the doublet. This central line also 
disappeared below 200 K.59 The amplitudes of the 
central line and the doublet peaks showed a smooth 
decrease with inverse temperature after the effect of 
Curie’s law was taken into account.60 

The proton doublet splitting for the one-layer hydrate 
of Li-hectorite was interpreted by Fripiat et al.6l with 
the model expression: 
h =  

(2.7 X 104)(3 COS’ - 1)(3 COS’ J ,  - 1)(3 COS’ 6 - 1) 
(6) 

where h is the doublet separation in tesla, y is the angle 
between the axis of rotation of a water molecule and 
the vector between its two protons, and J ,  is the angle 
between the axis and a normal to the hectorite surface. 
The derivation of eq 6, which assumes that the axis of 
rotation of the water molecule reorients very rapidly 
around the normal to the clay surface on the NMR time 
scale, has been described by Fr i~ ia t .~’  If it is assumed 
that the axis of rotation is the symmetry axis of the 
water molecule, then y = 90°, and J ,  = 70 f 2” is re- 
quired in order to fit the experimental values of h(6). 
Thus the doublet splitting is consistent with oriented 
water molecules whose symmetry axes make an average 
angle of about 20” with the hectorite surface. Since the 
1.26-nm hydrate studied by Fripiat et al.61 contained 
about six water molecules per exchangeable Li+, it is 
reasonable to suppose that some of the oriented water 
molecules surrounded the cation in the arrangement 
illustrated in Figure 7, while the others were either 
between the first cation solvation layers in the inter- 
lamellar space or outside this space itself. In a powder 
sample, there is a finite probability that the symmetry 
axis of a hydration shell will make an angle of 54” with 
the applied magnetic field in an NMR experiment, 
thereby making 3 cos2 6 = 1 and producing a central line 
instead of a doublet.@’ 

The 7Li NMR spectra obtained by C ~ n a r d ~ ~ ~ ~ ~  con- 
firmed the structure shown in Figure 7, in that they 
were consistent with a well-defined axial electric field 
gradient produced by water dipoles placed symmetry- 
ically about the 7Li+ ion and engaged in rapid rotation 
around their dipolar axes. At temperatures below 200 
K, the 7Li NMR spectrum collapsed from a doublet plus 
central line to a broad singlet, indicating, in agreement 
with the proton NMR data, that the average electric 
field gradient had dropped to zero because the water 
dipoles were no longer rotating on the NMR time scale. 
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Figure 7. Spatial arrangement of water molecules solvating 
exchangeable Li+ cations on hectorite as determined by NMR 
s p e c t r o s c ~ p y . ~ ~ ~ ~  The shaded circles denote clay surface oxygen 
atoms. 

2. Measurements of the Spin-Lattice Relaxation Time 

Further insight into the structure proposed in Figure 
7 was obtained by Fripiat et a1.61 through an analysis 
of the temperature dependence of the (longitudinal) 
spin-lattice relaxation time, Tl, of the protons in the 
one-layer hydrate of Li-hectorite. This parameter is 
a time constant for the exponential decay of a compo- 
nent of proton magnetization, brought on by interac- 
tions between a given proton and all of the nuclear 
magnets in its surrounding environment. The analysis 
of Tl data for water adsorbed by montmorillonites and 
many other smectites thus is made difficult by the 
presence, in the clay structure, of Fe3+ ions whose in- 
teraction with the water protons is ill-defined, but exerts 
a dominant influence on the value of Tl.56@ Hectorite, 
on the other hand, contains very little Fe and has about 
half its structural OH replaced by fluorine; in this case, 
the principal contributor to T1 is the water proton- 
proton interaction. This interaction occurs between 
protons in the same water molecule and between those 
in different water molecules and, therefore, Tl contains 
both “intra” and “inter” contributions.63 For bulk liquid 
water, the two contributions are of the same order of 
magntidue and T1 is about 3 s at 293 K,ls indicating a 
relatively weak coupling between a magnetized proton 
and its local env i r~nmen t .~~  For water on Li-hectorite, 
Fripiat et al.6l found two populations of T1 values: TIL 
= 0.06 s at  293 K, corresponding to water outside the 
interlamellar space, and Tlc = 0.02 s at 293 K, corre- 
sponding to water inside this space. Both of these Tl 
values are about 2 orders of magnitude smaller than Tl 
in bulk liquid water and, therefore, they reflect a con- 
siderably stronger proton-proton interaction. Fripiat 
et al.6l assumed that the “inter” contribution to Tlc was 
much larger than the “intra” contribution and then 
analyzed the temperature dependence of 11 T1c to ob- 
tain two oritentational correlation times. One of these 
was to describe the rotation of the water molecules 
around their symmetry axes ( 7 2  = 200 ps at 293 K), 
whereas the other was purported to describe the rota- 
tion of the hydration $hell in Figure 7 around its sym- 
metry axis (7, = lo3 ps at 293 K). In bulk liquid water, 
the orientational correlation time ( 7 2 )  associated with 
the “intra” contribution to TI is about 3 ps at 293 K18 
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and in ice Ih it is about lo6 ps at 273 K.48 Thus water 
molecules in the interlamellar space of the one-layer 
hydrate of Li-hectorite appeared to be rotating less 
freely than in liquid water, but certainly more freely 
than in ice. Hecht and geisslera found the same result 
in their analysis of Tl data for the water protons in the 
one- and two-layer hydrates of a synthetic fluoro- 
montmorillonite in sodium form. They deduced only 
one population of orientational correlation times, with 
7 2  = 1200 ps for the one-layer hydrate and 7 2  z 400 ps 
for the two-layer hydrate at 293 K. Perhaps none of 
these estimates of 72 should be taken to have more than 
qualitative significance, since the temperature depen- 
dence of Tl for adsorbed water is very complicated and 
the expressions available to calculate 7 2  and 7, are no- 
toriously model d e ~ e n d e n t . ~ ~ ? ~ ~  It is important to note 
again that the self-diffusion coefficient of a monovalent 
exchangeable cation in a relatively dry smectite is equal 
to about 10-l2 m2/s a t  293 K.42 This means that the 
cation diffuses a distance equal to its own diameter 
( ~ 0 . 2  nm) in around s, which is on the same time 
scale as that probed by an NMR measurement. It 
follows that NMR spectra must reflect in some way the 
average effects of cationic motion as well as that of the 
water molecules. Nonetheless, "static" models, such as 
that in Figure 7, seem to be useful in the interpretation 
of line shape and relaxation data. 

W o e ~ s n e r ~ ~ ~  has performed the same kind of exper- 
iment with Tl measurements as Prostm carried out with 
the near-IR spectrum for the water adsorbed by Na- 
hectorite. The measured values of l /Tl,  both for ad- 
sorbed H 2 0  and for adsorbed D20, were found by 
W o e ~ s n e r ~ ~ ~  to be strictly linear functions of the clay 
content between 0.3 and 11 dm3 water/kg of clay. 
These results were interpreted to mean that each added 
increment of water had the same NMR relaxation 
characteristics as bulk liquid water for all of the water 
contents investigated. Given this interpretation, it 
follows that r2 for the adsorbed water molecules can 
differ from the value for the molecules in bulk liquid 
water only in the first nanometer away from the clay 
surface, in agreement with the conclusion reached by 
Prostam W o e ~ s n e r ~ ~ ~  estimated that 7 2  for the strongly 
adsorbed water molecules was only about 5 times larger 
than the value for bulk liquid water. Halle and 
Wennerstriimsl and Packer58 cite many experimental 
NMR studies on water in a variety of heterogeneous 
systems that lead to the same general conclusion re- 
garding the extent of the influence of surface forces on 
the reorientational motions of adsorbed water mole- 
cules. 

Sposito and Prost 

B. Electron Spin Resonance Spectra 

Electron spin resonance (ESR) spectroscopy probes 
a molecular environment on the more restricted time 
scale of to lo-" s. The theory and the practice of 
ESR spectroscopy as applied to clay minerals have been 
described recently by Vedrine64 and by Hall.65 The 
available ESR data for adsorbed species on layer sili- 
cates have been reviewed by Pinnavaia,66 M ~ B r i d e , ~ ~  
and 

Clementz et al.69 were the first to obtain ESR data 
on the structure of water near Cu2+ ions adsorbed by 
smectites. The ESR spectrum of interlamellar Cu2+ in 
one-layer hydrates indicated clearly the existence of a 
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Figure 8. Spatial arrangement of water molecules solvating 
bivalent exchangeable cations on montmorillonite as indicated 
by ESR spectroscopy:% (a) one-layer hydrate; (b) three-layer 
hydrate; (c) 2.1-nm hydrate. 

symmetry axis that was approximately perpendicular 
to the silicate surfaces and passed through the tetrag- 
onal solvation complex, CU(H~O),~+ (Figure sa). A 
detailed analysis of the angular dependence of the 
spectrum by Gutierrez-LeBrun and Gaite70 indicated 
that the clay platelets in the oriented samples deviated 
from a perfectly parallel arrangement by k 1 8 O  but that 
otherwise an axial symmetry in the Cu2+ exchange sites 
was maintained. In a three-layer hydrate, prepared by 
doping 5% Cu2+ into Mg-hectorite, the ESR spectrum 
indicated the presence of the octahedral complex, Cu- 
(H20)62+, shown also in Figure 8b.71 At higher water 
contents, this complex tumbled rapidly on the ESR 
time scale and a purely isotropic signal was observed.66@ 
The same kinds of results have been found for Mn- 
(H20)62+ cations adsorbed by s m e c t i t e ~ . ~ ~  Thus, it may 
be concluded that, on the ESR time scale, the water 
molecules near bivalent exchangeable cations are 
well-organized at low water contents in a manner con- 
sistent with ion size and the nearby presence of parallel 
silicate layers. As the water content increases, the be- 
havior of the hydrated cation is similar to that of a 
cation in an aqueous solution (Le., rapid tumbling). 
H a l P  has suggested that 7, = lo3 ps for the rigidly 
oriented water molecules is consistent with the available 
ESR data. This estimate is also consistent with those 
made on the basis of NMR spectra.61 

b 

V. Dielectric Relaxation 

A. The Complex Permittivity 

The distribution of electric charge in a water molecule 
is primarily dipolar in nature.15 Thus, if a water mol- 
ecule is subjected to an applied electric field, the 
molecule will orient itself with its dipole moment 
pointing along the direction of the field, and if the field 
is time varying, the molecule will attempt to follow 
changes in the field direction by reorienting itself sym- 
pathetically. The extent to which this is possible, 
however, depends on the constraints imposed on the 
molecule by its surrounding environment. Should the 
molecule be coupled strongly with its neighbors, its 
ability to follow a fluctuating electric field will be less 
than if the coupling were weak. Whatever the degree 
of coupling, it is certain that as the frequency with 
which an applied electric field changes direction is in- 
creased, the water molecule will be less able to reorient 
in phase and, at some frequency, it will begin to fail 
altogether to respond. The mean frequency after which 
the failure becomes complete is expected to be an in- 
dicator of the strength of the bonds that constrain the 
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showed that they are met reasonably well for liquid 
water. The same appears to be true for ice Ih.74 

Dielectric relaxation measurements probe a molecular 
environment on the rather broad time scale between 
10-l2 and s, and, therefore, they encompass the 
domains of both neutron scattering and magnetic res- 
onance spectroscopy, a t  least with respect to reorien- 
tational motions. In the case of liquid water, no drop 
in the value of the real part of E ( W )  is observed until o 
= lo8 The value of the parameter a is 0.01, ir- 
respective of the temperature in the range 273-333 K, 
and 7 D  varies from 18 ps at  273 K to 4 ps at 333 K.18 

Thus both liquid water and ice Ih exhibit essentially a 
single dielectric relaxation time at a given temperature, 
but that for ice is 6 orders of magnitude larger, re- 
flecting the much stronger coupling between a water 
molecule and its neighbors in the crystalline structure. 
This aspect is revealed also in the values of the tem- 
perature coefficient, d In 7 ~ / d ( l / n ,  which is equal to 
about 7 X lo3 K for ice Ih and 2.5 X lo3 K for liquid 

For ice Ih, CY 0.02573a and 7~ = 1.7 X lo6 PS at 250 K.74 

water molecule from freely reorienting its dipole mo- 
ment. The greater this mean frequency is, the weaker 
are the constraining bonds between the molecule and 
its surrounding environment. 

The reorientational motions of a water molecule can 
be studied through measurements of the complex di- 
electric permittivity, e ( ~ ) ,  as a function of u, the angular 
frequency of an applied electric field. For liquid water 
and ice I),, permittivity data have been interpreted with 
the help of the Cole-Cole 

(7) 

In eq 7, t, and eB are the limiting values of E(W) as o 
approaches +a and 0, respectively, 7 D  is the Cole-Cole 
dielectric relaxation time, and a is a parameter that 
characterizes the distribution of relaxation times about 
the value 7D. The mathematical form of the distribu- 
tion function is73a 

Equation 8 leads to the Cole-Cole equation after sub- 
stitution into the standard expression:73a 

G(ln 7 )  d In T 
e(w) t, + (es - e , )  (9) 

If a << 1, G(ln 7) is a very sharply peaked function 
centered on In 7D; as a approaches 1.0, G(ln 7 )  becomes 
a very broad, symmetric function about In 7D. 

The failure of a water molecule to reorient in an os- 
cillating, applied electric field is reflected by a drop in 
the value of the real part of t(w) and w increases, with 
a corresponding rise in the value of the imaginary part 
to a maximum value. This maximum value occurs at 
w = l / rD;  hence 7 D  is a measure of the nominal time 
scale on which molecular reorientations can take place. 
The smaller 7D is, the easier it is for the water molecule 
to respond to an applied, time-varying field and the 
weaker must be the coupling between the molecule and 
its surroundings. If the parameter a is near 0, the en- 
vironment of the water molecule is expected to be 
rather uniform in nature and TD describes this envi- 
ronment with respect to orientational motions. If a is 
near 1.0, a broad distribution of 7 values exists and 7D 
represents only a mean relaxation time characterizing 
a broad variety of different molecular environments for 
the water dipoles.73a 

Since 7D is a macroscopic parameter, it cannot be 
interpreted automatically as the time constant for the 
reorientational motion of a single water molecule. This 
latter time constant, denoted T ~ ,  is the case n = 1 of the 
general expression:73b 

7, Lm (P,,(b(O)-b(t))) dt  (n = 1,2, ...) (10) 

where b( t )  is a unit vector pointing in the direction of 
the dipole moment of the water molecule at time t ,  P,, 
is an nth-order Legendre polynomial, and the angular 
brackets refer to a canonical ensemble average. The 
case n = 1 in eq 10 gives a time constant related to 7D, 
whereas the case n = 2 (72) gives a time constant related 
to the NMR spin-lattice relaxation time, T1, as dis- 
cussed above. The conditions required for equality 
between TD and T~ have been reviewed by Sposito,18 who 

B. Dielectric Relaxation in Water Adsorbed by 
Montmorlllonlte 

The dielectric relaxation of water adsorbed by ho- 
moionic montmorillonites has been studied in detail by 
Mamy and C h a u s ~ i d o n , ~ ~ ? ~ ~  M a m ~ , ~ ~  and C a l ~ e t . ~ ~ ? ~  As 
discussed by Calvet,@'the interpretation of data on 40) 
for smectite-water systems is made complicated by the 
fact that several phenomena contribute to the permit- 
tivity besides dipolar relaxation. In particular, as the 
water content of the clay increases, the exchangeable 
cations begin to move relatively freely near the clay 
surface. This motion provides a dominant contribution 
to the imaginary part of e(o) and makes and observation 
of dipolar relaxation very difficult. Fortunately, at 
water contents below 0.15 kg of H20/kg of clay, the 
contribution of the exchangeable cations to e(w) can be 
n e g l e ~ t e d . ~ ~ ~ ~ ~  

has applied eq 7 to permittivity data ob- 
tained for water adsorbed by Li-, Na-, and K-mont- 
morillonite a t  temperatures between 170 and 200 K. 
The value of the parameter a was determined from 
graphs of the imaginary part of t(o) against the real 

and 7 D  could be inferred from the frequency at 
which the imaginary part became a maximum. Rep- 
resentative values of a and 7D are given in Table 111 for 
T = 293 K and at water contents corresponding to a 
spacing between the clay platelets large enough to ac- 
commodate one water layer.78 Calvetso has made the 
same kind of measurements for adsorbed water on Mg-, 
Ca-, Sr-, and Ba-montmorillonite. Values of a and 7 D  
at 293 K for these clays also are listed in Table I11 for 
water contents corresponding to a clay platelet spacing 
large enough for one monolayer between the clay pla- 
telets. In terms of cation solvation, these low water 
contents are equivalent to about three water molecules 
per Li+, five per Na+, six per K+, and about six per 
bivalent exchangeable c a t i ~ n . ~ ~ , ~ ~  

C. Structural Implications 
The values of a for adsorbed water on montmoril- 

lonite are close to 0.7 regardless of the exchangeable 
cation, in striking contrast to the situation in bulk liquid 
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TABLE 111. Cole-Cole Dielectric Relaxation Parameters 
for Adsorbed Water on Homoionic Montmorillonites 
at 293 K7'3*0 

water 
con tent. d In 

kg of r Dl 
exchange- H,O/ kg d( UT), 
able cation of clay aa rrhb  s 103 K 

Li 0.04 0.60 1.7 X 10.' 5.5 
Na 0.06 0.80 3.6 X 10." 7.4 
K 0.085 0.64 4.9X 6.7 
M&! 0.07 0.65 9.5 X 11.1 
Ca 0.07 0.65 1.1 X 9.9 
Si. 0.07 0.65 3.2 X 10.' 8.0 
Ba 0.062 0.65 1.6 X lo- '  6.3 
bulk 0.01 9.3 X lo-'' 2.5 

ice I h  0.025 3.0X 7.0 

Data for Li-clay at 200 K, Na-clay at 175 K, K-clay 

liquid 

at 170 K, ice I), at 250 K. 
and for ice I ) ,  have been extrapolated to  293 K. 

Data for monovalent cations 

Figure 9. Spatial arrangement of water molecules in the in- 
terlamellar space of montmorillonite containing monovalent ex- 
changeable cations, as determined by dielectric relaxation spec- 
tro~copy:'~ (a) section view; (b) plan view. The shaded circles 
denote clay surface oxygen atoms. 

water and ice, where a is near zero. This result indi- 
cates clearly that a broad variety of molecular envi- 
ronments exists in adsorbed water, as compared to the 
bulk solid and liquid phases, at least at very low water 
contents. For montmorillonite saturated with mono- 
valent exchangeable cations, M a m ~ ~ ~  has suggested that 
the one-layer hydrate consists of water molecules ar- 
ranged in a strained, icelike configuration, with bonds 
formed both with intermolecular interactions and with 
clusters of oxygen atoms in the silicate surface (Figure 
9). The nearest-neighbor distance in this model is 0.32 
nm, which agrees well with the jump distance found by 
Cebula et al.37 for water molecules on Li-montmoril- 
lonite. There are five water molecules assignable to 
each exchangeable cation in this structure. Since some 
of the water molecules have a hydroxyl group proton 
inside a ditrigonal cavity of the silicate surface, the net 
of hydrogen bonds among the adsorbed water molecules 
is broken in places. These defects permit a variety of 
reorientational motions that are not possible in ice Ih 
or in bulk liquid water. For the one-layer hydrate of 
montmorillonite saturated with bivalent cations, the 
same structure may not exist because of the strong 

TABLE IV. Values of the Cole-Cole Parameters at 293 K 
for Water Adsorbed by Ca-m~ntmorillonite'~ 

water 
content, 

kg of H,O/ 
kg of clay a rn ,  s 

0.038 0.68 3.8 x 10-5 
0.070 0.65 1.1 x 10-6 
0.095 0.66 1.7 X loe6  
0.130 0.69 3.0 x lo-" 

solvation of the exchangeable cations. In this case, the 
significance of the large value of a may be that the 
reorientational motions of the solvation shell water 
molecules (about four per exchangeable cation in a 
one-layer hydrate) are very different from those of the 
remaining water molecules (about two per exchangeable 
cation) that are outside the solvation shells. 

The values of TD in Table I11 indicate that the re- 
orientational motions of water molecules adsorbed on 
Na- and K-montmorillonite are on the same time scale 
as those in liquid water, even in the one-layer hydrate. 
On the other hand, the time scale of the reorientational 
motions for water molecules on Li-, Mg-, Ca-, Sr-, and 
Ba-montmorillonite is comparable to that for ice Ih. It 
is possible that these trends reflect the tendency of the 
latter exchangeable cations to bind solvation shell water 
molecules very strongly, thereby preventing an easy 
movement of their dipole moment vectors in response 
to an oscillating, applied electric field. C a l ~ e t ' ~  has 
determined TD as a function of water content and tem- 
perature for Ca-montmorillonite. At T = 293 K (Table 
IV), TD decreases from about 4 X s to 3 X lo-" s 
as the water content increases from one-half monolayer 
to about two layers of water molecules in the interla- 
mellar space, whereas CY remains the same. This result 
suggests that the solvation shell molecules, which 
probably account for all of the water content at 0.04 kg 
of HzO/kg of clay, are reorienting on a time scale that 
is much longer than that for the adsorbed water mole- 
cules that make up most of the water content at 0.13 
kg of HzO/ kg of clay. 

Hoekstra and Doylee1 have measured t(w) at 9.8 X lo9 
Hz for water on Na-montmorillonite at temperatures 
between 70 and 293 K. Below 263 K, just two layers 
of water molecules remained in the interlamellar space. 
An analysis of the behavior of the imaginary part of t(w) 
with decreasing temperature led to the conclusion that 
the dielectric relaxation phenomenon in the two-layer 
hydrate operated on the same time scale as it does in 
bulk liquid water. This conclusion is in accord with the 
data in Table 111. 

V I .  Neutron and X-ray Dlffractlon 
Neutron or X-ray diffraction is the coherent, elastic 

scattering of either neutrons of X-rays by atoms ar- 
ranged on a periodic lattice. Neutron diffraction is 
quite analogous to the better known X-ray diffraction, 
but differs from the latter in two important respects. 
First, neutron diffraction involves scattering by nuclei, 
whereas X-ray diffraction involves scattering by atomic 
electrons. It follows that the scattering power of a given 
element will be different, in general, for the two pro- 
cesses. For example, deuterium, having but one elec- 
tron, has a low scattering power for X-rays but a high 
(coherent) scattering power for neutrons. Secondly, 
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neutron diffraction probes a larger spatial domain in 
a target sample than X-ray diffraction because of the 
greater penetration of neutrons into matter. Thus, 
structural information pertaining to relatively larger 
units in the sample materials can be obtained. 

Since coherent scattering experiments require the 
collection of data over long time periods, neutron and 
X-ray diffraction will give a picture of the structure of 
adsorbed water on an effectively “infinite” time scale. 
This picture, then, will be an account of the diffusion- 
ally averaged structure that, in principle, can be com- 
pared with what has been found for liquid water and 
ice on the basis of neutron and X-ray diffraction stud- 
ies.15982yB The fundamental experimental and theoret- 
ical aspects of neutron diffraction as applied to clay- 
water systems have been discussed by Ross and Hall?3 
Cebula et al.@ and Hawkins and EgelstafP have given 
brief overviews concerning the use of neutrons vs. X- 
rays in diffraction investigations of adsorbed water on 
smectites. 

A. Smectites at Low Water Contents 

Hall et al.,45 Cebula et a1.,@ and Hawkins and Egel- 
stafP5 have investigated the (001) reflections of neu- 
trons diffracted by oriented montmorillonites saturated 
with monovalent or bivalent exchangeable cations and 
containing up to three layers of water molecules in the 
interlamellar space. The (001) peak position (basal 
spacings) of the homoionic clays were observed to in- 
crease with water content in the well-known stepwise 
manner that has been established for smectites re- 
peatedly by X-ray d i f f r a ~ t i o n . ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~  However, the 
(001) peak is broader for diffracted neutrons than for 
X-rays when both kinds of diffraction peak are plotted 
against Q, the momentum transfer.@ The reason for 
this difference lies with the larger spatial domain ex- 
plored by the neutrons. Beyond the region nearest to 
the sample surface (the only region that diffracts X- 
rays), the clay platelets evidently are to be found in a 
relatively disordered array. Detailed studies of the (001) 
peak&.@ show that the clay plateleta deviate *20’ about 
a perfectly parallel arrangement in typical oriented 
samples, in agreement with what has been inferred from 
ESR data on cation solvation complexes in montmo- 
r i l l ~ n i t e . ~ ~  

Hawkins and EgelstafP have investigated the (001) 
peaks in the neutron diffraction pattern of a deuterated 
Na-montmorillonite containing either H20 or D20 at  
water contents up to 0.533 kg/kg clay. The scattering 
density profile along the c axis direction, obtained by 
Fourier inversion of the (001) peak intensities, showed 
that the water molecules in the one-layer hydrate are 
located about 5.5 A from the plane of A1 atoms in the 
clay structure. This result and other features of the 
neutron density profile were in excellent agreement with 
the electron density profile calculated previously by 
PBzBrat and MBrin$s on the basis of X-ray diffraction 
data for the same montmorillonite in the same hydra- 
tion state. The relatively large breadth calculated for 
the water molecule peak in the density profile suggested 
to Hawkins and EgelstafB5 that the one-layer hydrate 
did not have a highly ordered structure and that the 
water protons were rotating rapidly enough to preclude 
strong correlations between their positions and those 
of the oxygen atoms in the silicate structure. 

Neutron diffraction intensities a t  scattering angles 
up to 120’ were determined by Hawkins and EgelstafP 
for Na-montmorillonite exposed to D20 at  relative 
humidities between 0 and 100%. With the clay sample 
maintained in a transmission geometry, the intensity 
data gave information about the hk peaks for the clay 
as well as the broad diffraction peak expected from the 
adsorbed D20. It was fouhd that the latter was shifted 
to higher scattering angles relative to the peak for bulk 
liquid D20. Moreover, certain of the clay peaks changed 
significantly in intensity as the content of D20 in- 
creased. These characteristics led Hawkins and Egel- 
stafP5 to conclude that a t  least some of the adsorbed 
D20 molecules were correlated spatially with the atoms 
of the silicate surface but that the effects of these 
correlations did not change after the one-layer hydrate 
was formed. The overall view expressed was that the 
adsorbed water structure on Na-montmorillonite is 
predominantly liquidlike, subject to the constraints 
imposed by the nearby presence of the silicate surfaces. 
This same conclusion was reached by Pons et al.89 on 
the basis of a comparative analysis of hk peak shapes 
and intensities in the X-ray diffraction patterns of 
liquid water and a thick (20% by mass) suspension of 
Na-montmorillonite. These investigators found that 
their data were consistent with a model in which some 
of the molecules in the first monolayer of adsorbed 
water are bound strongly to the surface oxygen atoms 
and others are entrained over the ditrigonal cavities in 
an epitaxy with the clay surface. This strong association 
did not extend past the initial adsorbed monolayer. 

6. Smectite Suspensions 

Coherent, elastic neutron scattering can occur from 
solid particles suspended in an aqueous phase if the 
diameters of the particles lie in the range 1-500 nm. 
The intensity of the scattered neutrons can be studied 
as a function of the momentum transfer, Q, to obtain 
information about the size distribution of the target 
particles. Moreover, the fact that the proton and the 
deuteron have very different coherent neutron scat- 
tering cross sectionss can be exploited to determine the 
actual dimensions of the particles. These applications 
and the underlying theory of small-angle neutron 
scattering (so-called because very small Q values are 
involved) have been discussed by Ross and HalP3 and 
by Cebula et al.w 

Cebula et al.w791 have pioneered in the use of small- 
angle neutron scattering to investigate dilute suspen- 
sions of Li-, K-, and Cs-montmorillonite. Measure- 
menta of the scattering intensity as a function of Q were 
made on suspensions containing 0.8% clay by mass and 
varying proportions of H 2 0  and D20. The data were 
interpreted with straightforward theoretical expressions 
derived for thin, disk-shaped aggregates of clay platelets 
in face-to-face association. The analysis showed that 
Li-montmorillonite formed single platelets in suspen- 
sion, whereas K- and Cs-montmorillonites formed ag- 
gregates with two and three platelets, respectively. 
Between each pair of platelets in an aggregate there 
were two layers of water molecules, and these molecules 
did not exchange significantly with the solvent sur- 
rounding the aggregate during 1 h. Cebula et al.w 
concluded from these results that the structure of a 
montmorillonite aggregate was controlled by the ex- 
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changeable cation and that a barrier to water molecule 
diffusion exists a t  the edges of an aggregate, possibly 
because of the distribution of electric charge there. 

Cebula and 0ttewillg2 have investigated the behavior 
of Li-montmorillonite suspensions containing between 
2 and 7% clay by mass and concentrations of LiCl be- 
tween and M. The suspensions with the higher 
salt concentration produced small-angle scattering in- 
tensities whose Q dependence was similar to that of the 
Li-montmorillonite suspensions studied by Cebula et 
aL90 At the lower salt concentration, however, Bragg 
diffraction peaks were observed whose position de- 
creased in a regular manner as the clay concentration 
increased. The peak positions could be estimated quite 
well by a formula derived from the assumption that the 
clay platelets were dispersed individually into ordered 
stacks of particles aligned in parallel. Electrostatic 
repulsive forces between the clay platelets were assumed 
to produce this ordering. 

The use of small-angle X-ray scattering to study 
smectite suspensions has been developed by Pons et 
a1.93-95 In order to obtain an intense, well-collimated 
beam of X-rays whose wavelength can be varied, these 
investigators have employed synchrotron radiation from 
the LURE accelerator a t  Orsay. The details of this 
experimental innovation have been described by 
Tchoubar et al.96 Measurements of the scattering in- 
tensity as a function of Q and the temperature were 
made on suspensions containing 20% clay by mass. 
The data were analyzed according to model expressions 
derived for aggregates comprising parallel plates with 
variable numbers of water monolayers between adjacent 
plates. It was found that the montmorillonite gel at 
ambient temperature contained quasi-crystals with 4-5 
platelets in face-to-face association as well as isolated 
single platelets. Within the quasi-crystals, two mono- 
layers of water molecules separated each clay platelet. 
The same experiments were performed with K-, Cs-, 
and Ca-montm~rillonite.~~ The data for K-montmo- 
rillonite were not described well by the theoretical 
model employed, but it appeared that the suspension 
comprised parallel clay platelets both with and without 
water monolayers interposed between them. The data 
for Cs-montmorillonite indicated that rather thick ag- 
gregates formed with either 0 or 1 water monolayer 
between the platelets, a result that disagrees with that 
of Cebula et al.90 obtained for a more dilute suspension 
of the same homoionic montmorillonite. For Ca- 
montmorillonite, quasi-crystals containing 4-5 clay 
platelets with three monolayers of water molecules 
between adjacent platelets were found. 

Ponsg3 also has studied small-angle X-ray scattering 
by thick suspensions of Na-hectorite, Na-beidellite, and 
Li-saponite. The hectorite suspension was found to 
have properties very similar to those of the Na-mont- 
morillonite suspension that had been studied previ- 
ously, whereas the beidellite and saponite suspensions 
showed less dispersion, presumably because of the ex- 
istence of charge deficits in the tetrahedral sheets of 
these clays. 

Sposito and Prost 

have been carried out often during the past 30 years 
with the aim of elucidating the structure of adsorbed 
water.1~2.4~9~27 The data obtained in these studies refer 
to the properties of stable states and, therefore, give 
information pertaining to a time scale that is effectively 
“infinite” with respect to the dynamics of adsorbed 
water molecules. Besides this well-known fact, there 
are two other important features of thermodynamic 
data that should be mentioned in connection with their 
interpretation. First, since the objective of chemical 
thermodynamics is solely the development of exact 
mathematical relationships among the macroscopic 
properties of a physical system,97 thermodynamic data 
cannot be interpreted directly in terms of molecular 
structure. Thus, the thermodynamic properties of 
smectite-water systems cannot provide unambiguous 
insights into the structural behavior of adsorbed water 
molecules. Second, the thermodynamic properties of 
mixtures, such as smectite-water systems, are only 
formally separable into properties that pertain to the 
individual components. Consider, for example, any 
extensive property of a smectite-water system, X (e.g., 
the volume, entropy, or Gibbs energy). This property 
can always be expressed:98 

X = m s ,  + m,f, (11) 

where m, and m, are the masses of water and smectite, 
respectively, and 

V I  I .  mermodynamic Properties 

A. Partial and Apparent Specific Properties 

Thermodynamic studies of smectite-water mixtures 

f, = (”) 
T,P,m, 

is the partial specific value of the property X with re- 
spect to water, f, being defined similarly with respect 
to the clay. Equation 11 is an identity, but f, is not 
simply the amount of X attributable to water. Instead, 
it is the infinitesimal change in X produced by an in- 
finitesimal addition of water a t  constant temperature, 
pressure, and mass of smectite. In general f, will de- 
pend on all four variables of state, T, P, m,, and m,. 
Moreover, any variation in f, at constant temperature 
and pressure is compensated for by a variation in f, 
according to the generalized Gibbs-Duhem equation:98 

m, df, + m, df, = 0 (13) 

These points are well-known, but they deserve emphasis 
to make it clear that any attempt to assign, for example, 
f, solely to the water component must be understood 
as arbitrary action unless nonthermodynamic evidence 
exists to support it. 

In addition to f,, Lowz7 has employed the apparent 
specific value of a property to describe smectite-water 
mixtures. This quantity is defined by the relation 

X mwc#Jx + m,x,O (14) 
where @x is the apparent specific value of X and x,O is 
the value of X per unit mass of smectite in a system 
containing only the smectite at a mass of m, kilograms. 
Lowz7 has pointed out that $x is an average quantity, 
whereas f, is a differential quantity. This fact can be 
seen clearly from the relation between c#Jx and f, that 
follows from eq 11, 13, and 14. Because of eq 13, the 
total differential of X can be expressed: 
d X  = f, dm, + f, dm, = 

4x dm, + m, dcpx + x,O dm, 
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from which one can derive 

= n,(e) (T, P constant) (15) 
d(fl4x) 

d6' 

where 6' = m,/m, is the gravimetric water content. 
Equation 15 is the differential equation for 4~ as a 
function of 0 at  constant temperature and pressure. 
The formal solution of this equation is 

4,(e) = iJBf,(6") dB (T, P constant) (16) 

This expression shows that 4, and R, are not inde- 
pendent quantities and that the former is an average 
of the latter over the gravimetric water content. Thus, 
+x also represents a property of the whole clay-water 
mixture and cannot be attributed, a priori, to the water 
component alone. 

B. Partial Specific Gibbs Energy 

The defined relationship between the partial specific 
Gibbs energy with respect to water, g,, and the relative 
vapor pressure of water in a smectitewater mixture isge 

2, = gw0 + RT @/Po) (17) 

where gWo is the Gibbs energy of 1 kg of liquid water 
in the standard state, R is the molar gas constant, T i s  
the standard state temperature, and p / p o  is the relative 
vapor pressure. In principle, eq 17 could be used to 
calculate g, from measurements of p / p o  for different 
states of a smectite-water mixture. However, except 
for p / p o  > 0.99, this calculation is not strictly possible 
because p / p o  is a multivalued function of the gravi- 
metric water content, 6'.100-102 Thus, one set of (p /po ,  
6') pairs is obtained when the clay is taken from a con- 
dition of water saturation to a condition of dryness and 
another is obtained when the process is reversed, giving 
rise to the well-known hysteresis phenomenon. Since 
the slopes of the (p /po ,  6') curves for smectite-water 
mixtures always are observed to have positive values, 
the states of the system they describe are stable,% but 
they are not equilibrium states because infinitesimal 
changes in the values of (p/po,  6') are not reversible. It 
follows that the right side of eq 17 has no strict ther- 
modynamic meaning, although it is well-defined ex- 
perimentally. On the other hand, the difference be- 
tween the integral of the right side of eq 17 along a 
desorption curve and along an adsorption curve can be 
interpreted as the chemical energy lost, irreversibly, as 
heat when a smectite-water system is brought from a 
water-saturated condition to dryness, then back again.% 
Tardy et a1.1°2 have published values of the integral of 
RT  In (p /po )  along desorption and adsorption curves 
for homoionic hectorite-water mixtures. The resulting 
irreversible heat losses at 293 K are listed in Table V. 
The data show no particular trend with cation size, but 
the heat losses appear to be somewhat larger for the 
bivalent cations than for the monovalent cations. 

At  high water contents, hysteresis effects in smec- 
tite-water systems do not appear and eq 17 can be 
applied to calculate g,. Alternatively, one can use the 
expres~ion: '~~*-~ 

gw = gw" - flwps (18) 
where b, is the partial specific volume with respect to 

TABLE V. Values of Qhysr the Irreversible Heat Loss in 
Traversing a Sorption Hysteresis Loop Once, for 
Homoionic hectorite-Water Systems at 293 K102 

exchangeable Qhys, exchangeable QhyS, 
cation kJ/mol cation kJ/mol 

Li - 11.2 Mg -17 .5  
Na -27 .1  Ca - 13.5 
K -25.6 Sr - 26.9 
c s  -9 .1  Ba -30.4 

water and P, is the external pressure that must be ap- 
plied to a smectite-water system at fixed temperature 
and water content to prevent pure liquid water from 
entering (the swelling pressure). Published values of 
P, as a function of 6"04-108 indicate that g, can be a few 
joules per kilogram lower than gWo at  298 K even at 
water contents approaching 8 kg of H20/kg of clay. 
This difference is a tiny fraction of the value of gWo 
(-1.32 X lo4 J/kg at  298 K).99 

C. Partial Specific Enthalpy and Entropy 
The partial specific entropy, S,, and enthalpy, h,, 

with respect to water can be calculated, in principle, 
from data on the temperature dependence of u, in 
smectite-water mixtures.98 Because of hysteresis ef- 
fects, this calculation cannot strictly be done for 
smectites containing small amounts of water, although 
standard thermodynamic equations have been em- 
ployed formally to compute the "isosteric heat of 
adsorption" for montmorillonite-water systems." On 
the other hand, the temperature dependences of 6, and 
P, can be employed legitimately to determine h, and 
S, as functions of e.lOgJ1O 

The most common method of measuring h, has in- 
volved the determination of the enthalpy change when 
a smectite of known water content is wholly immersed 
in pure ~ a t e r . ~ ~ ~ J ~ ~ ~ ~ ~  The slope of a graph of this 
enthalpy change per unit mass of clay vs. the initial 
gravimetric water content, i.e., the differential enthalpy 
change, is equal to (hWo - h,). Although both the en- 
thalpy change of immersion and the slope of its graph 
against water content are well-defined experimental 
quantities for smectites at low water contents, their 
thermodynamic significance is doubtful under these 
circumstances because the stable states of the smec- 
tite-water system are not equilibrium states, as dis- 
cussed above. Nonetheless, the data at low water con- 
tents do indicate that cation hydration makes an im- 
portant contribution to the enthalpy change of im- 
mersion and its variation with initial water con- 
tent.101J1'J12 In particular, Ca-montmorillonite shows 
larger values of the enthalpy change of immersion per 
unit mass of clay than does Na-montmorillonite and 
there is a continuous increase in the enthalpy change 
with initial water content for the former clay, whereas 
both Na-montmorillonite and Na-hectorite show ap- 
proximately steplike increases. These trends have led 
to the suggestion that the principal mechanism un- 
derlying the observed variation of the differential en- 
thalpy change at low water contents is the solvation of 
the exchangeable cations followed by the adsorption of 
water molecules in the interlamellar space between 
cation solvation 

At high water contents, the variation of the enthalpy 
change of immersion of a smectite with initial water 
content has thermodynamic meaning. Figure 10 shows 
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specific entropy with respect to water can be calculat- 
ed.98 Figure 10 shows values of (S, - sWo) for Na- 
montmorillonite-water mixtures at 298 K that were 
calculated in this way by Oliphant.l1° The interpreta- 
tion of the graph is that the increase in the entropy of 
a Na-montmorillonite-water mixture with an infini- 
tesimal increase in water content is greater than that 
for bulk liquid water. Whether the entropy of adsorbed 
water is greater than that of liquid water cannot be 
deduced from the data; only the fact that the entropy 
of the entire mixture increases at a greater rate than 
does that of liquid water alone can be inferred with 
certainty. 

D. Heat Capacity 

The heat capacities of smectite-water mixtures have 
been measured by Oster and Low1l5 and by Eger et al.l16 
Oster and Low1l5 determined the heat capacity at con- 
stant pressure for Li-, Na-, K-, Ca-, and Al-mont- 
morillonite-water systems as a function of water con- 
tent at about 288 K. Their data permitted the calcu- 
lation of both E,, the partial specific heat capacity with 
respect to water, and &, the apparent specific heat 
capacity. The values of E ,  decreased with increasing 
water content for ail five homoionic montmorillonites. 
At water contents below 0.1 kg of H,O/kg of clay, c', 
approached a value about 10% larger than the specific 
heat capacity of bulk liquid water. For Li- and Na- 
montmorillonite, E ,  did not approach cwo until B was 
about 2 kg of H,O/kg of clay; for the other three 
montmorillonites, E ,  = cWo at B = 0.4 kg of H,O/kg of 
clay. The trend of 4~ with water content was similar 
to that of except that & > E ,  at any value of 8. 

The partial specific heat capacity, E,, is the change 
in the heat capacity of a smectite-water mixture pro- 
duced by an infinitesimal increase in the water content. 
Since ( E ,  - two) is not negative, the addition of water 
to a smectite-water system must create more excited 
modes of motion, or cause a greater temperature de- 
pendence of the frequencies of the excited modes, or 
change the configurations of the molecules more than 
in bulk liquid water.'17 Whether any of these effects 
occurs in the water component cannot be deduced from 
the thermodynamic data alone. The molecules signif- 
icance of the water content dependence of $c is even 
less evident, since 

(19) 

according to eq 11 and 14. The interpretation of the 
second term on the right side of this equation is not 
straightforward without additional experimental data. 

have determined the temperature de- 
pendence of the heat capacity at constant pressure for 
Ca-montmorillonite and Li-hectorite. The data were 
employed to calculate the quantity M,& (Le., 4~ ex- 
pressed per mole of water) between 100 and 250 K, 
where M, is the relative molecular mass of water. Eger 
et assumed that Mw& was the molar heat capacity 
of the water component in their smectite-water mix- 
tures. Between 100 and 150 K, the value of M,& for 
Li-hectorite containing one layer of water molecules in 
the interlamellar space was the same as the molar heat 
capacity of ice. Thereafter it increased, until it attained 
about two-thirds the value for liquid water (at 273 K) 
when the temperature reached 250 K. This latter be- 

$c = E ,  + (i/e)(cs - C,O) 

Eger et 
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Figure 10. (a) Difference between the partial specific entropy, 
with respect to water, on Na-montmorillonite and the partial 
specific entropy of bulk water, as a function of water content.l1° 
(b) Same as in (a) for the partial specific enthalpy with respect 
to water on Na-montmorillonite. 

a plot of (h, - hWo) against 6 for Na-montmorillonite 
a t  298 K.l10 A smooth dependence of (6, - hWo) on the 
initial water content is evident, and it appears that h, 
is detectably different from hWo even at  B = 8.0 kg of 
H,O/kg of clay. However, these data do not demon- 
strate that the enthalpy of adsorbed water is less than 
that of bulk liquid water for 8 I 8.0 kg of H,O/kg of 
clay. They show only that the enthalpy of a Na- 
montmorillonite-water mixture increases less with an 
infinitesimal increase in water content than does bulk 
liquid water, i.e., changes in enthalpy are being com- 
pared. Also, one cannot attribute the value of h, a 
priori to structural characteristics of adsorbed water, 
since the enthalpy change of immersion is produced by 
all possible reactions between the clay sample and 
water. As pointed out by Keren and Shainberg,lol one 
expects that the hydrolysis of Na-montmorillonite will 
be an important contributing reaction at high initial 
water content. Less severe perturbations of the clay 
structure, as well as reactions with impurities adsorbed 
by the clay, can also be important under these condi- 
tions, and the role of each reaction competing with 
simple hydration of the clay must be established ex- 
perimentally before the values of h, can be interpreted 
structurally. 

If (9, - g,") has been determined from swelling 
pressure measurements and (h, - bo) is known through 
enthalpy change of immersion data, then the partial 
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havior was interpreted to mean that the two kinds of 
rotational motions for adsorbed water molecules sug- 
gested on the basis of NMR studies of Li-hectorite by 
Conards9@ were reduced to torsional motions around 
150 K. This structural interpretation, of course, de- 
pends entirely on how good an assumption it is to at- 
tribute the temperature variation of & only to adsorbed 
water in smectite-water mixtures. 
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TABLE VI. Dependence of Some Thermodynamic 
Properties of Na-montmorillonite-Water Mixtures on the 
Water Content at 298 K27,"o 

E. Correlations among Thermodynamic 
Properties 

A number of thermodynamic properties of montmo- 
rillonite-water mixtures has been determined during 
the past 25 years in the laboratory of P. F. Low, who 
has recently attempted to interpret these data system- 
atically in terms of a unified picture of the structure of 
adsorbed ~ a t e r . ~ ~ J ' O  Since all of the measured quan- 
tities were either partial specific values or apparent 
specific values of some extensive property of a mont- 
morillonite-water system, has made two funda- 
mental assumptions pertaining to the possible struc- 
tural interpretation of his data. First, he has assumed 
that any dependence off,, $x, (d4x/dT)p, , ,  or (d$x/ 
dP)T,e on the gravimetric water content reflects only 
changes in the structure of adsorbed water. This as- 
sumption is based on the fact that most of the data were 
obtained for 6' values in excess of 1.0 kg of H20/kg of 
clay, where no changes in the unit cell dimensions of 
the montmorillonite crystal as a function of water 
content have been noted. Moreover, it seems reasonable 
to believe that changes in 8 should affect the water 
component more than the clay component of the mix- 
ture, since the latter has a crystalline structure and the 
former does not. The second assumption made by 

is that the temperature and pressure derivatives 
of +x receive their principal contributions from changes 
in the configurations of adsorbed water molecules. 
Changes in the modes of motion of the water molecules 
(e.g., shifts in vibrational frequencies or changes in the 
number of excited modes) thus are assumed to be minor 
or negligible contributors to the values of (d+X/dT)P ,B  
and @ & x / ~ ~ ) T , o .  

The absence of changes in the unit cell dimensions 
of montmorillonite certainly is a necessary condition for 
the validity of the first assumption made by  LOW.^' 
However, this condition is not sufficient, because per- 
turbations of the clay structure other than changes in 
unit cell size could occur and contribute importantly 
to the values of partial specific or apparent specific 
properties. For example, a t  high water content, hy- 
drolysis of the clay structure or changes in the state of 
the exchangeable cations could take place. Even if only 
a fraction of the exchangeable cations dissociate from 
the clay, and even if this fraction does not depend on 
water content, the concentration of the dissociated 
cations in the interlamellar space must decrease as the 
water content increases and this change must produce 
some effect on f ,  and q5x. It is not evident, without 
supporting experimental data, that the clay component 
of a montmorillonite-water mixture remains inert and 
can be neglected in the interpretation of thermody- 
namic data. 

With respect to the temperature and pressure de- 
rivatives of $x, it is known that, in the limit of very high 
6' values, these quantities must equal the corresponding 

thermo- 
dynamic observed value as a function 
property of gravimetric water content 

larger than v,'; decreases to vwa as 

larger than ( a v W D / a  T ) p ;  decreases as 

smaller than -(au,o/aP)T; increases as 

larger than cwo ; decreases to cwo as 

larger than Cw; decreases to cwo as 

larger than (ac,"/aP),; decreases as 

smaller than (as,"/aP),; increases as 

equal to -(a@./aT)p,B within experi- 

larger than ( aswD/avwo)T;  decreases as 

increases as e increases 

e increases 

e increases 

e increases 

e increases 

e increases 

e increases 

e increases 

mental error 

e increases 

derivatives of (X/m,) for bulk liquid water, since, ac- 
cording to eq 14, 

(20) 

Consider, for example, &, the apparent specific entropy, 
whose temperature derivative must become propor- 
tional (at a given temperature) to the specific heat ca- 
pacity a t  constant pressure of liquid water as 6' becomes 
very large. In this limit, the relative contributions of 
configurational changes and changes in the modes of 
motion of the water molecules to the value of (&&/ 
d T ) , ,  are ~ell-established.~~J~~J~~ In fact, it is known 
that the specific heat capacity of liquid water receives 
approximately equal contributions from these two 
components and, therefore, that the component at- 
tributable to changes in the modes of molecular motions 
is by no means negligible. In the case of ice Ih, changes 
in the modes of molecular motions contribute essen- 
tially all of the value of the specific heat ~apaci ty . '~  
Therefore, to the extent that adsorbed water has a 
structure resembling either that of liquid water or that 
of ice I,, it would seem erroneous to attribute the value 
of (d&/dT)p,e solely to configurational changes. This 
conclusion can be extended to the temperature and 
pressure derivatives of other 4x. On the other hand, 
what is of interest in that given by is the change 
in the temperature and pressure derivatives of c $ ~  as the 
water content changes. Perhaps it is valid to argue that 
configurational changes are the major contributor to the 
dependence of (d$x/dT)p,d and (d$x/dP),, on 8, even 
if these changes are not the only contributor to the 
actual values of the two derivatives at a given water 
content. 

Table VI summarizes the trends in several partial 
specific and apparent specific thermodynamic proper- 
ties of Na-montmorillonitewater mixtures reported by 

and 0liphant.l'O Differences between the listed 
properties and the corresponding quantities in bulk 
liquid water were observed at  gravimetric water con- 
tents as high as 28 kg of H,O/kg of clay, although most 
of the variation with 6' was complete by about 10 kg of 
H20/kg of clay. The general conclusion drawn by LoWn 
on the basis of his analysis of the trends indicated in 

4x = (X/m,) - (xw0/6') 
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Table VI was that the hydrogen-bonded structure of 
water adsorbed by Na-montmorillonite is more exten- 
sible and compressible, but also less deformable (less 
bond breaking or bending), than is the hydrogen- 
bonded structure of bulk liquid water. The greater 
extensibility is reflected in the behavior of L?,, (ddv/ anp, I?,, and dC, whereas the other properties listed in 
Table VI reflect the greater stability of the adsorbed 
water structure. These characteristics persist to rela- 
tively high water contents, as mentioned above. 

has at- 
tempted to show that all of the thermodynamic prop- 
erties in Table VI follow the mathematical relationship: 

J(0) = J" exp(/3/0) (21) 
where J" is the property of bulk liquid water corre- 
sponding to J(0) and p is an empirical constant. It is 
not clear that eq 21 should be regarded as more than 
an approximate way to characterize data on J(0) in a 
numerical fashion. Equation 21 cannot be valid at very 
low water contents, since it predicts infinite values of 
J(0) as 0 approaches zero. Moreover, even though 
has found both E ,  and dc follow eq 21  closely, it is 
physically impossible, according to eq 16, that both of 
these quantities can have the same mathematical de- 
pendence on 0 unless they are constants, a point also 
noted by 0liphant.l'O Evidently, as the values of J(0) 
become determined more precisely and the range of 0 
over which they are measured becomes larger, one 
would expect that the relation in eq 21 would be found 
to be only an approximation of the complete expression 
for J(0) .  

V I  I I .  Discussion and Conclusions 

A. The V Structure 
The motions of adsorbed water molecules observed 

in IR, neutron scattering, and ESR experiments take 
place on a time scale during which the exchangeable 
cations are translationally stationary (i.e., 9). 
These cations then can serve as essentially fixed hy- 
drophilic sites on the smectite surface at  low water 
contents, and it is expected that they can play an im- 
portant role in organizing the V structure of adsorbed 
water. A t  water content corresponding to less than 
three monlayers in the interlamellar space, the exper- 
imental methods that probe the V structure indicate 
that the spatial arrangement of the water molecules 
indeed derives mainly from the solvation of exchange- 
able cations (Figures 3,4 ,5 ,  and 8). Studies on aqueous 
solutions using magnetic resonance s p e c t r o s ~ o p y ~ ~ J ~ ~  
show that the mean residence time of a water molecule 
in the first solvation layer around a monovalent cations 
is about 10-l' s, whereas around a bivalent cation the 
residence time is about lO-'s. If these results apply to 
adsorbed water, molecules in direct contact with a 
monovalent exchangeable cation should be able to 
diffuse, e.g., on the neutron scattering time scale, but 
those contacting a bivalent exchangeable cation should 
not. This hypothesis is confirmed by the data in Tables 
I and I1 and by the ESR studies summarized in Figure 
8. 

Additional information about the V structure can be 
inferred from NMR and dielectric relaxation spec- 
troscopy experiments. In an aqueous solution, NMR 
data indicate that the water molecules in the first cation 

Besides these qualitative conclusions, 
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solvation layer rotate around their C2 axes with a cor- 
relation time T~ = lo-" s and that the entire solvation 
complex rotates with a correlation time 7, between 
and lo-'' s . ~  These motions also are found for adsorbed 
water molecules on smectites with magnetic resonance 
spectroscopy, but it appears that T~ and T~ may be at 
least an order of magnitude larger. This difference may 
reflect a smaller number of collisional perturbations of 
the solvation complex by surrounding water molecules 
in a smectite at low water contents. Since the residence 
time of an adsorbed water molecule not in the solvation 
complex is about lo-'' s under these conditions (Tables 
I and 11), whereas that in bulk water is about s,I8 
fewer translational jumps and, therefore, fewer inter- 
molecular collisions in adsorbed water may occur. 

The dielectric relaxation data in Tables I11 and IV 
also confirm the important role of the exchangeable 
cation in determining the structure of adsorbed water 
on smectites. The values of TD for water on montmo- 
rillonites bearing strongly solvating exchangeable cat- 
ions are characteristics of rigidly bound molecules that 
cannot reorient easily. Evidently the strong electric 
fields of these cations produce this result. As the water 
content increases (Table IV), the reorientational time 
decreases rapidly, suggesting a decreased influence of 
the cationic field. In aqueous solutions containing 
monovalent cations, TD for the first solvation layer is 
not a great deal larger than TD for bulk liquid water, and 
there is a rapid (on the picosecond time scale) exchange 
of the solvation layer molecules with those in the bulk 
liquid.120 These characteristics are consistent with the 
data for Na- and K-montmorillonite in Table 111. At 
the low water content of the Li-montmorillonite in 
Table 111, aqueous solution behavior is not yet manifest 
and the solvation complex behaves as a rigid unit-an 
effect seen also in some neutron scattering experi- 
m e n t ~ . ~ ~  

Despite the great significance of the exchangeable 
cations for the structure of adsorbed water on smectite, 
the role of the silicate surface cannot be neglected. 
Both IR and NMR spectroscopic data indicate clearly 
that the adsorbed water molecules maintain a preferred 
orientation relative to the opposing planes of oxygen 
atoms bounding the interlamellar space. The nature 
of the interaction between the silicate surface and water 
molecules in the V structure depends on the degree of 
localization of charge deficits created by isomorphous 
substitutions in the smectite. If the deficit originates 
in the octahedral sheet, the excess negative charge tends 
to be delocalized around the oxygen atoms forming the 
ditrigonal cavities in the silicate surface and water 
molecules can form proton bonds with this charge 
distribution, as illustrated in Figures 4 and 9. If the 
deficit occurs in the tetrahedral sheet, the excess neg- 
ative charge tends to be localized on single oxygen at- 
oms, and conventional hydrogen bonding between a 
water molecule and the surface is possible (Figure 5). 
Thus the V structure of adsorbed water can be regarded 
principally as a result of superposed electric fields or- 
iginating from the silicate surface and the exchangeable 
cations, when the water content is relatively low. 

B. The D Structure 

A detailed comparison between the D structure of 
adsorbed water on smectites and that of bulk liquid 
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water is not possible at the present time because the 
latter is not known with certainty. Stillinger17 has 
characterized liquid water as “a macroscopically con- 
nected, random network of hydrogen bonds, with fre- 
quent strained and broken bonds, that is continually 
undergoing topological reformation”. He adds that 
liquid water is unique in exhibiting “a competition 
between relatively bulky ways of connecting molecules 
into local patterns, characterized by strong bonds and 
nearly tetrahedral angles, and more compact arrange- 
ments characterized by more strain and bond breaks”. 
There is very clearly implied in these statements the 
idea that the structure of liquid water is a dynamic 
concept. Moreover, the properties of this structure 
result from perturbations of the local tetrahedral ar- 
rangement that is realized permanently in ice I h .  

The results of both neutron and X-ray diffraction 
experiments on smectitewater systemss@ indicate that 
the D structure of adsorbed water in these systems is 
not exactly the same as that in the bulk liquid, even at 
water contents up to 4 kg of H,O/kg of clay. The in- 
terpretation of these data, however, has been that the 
structural differences are created by an epitaxy of the 
molecules in the first and second adsorbed monolayers, 
with a transition to an essentially liquid water state (as 
defined above) thereafter. This point of view, which 
has been emphasized recently by Tarasevich? is in 
agreement with the limited near-IR and NMR spec- 
troscopic data a ~ a i l a b l e , ~ ~ ? ~ ~ ~  as well as with dielectric 
relaxation results (Table IV). Since the range of time 
scale covered by all of these experiments includes both 
the V and the D structures of adsorbed water, it could 
be concluded that a meaningful difference exists be- 
tween the vibrational, rotational, and translational 
motions of adsorbed water molecules and those in the 
bulk liquid. However, a principal cause of this differ- 
ence is the exchangeable cation and, therefore, the 
difference is limited to a region close to the smectite 
surface. Put another way, the properties of water on 
smectite surfaces compare more with those of an 
aqueous solution, not pure liquid water. With respect 
to an aqueous solution, the only important structural 
difference in adsorbed water occurs in the first nanom- 
eter next to the smectite surface, especially when the 
film of adsorbed water is not yet continuous. At  high 
water content, the interlamellar space contains essen- 
tially an aqueous solution, and classical double-layer 
effects, such as the order-disorder transition observed 
by Cebula and O t t e ~ i l l , ~ ~  then are possible. As the D 
structure of water in aqueous solutions becomes better 
understood, the ways in which the smectite surface can 
influence the water solvating exchangeable cations 
should also become better understood by comparison. 
On the basis of recent neutron diffraction data,119J21 it 
appears that water molecules do not orient themselves 
around cations in aqueous solutions in exactly the 
manner that a simple picture of point chargelone-pair 
interactions would predict. Thus, deviations from this 
picture in adsorbed water on smectites may not reflect 
the influence of the silicate surface alone. 

C. Thermodynamic Properties: Cooperative 
Effects 

The conclusions just summarized are not in good 
accord with the data in Figure 10 and with the trends 

summarized in Table VI, if the partial specific prop- 
erties of smectite-water systems are attributed entirely 
to the liquid phase. One alternative to remove the 
diagreement is to assume that the partial specific 
quantities reflect changes in the smectite (particularly 
the exchangeable cations), as well as in the water, and 
that the former kinds of change become dominant as 
the water content increases. This point of view cannot 
be rejected in the present absence of conclusive ex- 
perimental evidence against it. On the other hand, if 
the partial specific properties do only represent the 
adsorbed water, as assumed by what can be said 
to bring the results of thermodynamic measurements 
into agreement with the other data reviewed in this 
paper? 

With respect to the spectroscopic data, the difference 
in time scales can be indicated. Thermodynamic data 
refer to effectively “infinite” scales of time and space, 
characteristic of the D structure, whereas spectroscopic 
measurements probe either the V structure or some 
predessor of the D structure. The degree of ordering 
of these latter structures may be less because the time 
scale on which they exist is shorter, and the thermo- 
dynamic properties may truly reflect the multiplicity 
of cooperative interactions that can be perceived only 
after a long-time measurement. This still leaves a 
question concerning the neutron and X-ray diffraction 
data, which refer to the same time scale as the ther- 
modynamic properties, but appear to be in conflict with 
them. In the case of bulk liquid water, it is known that 
the D structure as deduced from diffraction patterns 
measured at 273 K differs only a little from that in ice 
I h ,  whereas the thermodynamic properties of liquid 
water at 273 K differ greatly from those of ice Ih.15 If 
this comparison applies to adsorbed water as well, then 
perhaps the partial specific properties are more sensitive 
to structural changes than are the diffraction patterns. 
The small differences from zero at high water content 
indicated in Figure 10 are consistent with this idea. At 
any rate, the conclusion drawn by that hydrogen 
bonds in adsorbed water on Na-montmorillonite are 
more extensible than in bulk liquid water, even at very 
high water contents, is not unreasonable. As Stillinger17 
has remarked, the mere presence of a space-filling 
macromolecule in liquid water will cause the structure 
to be strained, while strengthening some of the hydro- 
gen bonds. In effect, some of the topological freedom 
in the liquid disappears and the fluctuations between 
bulky and compact networks of water molecules shift 
to favor the bulky configurations. This picture could 
be an accurate description, on the level of molecular 
structure, of how the trends listed in Table VI come 
about. 
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