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INTRODUCTION 

The structure of the interlayer region of smectite 
clays is one of the fundamental problems of clay sci
ence. There have recently been considerable advances 
in the use of Monte Carlo computer simulations to 
study interlayer structure in both smectites and ver
miculites (Boek et al. 1995; Chang et al. 1995; Skip
per, Sposito and Chang 1995; Karaborni et al. 1996). 
In the case of vermiculites, these studies have been 
backed up with neutron diffraction studies (Skipper et 
al. 1991, 1994; Skipper, Smalley et al. 1995), Neutron 
diffraction is a powerful technique for the study of 
multicomponent systems, because the technique of 
isotopic substitution can be used to separate individual 
correlation functions from the overall diffraction pat
tern. The fact that vermiculites form well-defined mac
roscopic crystals allows accurate sample orientation, 
so that scattering density profiles across the interlayer 
region perpendicular to the clay layers can be ob
tained, and detailed models of the interlayer structure 
constructed, The relatively disordered structure of the 
montmorillonites, with crystallites less than 20 /-Lm in 
diameter, makes them difficult to study using such an 
approach. However, their technological and environ
mental importance make it highly desirable to obtain 
experimental structural information that can be used 
to test the validity of simulation results. Early neutron 
diffraction studies suggested that at least a component 
of the diffraction from the interlayer is liquid-like 
(Hawkins and Egelstaff 1980). We present an approx
imate difference method, using the dehydrated clay as 
a reference system, that allows us to isolate this liquid
type diffraction and hence obtain normalized radial 
distribution functions, The functions confirm the dis
ordered nature of the interlayer region and can be used 
as a critical test of simulation results. 

EXPERIMENTAL 

The montmorillonite sample (SWy-2, Crook County, 
Wyoming) was washed 5 times with 1 M NaCI, then 
washed free of Cl- by dialysis, using the AgN03 test. 

The <2 /-Lm fraction was selected by sedimentation. The 
Na-montmorillonite was dried using a rotary evapora
tor, then lightly crushed in a mortar and pestle before 
final dehydration under vacuum at 11 0 0c. The com
position of the resulting sample was checked by X-ray 
diffraction (XRD) of a pressed powder sample and a 
partially oriented, ethylene glycol-saturated sample. The 
only significant impurity found was about 1-2% quartz. 
The sample was rehydrated with D20 by exposure to a 
D20 atmosphere, then redried under vacuum at 110°C. 
No attempt was made to replace the lattice hydroxyl 
protons with deuterium, as rather severe conditions are 
required (Hawkins and Egelstaff 1980). The dehydrated 
sample was transferred to the sample container in a dry 
glove bag. A portion of the dehydrated sample was ex
posed to a D20 atmosphere in a desiccator prior to 
transfer to the sample container in a D20-saturated 
glove bag (D20 is preferred to H20 in neutron diffrac
tion experiments because hydrogen has a large inco
herent scattering cross section). The sample container 
was a 5 cm high, 12.5 mm od, 12.1 mm id vanadium 
cylinder closed with a stainless steel cap and rubber 
O-ring. For both samples, the filled sample container 
was weighed before and after the experiment to check 
that no hydration or dehydration of the sample had oc
curred. The D20 content of the hydrated sample was 
found gravimetrically to be 205 ::':: 5 mg g-l, corre
sponding to the 2-layer hydrate. Chemical analyses of 
Wyoming-type montmorillonites are given by Newman 
(1987) and Slade et al (1991). In order to simplify the 
analysis, we assumed the idealized formula 
N1lo75(Si775Alo25)(AI3.5 Mgo.5)02o(OH)4 for the dry Na
-saturated clay: the fact that we neglect the presence of 
Fe and other contaminants does not have a significant 
effect on the calculated scattering properties. From our 
gravimetric analysis, the water content of the 2-layer 
hydrate was 9.5 D20 per formula unit, as above. 

The diffraction patterns at ambient temperature (298 
K) of the dehydrated and hydrated (D20) samples, the 
empty sample container, the instrument background 
and a 13-mm diameter rod were measured on the me-
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Figure 1. Corrected and normalized neutron diffrac~ion pat
terns obtained for Na-montmorillonite (a) in the dned state 
and (b) in the 2-layer hydrate (DP). The horizontal arrows 
indicate the predicted values of the self-scattering term in 
Equation [1]. 

dium-resolution power diffractometer (MRPD) at the 
steady-state high-flux Australian reactor (HIFAR) fa
cility of the Lucas Heights Research l:aboratories. The 
instrument wavelength was 1.057(2) A, and the 24-el
ement multiple angle detector was stepped at 0.1 ° in
tervals covering 0 to 138°. The raw data were cor
rected for contributions due to background, empty 
container, attenuation and multiple scattering, and 
were normalized with respect to the scattering from 
the vanadium rod (Paalman and Pings 1962; Blech and 
Averbach 1965; North et al. 1968). In these correc
tions, the attenuation coefficients of the samples were 
calculated using the weighed quantity of sample, the 
known volume of the sample container and the mean 
scattering and absorption cross sections of the sam
ples. While the published bound scattering cross sec
tions and absorption cross sections (Sears 1992) are 
adequate for the majority of elements, the effective 
scattering cross sections for D in interlayer D20 and 
H in the clay hydroxyl groups can be expected to de
viate quite significantly from their bound values. On 
the basis of the total cross sections of D20 and H20 
(Hughes and Harvey 1955), effective scattering cross 
sections of 3.35 band 35 b respectively were assigned 
to D and H. The calculated scattering and absorption 
cross sections at the incident wavelength were 6.58 b 
and 0 .10 b for the dry clay and 5.59 b and 0.06 b for 
the 2-layer hydrate (1 bam, b = 100 fm2). 

RESULTS AND DISCUSSION 

The corrected and normalized diffraction intensities, 
J(k), for the dehydrated clay (top trace) and the 2-layer 
hydrate (bottom trace) are shown in Figure 1. Within 
the static approximation, these intensities are given by: 

J(k) = L co.b~ + F(k) [1] 

where Co. is the atomic fraction and b~ the mean square 

scattering length of species ex and the scattering factor, 
F(k) will be a combination of clay-clay, clay-water and 
water-water terms. The calculated values of the self
scattering terms, or first term in Equation [1], for the 
2 samples are shown as horizontal arrows in Figure 1. 
The fact that the J(k) tend toward these values at low 
k is an indication that the normalization of the data is 
correct. The data for the dry clay slope downwards 
with increasing k due to inelastic scattering from the 
hydroxyl protons. The slope on the data for the 2-layer 
hydrate is due to a combination of the hydroxyl pro
tons and the slope due to inelastic scattering from D20 , 
as found in aqueous systems. 

The pattern of Bragg peaks due to the quasi-crys
talline structure of the clays is similar for the 2 sam
ples. For the 2-layer hydrate, there is an additional 
diffuse diffraction pattern superimposed on Bragg 
peaks. In addition, the Bragg peaks are of lower in
tensity for this sample. We propose that the Bragg 
scattering results essentially from the clay structure, 
while the diffuse scattering is due to the liquid-like 
structure of the interlayer and thus arises from clay
interlayer and interlayer-interlayer type interactions. If 
one assumes that the clay structure is essentially un
changed upon hydration, the Bragg diffraction pattern 
will be identical for the 2 samples, except that it will 
be lower in the J(k) for the 2-layer hydrate due to the 
lower atomic fraction of the clay. One can then con
struct the difference function defined by: 

c' 
t:..(k) = l'(k) - 2!.1(k) 

CS i 

where the primes refer to the hydrated sample. The 
atomic fraction of Si, CSi ' is proportional to the clay 
concentration; ex now refers only to the interlayer wa
ter atoms (D and 0 in D20); and ~ refers to all atom 
types in both the interlayer water and the clay. The 
second term in Equation [2] is thus a sum of the water
clay and water-water partial structure factors, Sap(k): 
within the approximation used, the clay diffraction 
pattern is eliminated. The values of the different pre
factors 2cacpbo.bp (or c~b~ for ex = ~) and the self
scattering term are given in Table 1. 

The difference function calculated according to 
Equation [2] is shown in Figure 2. It can be seen that 
the cancellation of the Bragg peaks in the difference 
is almost perfect, so that our assumption that the clay 
diffraction pattern is unchanged upon hydration is ad
equate for this practical purpose. The similarity of the 
general form of the difference function to the diffrac
tion pattern of a salt solution in D20 is striking, and 
indicates that at least part of the interlayer should be 
considered liquid (note that the ion-water correlations 
are neglIgibly small in both functions). The fact that 
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and (b) in the 2-layer hydrate (DP). The horizontal arrows 
indicate the predicted values of the self-scattering term in 
Equation [1]. 
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Table I. Scattering parameters in the difference functions, t::.(k) and C(r) (all in units of bam: I b = 100 fm2). The symbol 
02 is used to designate oxygen in the aluminosilicate layer, as opposed to oxygen in interlayer water. All scattering lengths 
are taken from Sears (1992). 

Water-water terms 

0.0335 0.0291 0.0063 

Water-clay terms 

0.0736 0.0320 0.0170 -0.0079 0.0074 0.0068 -0.0034 0.0030 0.0014 0.0006 0.0014 0.0006 

Self scattering = 2: c"b~ C(O) = - 2: 2: c"c~b"b~ 
" ~ 

0.213 -0.202 

the diffraction pattern tends to oscillate around the cal
culated self-scattering term at low k indicates that the 
pattern originates from all the interlayer water. The 
downward slope of the data at high k-values is char
acteristic of inelasticity effects in self-scattering from 
light atoms (D in this case). We have adopted an em
pirical approach, based on the fact that the largest term 
in the inelasticity corrections should be proportional to 
k2 (Montague et al 1981), in order to produce the cor
rected difference function in Figure 3. 

Real space information was obtained from the Fou
rier transform of this corrected difference function via: 

G(r) = _1_ (00 [.:1(k) _ L Cab~lk2Sin kr dr 
21TPn Jo a kr 

= L L cac~bab~[ga~(r) - 1] [3] 
~ 

where G(r) is a sum of partial radial distribution func
tions, ga~(r), weighted according to the scattering pre
factors in Table 1. The atomic number density, Pn, was 
estimated to be 0.1 A -3 on the basis of the unit-cell 
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Figure 2. The difference function calculated directly from 
the experimental data using Equation [2] (full line) compared 
to the diffraction pattern obtained from a 2.0 mol kg- 1 solu
tion of NiCI2 in D20 (Powell et al. 1989) (dashed line). The 
horizontal arrow indicates the predicted self-scattering com
ponent in Equation [2]. 

dimensions measured for Na-verrniculite (Slade et al. 
1985). The G(r) obtained is shown in Figure 4. Note 
that the criteria used in the empirical correction of .:1(k) 
were that .:1(k) should tend to the self-scattering term 
at high k, that G(r) should tend to the value G(O) (Ta
ble 1) at low r, and that high-frequency ripples in G(r) 
should be minimized. The form of G(r) was rather 
insensitive to the exact values used in the correction 
procedure, except at low r. Removing the apparent 
remnants of Bragg peaks in .:1(k) at approximately 1.5 
and 2.8 A -1 using a spline-fitting procedure had no 
discernable effect on the form of G(r). 

The first and most intense peak in G(r) is due to the 
intramolecular O-D interaction. Because of the re
stricted k-range used for the experiments, this peak is 
considerably broadened and slightly shifted in r-space. 
However, the integral of this peak provides a check of 
the normalization of the data via: 

n8 = 41TPnCD ('m;, gOD(r)r2 dr 

j'D 

= 2 4: p'b ('m;, [G(r) - G(0)]r2 dr [4] 
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Figure 3. The empirically corrected difference function, 
t::.(k) = t::.mea'(k) - 0.019 + 0.00102k2. The horizontal arrow 
indicates the predicted self-scattering component in Equation 
[2]. 
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Figure 4. The Fourier transform, G(r), of the empirically 
corrected difference function in Figure 3. The horizontal ar
row corresponds to the predicted value of G(O). 

where n8 is the mean number of D-atoms within a 
, distance r min of a given O-atom, r min is the minimum 

after the first peak in G(r) and G(O) is the low r limit 
of G(r) given in Table 1. Appropriate integration of 
G(r) yields a value n8 = 2.8, compared to the expected 
value of 2.0 for the water molecule. The observed dis
crepancy is probably due to the overlap of this broad
ened peak with succeeding peaks, including the inter
molecular D-D peak. Nevertheless, the fact that a val
ue near 2.0 is obtained is strong evidence that the ma
jority of interlayer water molecules contribute to this 
liquid type diffraction pattern. 

In Figure 5, we concentrate on the intermolecular 
part of G(r), compared to an appropriately weighted 
combination of the experimental ga~(r) for liquid water 
(Soper and Phillips 1986). Above 3 A, the 2 sets of 
data are similar, indicating that the gross structural en
vironment of water in the clay is similar to that in pure 
water. The differences in the position of the peak and 
shoulder between 1.5 and 3 A, however, indicate sig
nificant perturbation of the hydrogen bonding network 
compared to bulk water, presumably due to interac
tions with interlayer ions and the clay surface (Sposito 
and Prost 1982). We reserve full interpretation of these 
features until we have completed further experiments, 
but we note that computer simulations (Chang et al. 
1995) indicate that interlayer water does not replicate 
bulk structure or mobility, even in the 3-layer hydrate. 

These results show that a simple differencing tech
nique can be used to effectively isolate the liquid-type 
diffraction from the interlayer region of montmorillon
ite, and that the majority of interlayer water has a liq
uid-like structure. Thus, although analysis of X-ray 
band profiles (Mering and Brindley 1967) and an 
X-ray structural study of the interlayer region of a 
2-layer hydrate of Na-vermiculite (Slade et al 1985) 
indicate some ordering of the interlayer water with re
spect to the clay surface, the interlayer water should 
certainly not be considered crystalline. The novel 
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Figure 5. The experimental G(r) (full line) compared to the 
function 2.43 X [0.1028goH(r) + 0.0384goo(r) + 
0.0335gHH(r) - 0.1747] for pure water (dashed line) calcu
lated from the data of Soper and Phillips (1986) (the factor 
2.43 takes account of the different atomic fractions of D and 
o in the clay and in pure water). 

method presented creates the possibility of further ex
periments using isotopic substitution, both in the sol
vent and of interlayer ions, to resolve the different par
tial radial distribution functions and so to determine 
the extent of disruption of the water structure by in
teractions with the clay surface. These partial radial 
distribution functions will be a crucial test of the re
sults of computer simulations and will be complemen
tary to this rapidly developing field of study. 
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