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Abstract The diffusion of water in the title intercalate has been measured by quasielastic neutron scattering. The diffusion 
coefficient (6.1 • 10 -T cm 2 s -t at 23.5~ is one order less than that found previously for a sodium-exchanged montmo- 
rillonite which, however, contained 4 times as much water in the interlamellar space. The activation energy for the motion 
has been deduced to be 18 kJ mo1-1. Also it has been demonstrated that upon the time scale of the neutron scattering 
events (faster than 10 -~ s) the hydroxyl groups of the clay lattice are not in motion. 
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INTRODUCTION 

The motion of water molecules constrained between 
the sheets of layered silicates has been the subject of 
a considerable amount of study, particularly by pulsed 
Nuclear Magnetic Resonance (NMR) (e.g., Boss and 
Stejskal, 1965, 1968; Hecht et al., 1966; Hecht and 
Geissler, 1970; Hougardy et al., 1970; Touillaux et al., 
1968). There are problems associated with this tech- 
nique, primarily the effect of paramagnetic impurities 
which can be reduced--if  not eliminated--by using 
synthetic clays. Any residual paramagnetism can then 
be treated by procedures such as that adopted for ver- 
miculites by Hougardy et al. (1970). In addition there 
is the effect of hydroxyl groups---which contribute to 
the NMR signal in the clay layers themselves; this 
also can be considerably reduced by the use of  syn- 
thetic clays in which the hydroxyl groups have been 
replaced by fluorine (e.g., Hecht and Geissler, 1970). 
Fripiat (1977) has extended these studies in related sys- 
tems to the motion of different types  of hydroxylic 
species. A somewhat different approach has been 
adopted by Calvert who has investigated the motion of 
the interlayer cations themselves (Calvert, 197l); he 
has also studied the interlayer water molecules by di- 
electric methods (Calvert, 1975). 

Yet another approach in a very short time scale re- 
gion (<10 -9 s) is afforded by the use of neutron scat- 
tering; inelastic spectra give information comparable in 
some ways with infrared or Raman measurements, 
whereas the energy broadening of the elastically scat- 
tered neutron peak (quasielastic scattering) coupled 
with its angular dependence can be interpreted in terms 
of the diffusive motions of atoms (see e.g., White, 

1972). Since 1H has a much larger incoherent scattering 
amplitude than any other nucleus found in clay inter- 
calates, to a good approximation the information is 
about the diffusive motions of hydrogen atoms and, in 
particular, of the interlayer water hydrogen atoms. 
Olejnik et al. (1970), Hunter et al. (1971), and Olejnik 
and White (1972) have used such techniques to evaluate 
diffusion constants for interlamellar water in mont- 
morillonites and vermiculites of different water con- 
tent. 

Early work on the system Na+-montmorillonite: 
pyridine (Greene-Kelly, 1955) had shown that the 
23.3 A basal spacing pyridine complex with mont- 
morillonite (formed with excess pyridine) must con- 
tain some water in order to be stable,--a minimum 
of two water molecules per sodium cation is necessary 
for the intercalate to be formed (see Figure 2). The aim 
of this work was to measure the mobility of these in- 
terlamellar water molecules. Since other studies have 
been made on this system using a wide variety of tech- 
niques (e.g., Adams et al., 1975) it was hoped to make 
further progress towards a more complete description 
of the intercalate. 

THEORETICAL BACKGROUND 

For an incident neutron beam with a small range of 
energies, the observed intensity distribution of the scat- 
tered neutrons from an incoherent scatterer (such as 
hydrogen) as a function of the energy transfer oJ and the 
solid angle of scatter fl is identical to the differential 
scattering cross section 02tr/Ol~O<o: 

- ! r r  ex. i,  tot)] "Gs(r ,t)drdt 
01)0o k0 2w J J 
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Figure 1. The experimental arrangement on the IN10 back- 
scattering spectrometer with sample and detector positions. 

where b is the scattering length of the nucleus; k and k0 
are the magnitude of the scattered and incident wave 
vectors of the neutron respectively; Q = k - ko and is 
the momentum transfer in the collision. Gs(r,t) is the 
space-time autocorrelation function describing the 
motion of the atom containing the scattering nucleus. 
Gs(r,t) is the probability of finding a nucleus at r at 
time t if it was at the origin at time t = 0. 

1 
Gs(r,t) = ~ - ~  {8[r + rn(0) - r,(t)]} 

The functional relationship between r and t may be si- 
nusoidal for a vibrator, or it may have a complicated 
form as for diffusive motions in liquids or solids. A 
number of models have been proposed to describe the 
molecular motions and G~(r,t) (e.g., Springer, 1972). 
Using these it is possible to analyze the shape and an- 
gular dependence of the scattering to obtain the self- 
diffusion coefficients associated with a particular scat- 
tering center. For a molecule obeying Fick 's  Law of 
diffusion the differential scattering cross section is 

0~~ = K.  DQZ 
01)0to (DQZ) ~ + to~ 

where K is a constant and D is the self-diffusion 
constant defined by Fick 's  Law. This model is satis- 
factory in many cases for long time behavior (i.e., 
small values of Q and to) and gives an energy broaden- 
ing (AE) proport ional  to the momentum transfer  
squared: 

AE = 2 1 ~ -  DQ 2. 
N 

To obtain AE, the energy broadening (taken to be 
Lorentzian, see above) and the incident spectrum are 
deconvoluted. Slopes of AE vs. Q2 curves can then 
be used to obtain D. For  quasielastic scattering k ~ k0 
and 

Q =  4~ sin (0/2) 
X 

where X is the neutron wavelength and 0 is the scatter- 
ing angle. 

EXPERIMENTAL 

The spectrometer used, IN10, at the High Flux Re- 
actor at the Institut Laue-Langevin, Grenoble (Figure 
1) is a development of an earlier high resolution back 
scattering neutron spectrometer constructed at Munich 
(Birr et al., 1971). The neutron wavelength used was 
6.28 A and the doppler drive frequency for the energy 
modulation of the incoming neutrons was 5 Hz. Detec- 
tors were arranged at Q values of 0.15, 0.19, 0.23, 0.29, 
0.60, and 0.90 A-1. 

The montmorillonite used was supplied by Volclay 
(Wallasey, Cheshire) and was sedimented to give the 
<2/xm fraction and cation exchanged for sodium. Anal- 
ysis of this fraction gave 53.72% SiOz, 17.63% A1203, 
2.45% MgO, 2.62% Fe203, 0.09% F. The cation ex- 
change capacity was determined as 66 meq/100 g air 
dry clay by a flame photometric method (Adams et al., 
1977). The weight of clay used in the runs varied with 
total  hydrogen content (including structural  OH 
groups) so that a maximum of 20% absorption of the 
incident neutrons occurred. 

The intercalate sample was prepared by immersing 
the calculated weight of oriented flakes of the sedi- 
mented clay in deuterated pyridine (99% d) for 10 min 
followed by wiping off excess pyridine and then allow- 
ing the sample to dry at room temperature and humidity 
for a further 10 min before sealing it in the sample cham- 
ber. The intercalate formed by this procedure had a 
basal spacing of 23.3/~--i t  is stable over long periods 
provided that it does not come into contact with excess 
moisture. (A different, distinct, intercalate with 14.8 
basal spacing is formed after some time when exposed 
to water vapor. We have confined our studies here to 
the 23.3 ~ form.) The spectra were collected over a 
period of 10 hr. 

RESULTS AND DISCUSSION 

The low angle scattering region was covered by the 
detectors since this region is that for which the simple 
relationship between peak broadening and momentum 
transfer could be expected to hold. The resolution func- 
tion of the spectrometer at different detector positions 
was determined using a vanadium standard, vanadium 
giving almost completely incoherent scattering. Spec- 
tra obtained using a clay sample in which the interlayer 
water had been replaced by D20 were superimposable 
upon those for vanadium showing that the structural 
hydroxyl groups of the clay are not in motion on the 
time scale of the neutron events (faster than 10 -9 s). 
This result is of great importance for the future exam- 
ination of layered silicates by neutron scattering since 
it shows that it is not necessary to use a clay in which 
the hydroxyl groups have been replaced by fluorine. 
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Figure 2. Arrangement around the interlamellar Na § 

cations suggested by Greene-Kelly (1956). 
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Figure 3. Graph of the broadening of the elastic signal vs. 
Q2 for the 23.3 /~ intercalate (corrected for the angle be- 
tween Q and the clay sheets). (Error bars shown are 1o-.) 

23.5~ �9 36.0~ 0 42.0~ 

The intercalated sample was prepared using deuter- 
ated pyridine so that all of the signal from protons (ex- 
cept the stationary OH groups) would originate in the 
water molecules present. The broadening of the qua- 
sielastic peaks as a function of the square of the mo- 
mentum transfer was determined over the temperature 
range studied (23.5-42~ The clay samples had been 
made up of flakes which were highly ordered--the ori- 
entation with respect to the neutron beam and detectors 
was as shown in Figure 1. Since the rate of diffusion of 
water molecules perpendicular to the clay sheets would 
be very much smaller than that parallel to the sheets, 
we have neglected the perpendicular component and 
derived the parallel component by using a cos c~ term 
depending upon the angular difference in orientation 
between the silicate layers and the Q vector (a, Figure 
1). This procedure is an extension of the earlier work 
on neutron scattering of clay:water systems where 
Olejnik and White (1972) stated that since their clay 
flakes were arranged at 45 ~ to the neutron beam the 
momentum transfer vector must make angles of less 
than 45 ~ with the basal plane. They noted that the dif- 
fusion coefficients they derived were more strongly af- 
fected by the parallel diffusive component. 

The peak broadening as a function of the square of 
the momentum transfer (Figure 3) was reasonably lin- 
ear except at high Q2 where, as expected, there is a de- 
viation from a continuous diffusion model in this region 
of shorter time behavior. The peak broadenings are all 
very small (/zeV) and have quite large e.s.d. 's.  Al- 
though the plots have a high scatter they represent the 
limit of the present generation of machines. From the 
initial slopes of the graphs, diffusion coefficients were 
estimated as 6.1, 7.5, and 10.2 • 10 -7 cm~s -~ at 23.5, 

36.0, and 42.0~ respectively. These values can be 
compared with a diffusion constant of 25 • 10 -7 cm2s -~ 
given by Olejnik et al. (1970) (although their measure- 
ments were made at higher Q values) for a sodium 
montomorillonite with a water content (wt H20/wt 
clay) of 0.228 (samples used in this work had a water 
content of 0.05). Since, in the presence of excess mois- 
ture, the 23.3 ,~ intercalate is unstable and collapses in 
a matter of hours to a 14.8/k form, the samples were 
checked by X-ray diffraction after the neutron experi- 
mental period. Such a conversion had not occurred, 
confirming that there was no free, excess, water pres- 
ent. The only water studied by the neutron scattering 
was that essential for the formation of the 23.3/~ inter- 
calate and there was no contribution to the spectra from 
free, surface, water. This situation is very different 
from that in many previous studies (NMR or neutron) 
of interlamellar water motion in clays where a prime 
objective has been to study the effect of variation in the 
water content. Boss and Stejskal (1968), for instance, 
studied clays massively swollen with water such that 
a major fraction could not have been bonded to the in- 
terlayer cations. They found that there was a compo- 
nent of the diffusion which was similar to that found for 
bulk water and another component which was much 
retarded. 

An activation energy of 18 _ 5 kJ mo1-1 for the dif- 
fusion process parallel to the silicate sheets can be de- 
rived from the diffusion coefficients (Figure 4). Al- 
though the error in this value is high, it is the first time 
that such a motion has been studied in a clay intercalate 
by neutron scattering. Since neutron scattering is sen- 
sitive to hydrogen nuclei and not whole molecules it 
would seem difficult at the present to determine if the 
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Figure 4. Graph of lOgl0 (diffusion coefficient) vs. 103/T 
for the water mobility parallel to the clay sheets for the 

23.3 ,~ 'phase. '  

m o t i o n  is tha t  o f  w a t e r  m o l e c u l e s  t h e m s e l v e s  p r e s u m -  
ably  h o p p i n g  f r o m  o n e  si te  ( a t t a ched  to a N a  § ca t ion)  
to a n o t h e r  o r  w h e t h e r  t he  m o t i o n  is a p r o t o n  migra t ion  
w h i c h  w o u l d  h a v e  to  i nvo lve  r e o r i e n t a t i o n  o f  t he  w a t e r  
m o l e c u l e s  s u r r o u n d i n g  the  in te r l ayer  c a t i o n s  o r  rota-  

t ion o f  t h e  w h o l e  ca t ion  c o o r d i n a t i o n  s p h e r e  ( s ee  e .g . ,  
F igure  2). In  this  c o n n e c t i o n  it has  r e c e n t l y  b e e n  s h o w n  

( A d a m s  et  al : ,  1978) by  n e u t r o n  d i f f rac t ion  and  infra-  
red  m e a s u r e m e n t s  tha t  w h e n  d e u t e r i u m  gene ra t i ng  
s p e c i e s  are  b l o w n  o v e r  the  ti t le in te rca la te  t h e r e  is 

a fas t  ( - 1 5  min at r o o m  t e m p e r a t u r e )  H / D  e x c h a n g e  
p r o c e s s .  Th i s  sugges t s  s t rong ly  tha t  t h e  m o t i o n  is o f  
p r o t o n s  r a t h e r  t han  w h o l e  w a t e r  m o l e c u l e s .  
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Pe3mMe.---,~a~qbyana ao,/Im a npoc.ao~Ky 23,3 A NR-MOHTMOpH.rLrlOHHT:nHpKI~HH/HzO UaMepa.qacb C 
noMomblO raaan-a21acTnqHoro pacceaaanaa ae~TpOHOB, j~lqbqby3aonnbi~ Koe(I~qbHILHeHT (6,1 • 10 -7 
cm2/s npa 23,5~ Ha o~an nopgaog Menbme, qeM 6bZaO o6napy~eHo panee ~l, aa MOHTMOpmqaOHHTa 
C O6MeHHblM aaTpHeM, rOTOpbifi O~HaXO co~lepxa.a a qeTblpe paaa 6o~bme aoIu,I a Me~C~OfiHblX npo- 
Me>KyTKaX. Bbl~a abz,mcaeHa aKTHaaImoHna, a aHeprHa gun nepeuemeHaa,  KOTopaa oraaa.aacb paBHofi 
18 K~)K/MO21. BbLllO Tarx~e apoAeMOHCTpnpoaaao, qTO B MacmTa6e apeMeHrlblX COfblTHfi HefiTpOHHOrO 
pacceHBann:a (6bzcTpee, qeM l0 -s CeK) rKzlporcH~hnbIe rpynabl pemeTKn rJIHnbI He HaxoJISITC~I a 
~BH~KeHHH. 

Resiimee--Die Diffusion von Wasser in der Titeleinschiebung wurde mit quasi-elastischer Neutronen- 
streuung gemessen.  Der Diffusionskoeffizient (6,1 x l0 -7 cmZ/s bei 23,5~ ist um eine Ordnung 
niedriger als der welcher voher flit ein Natriumausgetauschtes Montmorillonit gefunden wurde, 
welches allerdings viermal soviel Wasser im interlamellaren Raum enthiilt. Die Aktivierungsenerdie 
f'dr die Bewegung wurde auf 18 kJ/mol gesch/itzt. Es wurde auch dem0nstriert  , dab auf der Zeitskala 
der Neutrolfenstreuungsereignisse (schneller als l0 9 s), die Hydroxylgruppen des Tongitters sich 
nicht bewegen. 

R6sum6--La diffusion d 'eau dans la mati~re intercal6e mention6e dans le titre a 6t6 mesurde par disper- 
sion quasi-61astique de neutrons. Le coefficient de diffusion (6,1 • 10 -7 cm2/s 5. 23,5~ est un ordre de 
grandeur plus b a s q u e  celui trouv6 dans le pass6 pour une montmorillonite 6chang6e pour du sodium qui, 
pourtant,  contenait quatre fois plus d 'eau dans l 'espace interfeuillet. On a d6duit que l '6nergie d'activation 
pour le mouvement  6tait 18 kJ/mol. Il a aussi 6t6 d6montr6 que sur l '6chelle de temps des 6venements de la 
dispersion de neutrons (plus rapide que l0 -9 s) les groupes hydroxyles du r6seau cristallin de l'argile 
n'6taient pas en mouvement.  


