PHYSICAL REVIEW B

VOLUME 41, NUMBER 18

15 JUNE 1990-11

X-ray-diffraction studies of hydration transitions in Na vermiculite
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Hydration phase transitions in Na vermiculite, a specific example of expandable 2:1 layered sili-
cates, were examined as a function of temperature at a constant water-vapor pressure by x-ray
diffraction. The samples exhibited well-defined 0-, 1-, and 2-water-layer hydration states (WLHS’s)
with the basal spacings of 9.81, 11.84, and 14.89 A, respectively. The transitions between the hydra-
tion states were found to be first order, evidenced by a two-phase coexistence and large hysteresis.
Substantial elastic deformation, which involves rotations of the tetragonal bases in the host silicate
layers, was observed during the transitions. It was concluded that elastic distortion in the host lay-
ers may be responsible for the hydration phase transitions. In addition, formation of a (2a X 2b) su-
perlattice specific to the 1-WLHS was found. A new interpretation of the previous Raman data

from 1-WLHS Na vermiculite is also presented.

I. INTRODUCTION

Layered silicates, commonly known as clays, have been
studied for many decades. Their properties are of high
relevance to various disciplines such as chemistry, geolo-
gy, agriculture, biology, mineralogy, and others.! Unfor-
tunately, however, there has been little experimental or
theoretical work done on layered silicates with regard to
solid-state physics or physical chemistry.

Fundamentally, layered silicates provide an intriguing
system with which to study intercalation and quasi-two-
dimensional physics. Though graphite and heavy-metal
dichalcogenide intercalation compounds have been well
investigated in recent years by many physicists and chem-
ists, layered silicates have not been studied as extensively.
This is unfortunate, because the intercalation processes
and resulting physical properties of layered silicates are
as fascinating as those found in graphite and dichal-
cogenide intercalation compounds. Also, we point out
that high-T, superconducting layered ceramics exhibit
structural similarities to layered silicates, e.g., compare
the mica structure to the Tl-Ba-Ca-Cu-O and Bi-Sr-Ca-
Cu-O compounds.?

Layered silicates have been used to examine several in-
teresting physical phenomena such as superfluidity of hy-
drogen molecules.’ When hydrogen molecules are
confined in a quasi-two-dimensional space, the freezing
temperature may be lowered. The boson condensation
temperature for hydrogen molecules in “pillared” clays®
may become relatively higher than the crystallization
temperature, and thus one may be able to observe
superfluidity. Fractal phenomena have also been stud-
ied, employing quasielastic-neutron-scattering* and
molecular-adsorption measurements® from layered sili-
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cates. The fractal properties apparently arise from the
size distribution of the disordered polycrystalline parti-
cles. A third set of phenomena has to do with rigidity
effects in layered compounds. Because of the host-layer
deformation due to intercalates, layered silicates exhibit a
non-Vegard’s-law behavior when the intercalates are a
mixture of two different species.®” The behavior may be
understood in terms of “healing lengths” by a simple but
elegant elasticity theory.®’

Interlamellar cations can be replaced with magnetic
ions. This allows one to examine a quasi-two-
dimensional magnetic system.!®!! For instance, Ni ver-
miculite exhibited a paramagnetic behavior, and at low
temperatures gave evidence for successive magnetic
phase transitions.'?

Intercalation of water molecules into layered silicates is
one of the most interesting phenomena. In contrast to a
“staging” structure in graphite intercalation compounds
(GIC’s), clay intercalation compounds (CIC’s) exhibit a
multiple-intercalate-layer structure. Instead of having n
host layers between nearest-neighbor intercalated layers
(stage-n compounds in GIC’s), in CIC’s, n intercalated
layers can be sandwiched by two nearest-neighbor host
layers (n-water-layer hydration state).

In GIC’s the nature of the long-range interlayer in-
teraction responsible for staging has been intensively ar-
gued.'!* The interaction may originate from electrostat-
ic repulsion or elastic deformation. In CIC’s, the inter-
layer interaction for the long-range c-axis stacking se-
quence appears to be related to host-layer elastic defor-
mation.

Previously, there have been some x-ray structural stud-
ies on specific vermiculite samples,’>”!° but to our
knowledge, no detailed studies on the hydration transi-
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tions have been conducted. In this paper we present x-
ray-diffraction results obtained from Na vermiculite as a
function of temperature at a fixed vapor pressure. Hy-
dration phase transitions and accompanying out-of-plane
and in-plane structural changes of Na vermiculite will be
discussed.

In Sec. II we describe some of the basic structural and
physical properties of layered silicates along with more
specific properties of vermiculite. In Sec. III we describe
sample preparation and experimental methods. The ex-
perimental results and discussions are presented in Sec.
IV. Conclusions will be given in Sec. V.

II. STRUCTURE AND PHYSICAL PROPERTIES

Layered silicates are made of two basic sheets; one is a
Si tetrahedral sheet, and the other is an Al or Mg octahe-
dral sheet. Depending on how these basic sheets are
stacked along the c axis, one can classify layered silicates
into three categories: 1:1, 2:1 and 2:1:1 layered silicates.
It is a common occurrence that some cations in the
tetrahedral or octahedral sites are replaced with other
cations (e.g., some Si** atoms in the tetrahedral sites are
replaced with A1’ atoms). Ordinarily, silicate host lay-
ers are negatively charged.

In order to compensate for the charge imbalance, cat-
ions are placed between the layers. When the host layers
are severely charge deficient, the Coulombic interlayer in-
teraction is strong. Interlamellar cations may not be-
come hydrated (not expandable), and intercalation cannot
be performed easily (no cation exchange). Micas present
a good example. However, when the charge deficiency is
moderate, the interlayer interaction is relatively weak.
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Interlamellar cations can be hydrated (expandable) and
can be cation-exchanged.

Vermiculite is an expandable 2:1 layered silicate.! The
host layer of ““ideal” vermiculite consists of one Mg octa-
hedral sheet and two Si tetrahedral sheets. One out of
four Si sites in the tetrahedral sheet is replaced with an
Al atom. The net charge deficiency is balanced with in-
terlamellar cations. When the interlamellar cations are
Na, for example, one can observe a zero-water-layer hy-
dration state (0-WLHS), 1-WLHS, or 2-WLHS, of which
the c-axis repeat distances are 9.81, 11.84, and 14.89 A,
respectively. Interlamellar cations in vermiculite can be
exchanged by immersing layered silicate crystals in salt
solutions. Various cation intercalated vermiculites can be
prepared by this method.

The hydration state in vermiculite is determined by
temperature and water-vapor pressure. Previously, hy-
dration transitions in vermiculite have been investigated
by thermogravimetric, calorimetric, and x-ray-diffraction
methods.?’ 22 The phase boundaries between different
hydration states can be expressed with the Clausius-
Clapeyron equation,

dInP AH;
—_ L — 1
3T , i=lor2 (1)

~

where AH, and AH, are the changes of enthalpy in the
transitions from a 0- to a 1-WLHS, and from a 1- to a 2-
WLHS, respectively. R is the gas constant. The changes
of enthalpy involved in the hydration transitions (~12
kcal/mol) are larger than that of bulk water (9.7
kcal/mol). This results from the interactions among the
interlamellar cations, intercalated water molecules, and
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| 16

=z | (a) 160 | (b)
< lesesse—e 2

,-é‘ | 2 e} <

0 S €120 -

C & o g

] s 12fF — &

[ ES 4 80 |

- = r >

> 3 & o il
E 10F o 2w paanatRRESEg 5 o | &2 e

g | = wiHs € 9T —~iwiks eindatl

b -m- 0-WLHS . I —=— owiHs

> P N S S AR P S S S S W ST

20 30 40 50 60 70 80 20 20 0 50 s 70 80

Temperature (°C)

q (A

FIG. 1. (00)) x-ray diffraction patterns from Na vermiculite as a function of temperture at a fixed water-vapor pressure of 19.8
Torr. Inset (a) shows the basal spacing vs temperature, whereas inset (b) shows the out-of-plane correlation length vs temperature
(see text).
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host silicate layer.?° In addition to the cation-water di-
pole interaction, the hydration of interlamellar cations in-
volves electrostatic interactions, hydrogen bonding, van
der Waals interaction, and host-lattice distortions (as will
be discussed below).
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III. EXPERIMENT

Our single-crystal samples originated from Llano,
Texas. The chemical composition varies in the literature,
but is approximately'’

(Sis 7,Al, 25 (Mgs ggAly 1oFeg 03Tig 0)0,0(OH)Mgg 93:m (H,0) ,

where the number of water molecules, m, varies depend-
ing on the hydration state. Llano vermiculite was chosen
because of the low-iron content, good crystallinity, and
uniformity of the sample quality. The samples had been
cation-exchanged in NaCl solutions for more than 6
months. The completion of cation exchange was
confirmed by (00/) x-ray-diffraction patterns. The out-
of-plane mosaic spread of the crystals was ~4°, while the
in-plane mosaic spread was less than 1°. These samples
are typically 10X 10X 3 mm?3 in size.

Our x-ray-diffraction system consisted of an x-ray gen-
erator, conventional tube support (two outputs), Buerger
precession camera, Huber 4-circle diffractometer with a
bent-crystal graphite monochromator, and a scintillation
x-ray detector. The 4-circle diffractometer was operated
by a Hewlett-Packard HP-9836 computer. The software
developed allowed us to conduct (hkl) scans. Mo Ka,
(A=0.70930 A) and Ka, (A=0.71359 A) lines were
used. The resolution of the diffractometer is limited by
the bent graphite monochromator to be Ak ~0.008 A"
[where Ak is the full width at half maximum (FWHM)],
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FIG. 2. d spacing vs temperature from Na vermiculite. The
(00)) x-ray diffraction experiments were done with increasing the
sample temperature.

with a Mo Ka x-ray beam. X-ray-diffraction data were
analyzed by a nonlinear least-squares-fit method.

A single-crystal sample of Na vermiculite (cut to a size
of 1X3X0.1 mm®) was mounted on a goniometer, and
two heaters with a platinum-versus—platinum-10%
rhodium thermocouple were put close to the sample. An
open-ended Kapton cover was placed over the whole
sample unit. A constant flow of N, gas which had gone
through a water bath maintained at a constant tempera-
ture (T =22.0%+1.0°C) was guided to the sample area.
Thus, the vapor pressure at the sample was at ~19.8
Torr. The sample temperature was maintained within
1°C. At each temperature setting, the x-ray measure-
ments were conducted after waiting for 612 h to make
sure that the sample had reached a stable state.

IV. RESULTS AND DISCUSSIONS

X-ray-diffraction patterns obtained from Na vermicu-
lite are shown in Fig. 1 as a function of increasing tem-
perature at a fixed water-vapor pressure of 19.8 Torr.
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FIG. 3. d spacing vs temperature from Na vermiculite. The
(00)) diffraction experiments were done with decreasing the sam-
ple temperature.
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When the Na vermiculite sample was at room tempera-
ture, it exhibited a pure 2-WLHS. The (00]) diffraction
pattern yielded a d spacing of 14.89 A and an out-of-
plane correlation length of 160 A, where the correlation
length £ is defined as £=2/Aq. Aq is the FWHM of a
Bragg peak.

As the sample temperature was raised to ~32°C, there
appeared a new set of Bragg peaks which corresponded
to the 1-WLHS. These 1-WLHS Bragg x-ray intensities
increased at the expense of the 2-WLHS peaks with in-
creasing temperature. At 36°C, the set of Bragg peaks
from the 2-WLHS disappeared, and the sample became a
pure 1-WLHS with a d spacing of 11.84+0.01 A. The
out-of-plane correlation length £ in the pure 1-WLHS is
~140 A, which is a little shorter than that in the 2-
WLHS. We note, however, that the number of layers
which correspond to those correlation lengths (£/d) are
similar: 10.7 layers and 11.8 layers for the pure 2-WLHS
and 1-WLHS, respectively. As can be seen from Inset (b)
in Fig. 1, the correlation lengths for the 2- and 1-WLHS
in the coexistence region are much shorter than those in
the pure hydration states.

As the temperature was raised further, a set of Bragg
peaks from a 0-WLHS phase started appearing at 57°C.
As before, the Bragg intensities from the 0-WLHS grew
at the expense of those from the 1-WLHS. The out-of-
plane correlation lengths for both the 0- and 1-WLHS
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FIG. 4. (060) Bragg-peak profiles from Na vermiculite in O-,
1-, and 2-WLHS’s. The spreading of the peak originates from
the Mo Ka, and Ka, lines. The abscissa shows g values calcu-
lated from the average wavelength A=0.71145 A of the Mo
Ka, and Ka;, lines. The vertical line in the figure is for compar-
ison of the peak positions.
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were shorter in the coexistence region than in the pure-
hydration-state regions. Above 68 °C, the sample became
pure O-WLHS. Unlike the other pure hydration states,
the out-of-plane correlation length for the pure 0-WLHS
was still relatively short (6~60 A). The x-ray patterns
from the 0-WLHS Na vermiculite, which showed some-
what asymmetric peaks and nonconstant linewidths, indi-
cated Hendricks-Teller disorder? in the c-axis stacking
sequence. Possible causes for this disorder are (1) incom-
plete dehydration (intercalated water molecules could be
trapped as dehydration may first occur at the edges, caus-
ing the host silicate layers to sag), and (2) in-plane disor-
der, where Na atoms may sit either on the pseudohexago-
nal cavities or on the triangular bases, resulting in slight-
ly different interlayer distances.

Figure 2 shows plots of d spacing versus temperature
from Na vermiculite, which are the same data used for
inset (A) in Fig. 1, but are plotted enlarged. As can be
seen from these plots, the d spacings in the three different
hydration states are not constant. The d spacing in the
2-WLHS showed a slight decrease with increasing tem-
perature, but toward the end of its existence, the 2-
WLHS d spacing increased. The d spacing in the 1-
WLHS also exhibited a similar trend. As discussed
below, these c-axis lattice expansions with increasing
temperature may be attributed to a structural change or
lattice distortion in the host silicate layers. Na vermicu-
lite in the O-WLHS showed a sudden d-spacing increase
at 64°C.

The x-ray diffraction measurements were also conduct-
ed by lowering the sample temperature, otherwise with
the same condition. Figure 3 shows the d spacings for
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the three different hydration phases as a function of de-
creasing temperature. We notice first that the transition
temperatures were lowered substantially, indicating a
large hysteresis. The transition from the O-WLHS to the
1-WLHS started at 36°C, as compared to the tempera-
ture 68 °C, at which the Na vermiculite sample became a
pure O-WLHS in the increasing-temperature experiment.
It is interesting to note that in both increasing- and
decreasing-temperature cases the O-WLHS d spacing
showed a sudden change. The change occurred just be-
fore the 1-WLHS disappeared (increasing temperature) or
appeared (decreasing temperature), which is thought to
be related to a structural transition in the host silicate
layers.

Further decreasing the temperature, the sample be-
came a pure 1-WLHS at 32°C (the pure 1-WLHS yielded
£E=140 A), and became a mixture of the 1- and 2-
WLHS’s at 28°C. A pure 2-WLHS was obtained at
26°C. The out-of-plane correlation length & after the
heating cycle was found to be 150 A, which is similar to
the value obtained at the beginning. Because of the mac-
roscopic expansion (the sample thickness changed by
more than 50%), the samples sometimes became cracked.

» B> 0O @

The microscopic structure of Na vermiculite, however,
appeared to recover to its original shape after dehydra-
tion and hydration processes at relatively low tempera-
tures (the maximum temperature reached was 80 °C).

The (unexpected) c-axis expansions of the d spacings in
Na vermiculite discussed above may be understood if we
examine in-plane structure of the host layered silicate lay-
er. The host layer forms a rectangular lattice with typi-
cal lattice constants a~ 5.35 A and b~ 9.30 A. Since
V73a =b, the in-plane diffraction pattern shows a pseu-
dohexagonal symmetry.

Figure 4 shows x-ray diffraction profiles of the (060)
peak from Na vermiculite in pure 2-, 1-, and 0-WLHS.
The two peaks seen are from the Mo Ka; and Ka, lines
(the higher-intensity peak corresponds to Mo Ka; and
the abscissa shows g values calculated from an average
wavelength A=0.71145 A of the Mo Ka, and K a, lines).
Apparent shifts in the peak position indicate that the b-
axis lattice constant of the host silicate layers varies de-
pending on the hydration state.

Figure 5 depicts the b lattice constant and in-plane
correlation lengths calculated from the (0k0) peaks from
Na vermiculite as a function of increasing temperature.
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FIG. 6. Buerger x-ray precession photograph from Na vermiculite in the 1-WLHS (upper photo). An x-ray photograph from an
Na vermiculite sample in the 2-WLHS is shown for comparison (lower photo). The schematic diagram shows diffraction spots from
the host (a X b) lattice, and the (2a X2b), (2a X2b)R60°, and (2a X2b)R (—60°) intercalate lattices. Because the films were overex-
posed, faint spots which correspond to A/2 Bragg reflections are also apparent.
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When the hydration state was a pure 2-WLHS, the b lat-
tice constant was 9.30+0.01 A. As the sample tempera-
ture was raised, the b lattice constant decreased continu-
ously [note that the (060) peak consisted of 2- and 1-
WLHS’s in the coexistent region], and became constant
in the pure 1-WLHS (b=9.27+0.01 A). With a further
increase in temperature, the b lattice constant again de-
creased further in the coexistence region of the 1- and 0-
WLHS’s. When the hydration state became a pure O-
VOVLHS, the b lattice constant was stable (b =9.2310.01
A).

It is well known that because of the misfit between oc-
tahedral and tetrahedral sheets there is a rotation of adja-
cent tetrahedra in opposite directions in the (001) plane.
The amount of the rotation necessary to relieve the misfit
is given by**

cosa= bobs /b ideal »

where a is the rotation angle, b, is the observed b lat-
tice constant, and b4, is defined as the calculated value
of b for an unconstrained tetrahedral sheet. Note that
the rotation does not change the lattice constant a. Thus,
the contraction of the lattice constant b upon dehydra-
tion indicates more rotation of the tetrahedra.® Conse-
quently, the thickness of the host layer should increase.
The increase in d spacing with dehydration in Na vermi-
culite discussed above reflected this fact.

Figure 6 shows a Buerger x-ray precession picture from
Na vermiculite in the 1-WLHS. As seen in the picture, in
addition to the original host-lattice Bragg diffraction
spots, there are extra spots which originate from the
(2a X2b) and (2a X2b)R 60° superlattices (as mentioned
above, the crystal has a pseudohexagonal symmetry). X-
ray pictures from the same Na vermiculite sample but in
the other hydration states did not exhibit any noticeable
superlattice peaks (for comparison, an x-ray picture from
the sample in a 2-WLHS is also shown in Fig. 6). This
implies that the interlamellar Na cations (and surround-
ing intercalated water molecules) for Na vermiculite in
the 1-WLHS form a (2a X 2b) superlattice, but do not do
so in the 0- or 2-WLHS. In the 1-WLHS the Na cations
might form a pair, one cation on the tetragonal base and
the other in the cavity. In the 2-WLHS the mobility of
the intercalated Na ions was found to be much larger
than those of 1- and 0-WLHS.?> The Na ions may be
moving around irrespective of the host-lattice layer in the
2-WLHS.

Previously, Raman spectra from Na vermiculite have
been recorded as a function of hydration state.'? Figure 7
shows the spectra. It was not understood then (1) why
the A" torsional Raman peak® at 105 cm ™! in the 1-
WLHS had a narrower peak width than those corre-
sponding peak widths in O- and 2-WLHS?’s, and (2) why a
new extra peak at 137 cm ™! appeared in the 1-WLHS.

It is now understood that the narrowing of the A"
peak at 105 cm ! for Na vermiculite in the 1-WLHS may
be caused by the ordering of the intercalates. The
broader A" peaks in 0- and 2-WLHS’s imply that the in-
tercalates may be disordered between the host silicate
layers.

Also, we state that the extra peak at 137 cm™!

in the
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FIG. 7. Raman spectra taken from Na vermiculite in the O-,
1- and 2-WLHS. A mode-locked 5145-A Ar*-laser beam was
used in the pseudo-Brewster-angle geometry. The figure is from
Ref. 12.

Raman spectrum from Na vermiculite in the 1-WLHS
may be a consequence of the formation of a (2a X2b) su-
perlattice. Because of the doubling of the unit cell, some
zone-boundary phonons could become zone-center
Raman-active modes (zone folding). In fact, from the
inelastic-neutron-scattering  experiments of Wada
et al.,* the energy of the zone-boundary in-plane LA
phonon in Mg vermiculite in a 2-WLHS may be extrapo-
lated to be 17 meV or 136 cm™~!. We expect that the in-
plane LA mode would not be too sensitive to the inter-
lamellar cations. The 137-cm~! Raman peak from Na
vermiculite in the 1-WLHS, therefore, may be assigned to
be a zone-folded optical phonon from the in-plane LA
branch.

V. CONCLUSIONS

It is concluded from the x-ray-diffraction experiments
described above that the hydration transitions are (weak-
ly) first order, evidenced by the coexistence of two phases
and relatively large hysteresis. In the coexistence re-
gions, from the widths of the Bragg peaks, each domain
size was found to become relatively small. The correla-
tion length of the O-WLHS was found to be about half of
that in 2- and 1-WLHS’s. Possibilities such as water-
molecule trapping and in-plane interlamellar disorder as
reasons for the shorter 0-WLHS correlation length were
suggested. The hydration transitions involve two-
dimensional diffusion of water molecules between silicate
layers. The large hysteresis implies that there is a sub-
stantial energy barrier for expanding the host layers upon
intercalation.

It was also found that the host silicate layers experi-
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ence substantial structural change during the hydration
and dehydration processes (no absolute layer rigidity).
The transitions in Na vermiculite involved a substantial
host-lattice distortion or rotation of the tetragonal bases
in the host silicate layers. This leads us to conclude that
the long-range interlayer interaction responsible for the
hydration transitions may be attributed to the elastic de-
formation of the host lattice. The detailed mechanism,
however, is not understood yet. The elastic deformation
should be related to the hydrogen bonding between the
intercalated water molecules, the surface oxygen atoms,
and the positions of the interlamellar cations.

The origin of the (2a X2b) superlattice specific to the
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1-WLHS is also not clear at this time. More work is
needed to determine the in-plane structure of the 1-
WLHS, as well as those of the 0- and 2-WLHS’s, which
may contribute to an understanding of the mechanism for
the hydration transitions.
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FIG. 6. Buerger x-ray precession photograph from Na vermiculite in the 1-WLHS (upper photo). An x-ray photograph from an
Na vermiculite sample in the 2-WLHS is shown for comparison (lower photo). The schematic diagram shows diffraction spots from
the host (@ X b) lattice, and the (2a X 2b), (2a X2b)R 60°, and (2a X2b)R ( —60°) intercalate lattices. Because the films were overex-
posed, faint spots which correspond to A/2 Bragg reflections are also apparent.



