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Abstract—Trimethylammonium ions (TMA*) with formula CH,(CH,),_,N*(CH,),, with n = 4, 8, 12, 16,
18 and 22 were intercalated into synthetic Li-fluorotaeniolite (Li-FTN) and Li-fluorohectorite (Li-FHT)
by cation exchange. The products were analyzed by thermogravimetric (TGA) and X-ray powder dif-
fraction (XRD). XRD patterns exhibited variable (001) spacings of the TMA*/mica complexes depending
upon the exchange ratio of TMA*/Li* and the carbon number of TMA*. Detailed inspection of these
XRD patterns clarified the structures of the complexes and also the intercalation mechanism, as follows:
The fundamental structure of the complexes is the commonly known intercalation structure where the
“paraffin-type bilayers” of TMA™ are in the mica interlayer and their long chains incline at approximately
30° to the silicate sheet. This structure appeared at the final stage of the intercalation reaction. During the
intermediate stage of the reaction, units of this structure and those of hydrated mica formed randomly
and regularly interstratified structures. Variable (001) spacings in XRD patterns showed the structural

change of the complex with an increasing number of TMA *-intercalated units.
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INTRODUCTION

Organo-clay complexes have found applications for
various fields. For example, reinforced plastics (Fu-
kushima and Inagaki 1987; Messersmith and Giannelis
1994; Wang and Pinnavaia 1994), rheological control
agents (Magauran et al. 1987) and chemical sensors
(Yan and Bein 1993). Their properties depend upon
the properties of the intercalated organic molecules but
also strongly upon the physiochemical nature of the
host crystals. These studies used natural clays as host
crystals and investigated the structure of the complex-
es (Lagaly and Weiss 1969), adsorption of organic
molecules (Farmar and Mortland 1965) and others.
However, the natural clays have properties that must
be interpreted as a result of inhomogeneous inter- and
intra-charge distribution and impurity of materials. A
clay mineralogy text book describes the inhomoge-
neous nature as ‘‘the rule with natural montmorillon-
ite”” MacEwan and Wilson 1980). The uncontrollable
nature of natural clays gives effect of the broad char-
acteristics of organo-clay complexes.

Recently, fluoro-micas have been synthesized and
used on an industrial scale. Some of them, for example
fluoro-taeniolite and fluoro-tetrasilicic-mica, are swol-
len with water into a manner similar to smectites, hav-
ing interlayer charge densities higher than that of
smectites. Unlike natural clays, these have high crys-
tallinity, controllable composition and less impurities.
Therefore, use of such micas as host materials is ex-
pected to be more advantageous than the use of natural
clays. However, there have been few studies on the
intercalation chemistry of synthetic fluoromicas.
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In the present study, quarternary ammonium (n-al-
kyltrimethylammonium chlorides, TMA) with a vari-
able chain length are intercalated into synthetic fluoro-
taeniolite and hectorite. To observe the intercalation
process, the intercalation experiments are performed
with a controlled exchange ratio. The structures of the
organo-mica complexes and the intercalation process
are discussed according to the basis of XRD obser-
vations.

EXPERIMENTAL
Sample Preparation

The synthetic micas used are commercial fluoro-
taeniolite (Li-FTN) with the ideal formula of
Lit(Mg,Li)Si, O,F, and fluoro-hectorite (Li-FHT)
with the ideal formula of Li*, (Mg, ¢;Liga3) Si, O 0F,;
(Topy Industries Co., Ltd.). The cation exchange ca-
pacities (CEC) of the Li-FTN is 215 meq/100 g and
the Li-FHT is 58 meq/100 g (Analysis by Ca adsorp-
tion method, Topy Industries Co., Ltd). The TMA used
for the cation exchange reaction had the formula
[CH,(CH,),_N(CH,),]*Cl-, n = 4, 8, 12, 16, 18, 22
(NOF Co., Ltd.). A fine powder of the fluoro-micas
was stirred with an aqueous solution of the respective
ammonium chloride at 60 °C for 6 h. In order to con-
trol the exchange ratio, the concentration of TMA was
varied at 0.5, 1.0 and 2.0 times the TMA*/Li* ratio,
that is, the TMA concentrations are half of, equal to
and 2 times the CEC of micas. The solid phase was
separated from the suspension by centrifugation at
15,000 rpm for 10 min. Free trimethylammonium ions
were removed by washing with dionized water 3
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Table 1. Exchange ratio of n-alkyltrimethylammonium
(TMA).

Exchange ratio§

Host [TMA]*/Li-* ratio in suspension}
0.3 10 2.0

material Carbon no.
LiFTNY C-4 0.45
C-8 0.57 0.62 0.63
C-12 0.36 0.57 0.64
C-16 0.49 0.63 0.72
C-18 0.34 0.43 0.64
C-22 0.52 0.63 0.60
Li-FHTY c-4 0.27
C-8 0.30 0.35 0.36
C-12 0.32 0.35 0.38
C-16 0.41 0.41 042
C-18 0.37 0.41 0.49
C-22 0.34 0.43 0.39

+ Measured CEC by Ca adsorption method; Li-FTN: 215
meq/100 g, Li-FHT: 58 meqg/100 g.

1 Starting [TMA]J*/Li* ratio in the [TMA/layer sili-
cate/water] suspension; ratio of added TMA ion per ex-
changeable Li*.

§ Obtained by TGA measurements from 150 °C to 1000 °C.

times. Finally the solid phase was lyophilized under
vacuum (<1072 torr).

Thermogravimetry (TGA)

Thermogravimetric measurements were carried out
in the range 30 °C to 1000 °C in air (TAS-200, RI-
GAKU). The weight of TMA intercalated into mica
was estimated from the total weight loss by TGA with-
in the range from approximately 150 to 1000 °C. Sam-
ples (approximately 7 mg) were loaded into Pt cruci-
bles in a dry atmosphere and the sample chamber was
heated at 10 °C/min in air.

X-ray Powder Diffraction (XRD)

The XRD data of the samples were collected be-
tween 1.5 and 65 °20 at a scanning speed of 1.0 °/min
using a powder X-ray diffractometer with Ni-filtered
Cu-Ke radiation (RINT 2000, RIGAKU). The relative
humidity was fixed at 10% and temperature at 30 °C.

RESULTS

All TMA having different alkylchain lengths
formed intercalation complexes with Li-FTN and
Li-FHT by a cation exchange reaction between TMA*
and Li*. The exchange ratio was calculated from the
amounts of intercalated TMA*, obtained by TGA data
and the amounts of exchangable Li* in fluoro micas
(CEC). These data are summarized in Table 1. The
exchange ratios ranged from approximately 0.3 to 0.7.
Although the intercalation experiments were per-
formed carefully under mild conditions, as suggested
by Walker (1967), the exchange ratios between Li*
and TMA* were somewhat scattered for the different
combinations of TMA and mica samples.

https://doi.org/10.1346/CCMN.1996.0440408 Published online by Cambridge University Press

Tamura and Nakazawa

Clays and Clay Minerals

XRD Observation

XRD data of the intercalation products show that
their basal spacings are expanded to much longer than
9.6 A, the basal spacing of anhydrous Li-FTN and
Li-FHT, indicating that TMAs intercalate into the mi-
cas. The XRD patterns of intercalation complexes of
Li-FTN and Li-FHT with TMAs of different alkyl-
chain lengths are essentially all similar to each other
except for their interlayer distances. Typical XRD pat-
terns are presented for the Li-FTN/docosyl trimethyl-
ammonium (C-22) complexes (Figure la) and for
Li-FHT/octadecyl trimethylammoniom (C-18) com-
plexes (Figure 1b). The XRD patterns of the samples
treated with different TMA concentrations of 0.5 times
the TMA*/Li" ratio is noted as curve 1, 1.0 times the
TMA*/Li* ratio is noted as curve 2 and 2.0 times the
TMA*/Li* ratio is noted as curve 3 in Figure 1.

The three XRD patterns of the complexes seem to
differ significantly from each other despite their com-
positional similarity (Figure 1a and 1b). XRD peaks
observed in Figure la are at 39.8 A, 30.9 A, 200 A,
15.5 A and 13.4 A. The reflections at 20 A, correspond
to the (002) of the peak at 39.8 A and 15.5 A corre-
sponds to the (002) of 31 A. The others cannot be
easily assigned. Moreover, some other TMA'/FIN
complexes with TMA* of n = 16, 12 and 8 showed
weak XRD peaks at extremely large spacing. Their
profiles and dependence on the exchange ratio of
TMA-/Li* are similar to those at 53 A (Figure 1b).

For understanding the interrelations between the
complicated XRD patterns, there are some suggestive
behavior in the XRD patterns as the TMA* concen-
tration varies. The peaks in curve 1 are broader than
those in curve 3. The full width at half maximum
intensity (FWHM) of the former peak is about one
and a half times greater than that of the latter. Curve
2 appears to be intermediate between curve 1 and
curve 3, showing the progress of the intercalation re-
action.

All spacings observed for the TMA*/FTN (Figure
2a) and TMA*/FHT (Figure 2b) complexes are plotted
against the carbon number of the alkylchain. Solid
symbols indicate the largest spacings of XRD peaks
observed for the samples treated with excess TMA
(TMA*/Li* = 2.0). Examples of these can be seen for
the main peaks at 39.8 A (Figure la curve 3) and at
36 A (Figure 1b curve 3). Open symbols indicate all
other spacings observed. They are calculated from 26
at half-width of each reflection. For both complexes,
there are three linear relations between the basal spac-
ings and carbon number within the range of C = 8 to
22 (Figures 2a and 2b). The minimum d-spacing for
both complexes at about 13 A does not change with
the carbon number (line M). The extremely long spac-
ings appearing for the complexes treated with lower
concentrations of TMA form a linear row with an in-
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Figure 1. XRD patterns of mica/TMA complexes: a) Li-

FTN/C-22 TMA complexes; and b) Li-FHT/C-18 TMA com-
plexes. The patterns are displaced vertically with added or-
ganic content from bottom to top as follows: 0.5 [TMA]*/Li*
ratio corresponds to curve 1, 1.0 [TMA]*/Li* ratio corre-
sponds to curve 2 and 2.0 [TMA]*/Li* ratio corresponds to
curve 3.

crease of the TMA carbon number (line ). The rows
of solid symbols, which are the d-spacings of the main
reflections, also have linear dependence upon the car-
bon number (line D,,,.). The variations of the interlayer
spacing shown by the lines clearly indicate the state
of intercalation and the process involved.
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Figure 2. d(001) spacings observed for a) Li-FTN com-
plexes; and b) Li-FHT complexes. Key: Solid symbols =
main reflection appeared at the mature stage of intercalation.
Open circles = all other peaks appeared.

DISCUSSION

The XRD patterns (Figure 1) of the TMA interca-
lation phenomena of synthetic fluoro micas are similar
to, but much clearer than those of natural clays. The
micas and TMA formed several complexes of different
interstratification depending upon maturity of the in-
tercalation reaction. The identification of the phases
that appeared and the intercalation mechanism will be
discussed.

The Observed Phases: Regularly and Randomly
Interstratified Organo/Fluoro Mica Complexes

Four phases were identified for the intercalation
complexes by interpreting the XRD patterns described
previously. They are called for D,,., D, O and M
phases. Phase D, is the main phase of the complexes
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Figure 3.
nium complexes.

Paraffin-type bilayer model of mica/C-18 ammo-

formed by the treatment at the highest TMA* concen-
tration of 2.0. The XRD peak intensities of the other
phases all decreased with increasing TMA* concentra-
tion (Figure la and 1b). The D, . phase is the final
state of the intercalation, whereas the other phases are
stable only at the initial or intermediate stages of in-
tercalation. The phase M is not a phase of the orga-
no/mica complex but corresponds to hydrated mica,
which was deduced from its d-spacing of approxi-
mately 13 A independent of the variable chain length
of TMA treated. The O phase is a phase stable only
during the intermediate stage of intercalation reaction
and has an interlayer spacing equal to the sum of those
of the D, ., and M phases, indicating the regular inter-
stratification of the two unit layers. The D phase is
interpreted as having random stratification of unit lay-
ers of the phases D, and M. The continuously vari-
able d-spacings of the D phase are due to variation of
the number of the layers intercalated by TMA™.

FHT and FTN exhibit quite similar intercalation be-
havior. However, the intercalation of FHT is more
sluggish and heterogeneous than that of FTN, which
is similar to that of natural clay. This is deduced from
the observations that: 1) the O phase appears often
with treatment at the highest TMA™* concentration of
2.0; and 2) the XRD peaks of the TMA/FHT compos-
ites are broader than those of Li-FTN, especially for
those treated at a low TMA*/Li* ratio (Figures 1a and
1b). Moreover, the TMA/FHT complexes showed
many more D phase peaks in the XRD pattern than
do the TMA/FTN complexes (Figures 2a and 2b).
These differences for the intercalation behaviors of
Li-FTN and Li-FHT are probably due to the differ-
ences between crystallinity and homogeneity of charge
distribution of the host materials.

Alkylchain Arrangements of the Mica Interlayers

Alkylchain arrangements of the mica interlayers are
reasonably modeled for the D, phase using the ob-
served d-spacings and some simple assumptions that
the alkylchain is part of the straight form and has min-
imum contact with neighboring molecules, such as a
paraffin-type bilayer structure with long chains in-
clined at about 30° to the silicate sheet. The model for
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the C-18 TMA/mica complex is shown in Figure 3.
The angle of chain inclination is calculated from the
slope of the d-spacing vs. alkylchain carbon number
(Figures 2a and 2b). This is the final structure of TMA
intercalation reaction into micas. The Li-FTN forms
this structure between the range of carbon number
from C-12 to C-22 and Li-FHT between the range
from C-18 to C-22. The O phase and the D phase are
regularly and randomly interstratified structures of unit
layers of the M and the D, phases. The M phase is
the hydrated mica having a layer of water molecules
within the interlayer, and is empty for TMA. The mod-
els explain the linear dependency of the d-values upon
the carbon number of TMA and the intercalation pro-
cess.

The Intercalation Process of TMA Into Micas

The XRD patterns of the intercalation complexes
showed obvious change depending upon the
TMA*/Li* ratio treated (Figures la and 1b). The
change in those patterns shows the intercalation pro-
cess of TMA into micas, which may be explained vi-
sually by using the intercalation models noted previ-
ously.

The O and the D phases are dominant at the inter-
mediate stage of the intercalation reaction, and the
D,... phase appears finally as the stable state. This in-
dicates that TMA intercalates into the mica interlayer
as a unit layer of the D, structure (Figure 3). The
layers interstratify with the empty unit layers of the M
phase partially regularly (the O phase) and partially
randomly, adjusting the composition of the complex
to that of the TMA*/Li* ratio (the D phase). As the
number of TMA-intercalated layers is increased, the
D phase converts gradually to the D,,.. phase and the
M or O phase disappears.

Comparison with Previous Models

A previous study on n-alkylammonium intercalation
to vermiculites concluded that alkylchains oriented at
55° * 5° to the silicate sheet within the interlayer and
the variable interlayer spacing observed was attributed
to some artifacts introduced during the washing and
drying process (Johns and Sen Gupta 1967). Con-
versely a recent study by Fourier transform infrared
spectroscopy (FTIR) of the alkyl chains intercalated
into montmorillonite and fluoro-hectorite indicated
that the chains are flexible and assume solid, liquid or
liquid-crystal states depending upon the interlayer
packing density, temperature and chain length (Vaia et
al. 1994). These studies may be helpful for interpre-
tation of variable XRD patterns. However, there has
been no consideration of the intercalation process dur-
ing previous studies. In the present study, the variable
XRD peaks observed have been reasonably interpreted
as the phases appearing during the maturation process
of the intercalation reaction. The regularly and ran-
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domly interstratified structures found during the pres-
ent work are key structures to explain the intercalation
mechanism of TMA into micas and the variety of
XRD patterns of the complexes.

CONCLUSION

Li-FTN and Li-FHT form intercalation complexes
with TMA having different chain lengths. With an in-
creasing exchange ratio of TMA*/Li*, the complexes
initially take regularly and randomly interstratified
structures with layer units of TMA and water inter-
calated layers. Finally, the complexes take a ‘“‘paraffin-
type bilayer structure’’, where the long chain of TMA
inclines at about 30° to the silicate sheet. Li-FHT and
Li-FTN showed quite similar intercalation character-
istics, but Li-FTN is the better host. This was dem-
onstrated by the narrower FWHM of the (001) reflec-
tions and by the sharper transition from the regularly
and randomly interstratified complexes to the final
structure. The difference can predominantly be attrib-
uted to higher layer charge and crystallinity of Li-
FIN.
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