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We now report a novel way of preparing tetratitan-
ate-organic intercalation compounds in the presence
of a macrocyclic compound, [2.2.2]-cryptand [abbrevi-
ated as C(222)], and a crown ether, 18-crown-6. It is
well-known that such macrocyclic compounds selectively
and strongly bind cations of appropriate sizes.1 The
added C(222) and 18-crown-6 promoted the ion exchange
reactions between potassium tetratitanate (K2Ti4O9‚
nH2O) and alkylammonium chlorides to give alkyl-
ammonium-tetratitanate intercalation compounds,
which are not available by the conventional ion ex-
change method. The reaction is a new application of
macrocyclic compounds in inorganic-organic supra-
molecular chemistry.

Intercalation of guest species into the interlayer
spaces of layered solids is a way of producing inorganic-
organic nanocomposites with specific functions con-
trolled by their microstructures.2 Among possible lay-
ered solids, layered titanates are attractive host materials
owing to their semiconducting properties. Since they can
be regarded as an aggregate of nanostructured particles
of titanium oxide, their application as a building unit
of novel supramolecular systems is worth investigating.3
Their ion exchange,4 photocatalytic,5 and luminescence6

properties have been reported so far. Unlike the smec-
tite group of layered clay minerals, which is known to
accommodate a wide variety of guest species in its
interlayer spaces to form intercalation compounds,7 the

intercalating capabilities of titanates are low. For the
introduction of bulky organic species such as cationic
dyes,8 the so-called “guest displacement method” has
been used previously. The present one-pot synthesis
utilizing the complexation of macrocyclic compounds
with interlayer exchangeable cations is a novel and
simple way to introduce bulky organic species into the
interlayer spaces of layered solids with low intercalating
capabilities.

Since the intercalation of organoammonium ions into
the ion exchangeable layered solids has extensively been
investigated from both fundamental and practical view-
points,9 alkylammonium ions were used as cationic
guest species in the present study. For example, orga-
noammonium-titanates have been used as intermedi-
ates for the preparation of pillared titanates10 and
organic dye intercalated materials.8

The organoammonium-tetratitanate intercalation
compounds have been prepared as follows: K2Ti4O9‚
nH2O was allowed to react with an 1,4-dioxane solution
containing organoammonium chlorides (abbreviated as
Cn

+; where n denotes the carbon number of the alkyl
chains) and C(222) at room temperature. The molar
ratio of Cn

+:C(222):K2Ti4O9‚nH2O was 20:4:1 and the
concentration of C(222) in 1,4-dioxane was 0.1 mol L-1.
After reaction for 1 week, the products were collected
by centrifugation and dried under a reduced pressure
at room temperature.

The X-ray diffraction pattern of the product obtained
when C12

+ was used as the guest species is shown in
Figure 1b. The d(200) diffraction peak shifted to a lower
2θ region [d(200) ) 3.85 nm] from the original diffrac-
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Figure 1. X-ray diffraction patterns of (a) K2Ti4O9‚nH2O and
(b) the C12

+-tetratitanate. (inset) The variation of the basal
spacings of the Cn

+-tetratitanate intercalation compounds as
a function of alkyl chain length.
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tion pattern (Figure 1a) of K2Ti4O9‚nH2O, where the
d(200) value is 0.87 nm. This observation shows the
expansion of the interlayer space caused by the reaction.
When Cn

+ with different alkyl chain lengths was
employed, products with different d(200) values were
obtained. The basal spacings of the products are sum-
marized in the Figure 1 inset as a function of the alkyl
chain length of the Cn

+. There is a linear relationship
between the d(200) values and n, indicating the inter-
calation of Cn

+ by the cation exchange mechanism.
From the relationship between the basal spacing and

n, the intercalated Cn
+ ions are thought to form paraffin

type aggregates in the interlayer space of tetratitanate.
Supposing that the alkyl chains are in an all-trans
configuration, the alkyl chains of the intercalated Cn

+

are inclined to the titanate layer at ca. 65 °C.
The amounts of the adsorbed Cn

+ were determined
for the products washed with 1,4-dioxane. The results
of the C, H, N analysis of the washed products are
shown in Table 1. When Cn

+ with n ) 4, 8, and 12 were
used, the basal spacings of the products did not change
significantly upon washing. This fact indicates that the
interlayer microstructures were not affected by the
washing. The adsorbed amounts of Cn

+ are determined
for the C4

+, C8
+, and C12

+ systems to be ca. 1.0 mol per
[Ti4O9]2-. The C/N ratios of the products are consistent
with those of Cn

+, showing the absence of C(222) in the
washed products. The infrared spectra of the washed
products showed absorption bands characteristic to Cn

+

such as CH stretching vibration at 2918 and 2850 cm-1,
confirming the formation of the Cn

+-tetratitanate
intercalation compounds.

On the other hand, the basal spacings of C18
+-,

C16
+-, and C14

+-tetratitanates decreased, showing the
deintercalation of Cn

+ during the washing. Efforts are
being made to avoid the deintercalation of Cn

+ during
the washing.

Since the direct ion exchange reaction of the orga-
noammonium ions and K2Ti4O9‚nH2O did not occur, the
intercalation of long chain alkylammonium ions into the
interlayer space of K2Ti4O9‚nH2O has been conducted
by means of the guest displacement method, as sche-
matically shown in Figure 2(3).11 A tetratitanic acid (H2-
Ti4O9‚nH2O) was prepared by acid treatment of K2Ti4O9‚
nH2O and allowed to react with an aqueous solution of
n-butylamine. The butylammonium-tetratitanate in-
tercalation compound thus obtained was used as the
intermediate for the introduction of bulkier organic
cations. It is also possible to accomplish the two-step
reaction (Figure 2(3)) in one pot in an acidic organo-
ammonium solution. The basal spacings and the ad-
sorbed amounts of Cn

+ of the Cn
+-tetratitanates pre-

pared in the present study are consistent with those
reported for the products prepared by the guest dis-
placement method, indicating that the microstructures

of the products are similar, irrespective of the reaction
methods. Thus, the ion exchange reaction in the pres-
ence of C(222) has proved to be an alternative way for
the preparation of organo-titanate intercalation com-
pounds.

Although the Cn
+-tetratitanates intercalation com-

pounds (n ) 4 and 12) have been obtained when C(222)
was replaced by 18-crown-6, the yields are much lower
compared with those when C(222) was employed. This
difference in the reactivity was ascribable to the differ-
ence in the potassium binding strength of C(222) and
18-crown-6.1

There are two possible mechanisms for the present
ion exchange reaction, as schematically shown in Figure
2: (1) C(222) molecules form complex ions with the
potassium ions deintercalated from the interlayer space
and organoammonium cations are intercalated into the
interlayer space to compensate the charge balance and
(2) C(222) molecules are first intercalated into the
interlayer space of K2Ti4O9‚nH2O to form a intercalation
compound. Subsequently, the complex ions formed in
the interlayer space are exchanged with organoammo-
nium cations.

To understand the reaction mechanism, the intercala-
tion of C(222) into the interlayer space of K2Ti4O9‚nH2O
was attempted. The intercalation of crown ethers and
cryptands into the interlayer spaces of smectites has
been reported so far, because the resulting intercalation
compounds may act as solid-electrolytes and ion selec-
tive membranes.12 Additionally, we have successfully
introduced 18-crown-6 into layered silicates, K-kenyaite
and K-fluorotetrasilicic mica, which show a relatively
low intercalating capability if compared with smec-
tites.13 The interactions between the ligands and the
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Table 1. Composition of the Products Determined by
Elemental Analysis (C, H, N)

Cn
+ C (wt %) N (wt %) m in [Cn

+]m[Ti4O9]

C4
+ 11.1 2.7 1.0

C8
+ 19.6 2.8 1.0

C12
+ 25.2 2.4 1.0

Figure 2. Schematic drawing of the cation exchange reaction.
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interlayer exchangeable cations have been proved to
play an important role for the reactions. However,
C(222) did not intercalate into the interlayer space of
K2Ti4O9‚nH2O by the reaction between K2Ti4O9‚nH2O
and C(222) in a 1,4-dioxane solution of C(222) (C(222)/K
) 2) at room temperature for up to 20 days. This fact
indicates that the ion exchange between potassium ions
and organoammonium ions in the presence of C(222)
occurred by mechanism 1, as schematically shown in
Figure 2.

In our separate study on the solid-state formation of
organoammonium-montmorillonite intercalation com-
pounds, we have found that the counteranions affect the
ion exchange reactions and proposed that the driving
force for the solid-solid reactions is the difference
between the free energies of the products and the
reactants.14 In the present system, the complexation of
potassium ion with C(222) and the solubility of the
formed complex in 1,4-dioxane led the successful ion
exchange reaction.

In summary, a novel synthetic method for the prepa-
ration of organoammonium-tetratitanate intercalation
compounds has been reported. Macrocyclic ligands
strongly interact with the interlayer cations to promote
the ion exchange reactions, which do not proceed in their
absence. Beside the scientific importance of the reaction
mechanism, the application of the present method to
the preparation of a wide variety of inorganic-organic
supramolecular systems is promising, since macrocyclic
ligands with variable guest binding selectivities and
layered solids with a wide variety of structures and
properties are known. There are also advantages in
using an organic solvent, as many organic cations are
soluble in an organic solvent and insoluble in water.
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