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ABSTRACT: A new class of heterogeneous catalytic sys-
tems utilizing cation�guest interactions was designed based
on microporous titanosilicate molecular sieves. Introducing
heavier alkali metal cations on ion-exchange sites of the
framework resulted in a significant enhancement of the
catalytic activity for oxidation of cyclohexene and styrene,
whereas such an enhancement was not observed in oxida-
tion of cyclohexane without π systems. Distinct relation-
ships between the catalytic activities and intermolecular
interaction energies which were determined by IR spectro-
scopic and computational approaches clearly evidenced the
predominance of the cation�π interaction in this catalytic
system.

Molecular sieve materials bearing multiple function sites can
offer immense possibilities for the design of catalytic

systems with specific properties. Among this material family,
titanosilicate molecular sieves, exemplified by TS-11 and Ti-
MCM-41,2 have been well-known to be efficient catalysts for the
oxidation of a variety range of hydrocarbons using H2O2.

3 This is
primarily because of high selectivity in products originating from
tetrahedrally coordinated Ti species in the silica matrix, strictly
ordered micro/meso porous structures and relatively hydropho-
bic nature of the surface. In such catalytic systems, precise control
of microenvironment, such as crystal architecture, hydrophobi-
city/organophilicity, polarity and electric charge density of the
surface, is one of the key subjects for achieving high catalytic-
efficiency because they significantly influence molecular dy-
namics and physicochemical properties of guest molecules.4�7

Much effort has been directed so far toward direct/postsynthetic
silylation of their surfaces using organosilanes,8 otherwise, graft-
ing of organotitanate species substituting surface silanols,9 which
offer improved catalytic activities by creating hydrophobic sur-
faces. Another possible approach is the employment of specific
intermolecular interactions between the solid surface and the
target organic molecules.

In this communication, we report a new approach which
utilizes a cation�π interaction for improving catalytic activity in
molecular sieve-based catalytic systems (Scheme 1). Cation�π
interaction, an intermolecular interaction between the face of a
π systemand an adjacent cation,10 has been recognized as a powerful

conformation-controlling tool in synthetic organic chemistry
(e.g., use of Na+ cations in Na�Y zeolite as conformational recog-
nition sites for chemoselective hydroperoxidation of alkenyl-
arenes11 or as activation sites for aldehyde derivatives12) due to
its strength several times greater than other interactions, such as
hydrogen bonding and van der Waals force. However, little is
known about its application to heterogeneous catalytic systems.

To examine the effect of alkali cations on catalysis, we prepa-
red a series of alkali metal cation functionalized titanosilicate
molecular sieves, M+@[Al,Ti]-ZSM-5 (M+ = Li+, Na+, K+, Rb+,
and Cs+), from calcined [Al,Ti]-ZSM-51 by repeated ion-ex-
change procedures (Si/Al and Si/Ti molar ratios were deter-
mined to be 72 and 139, respectively). X-ray diffraction and N2

adsorption identified microporous structures with MFI topology
having large surface area (SBET ∼ 460 m2/g) (Figure S1 and S2,
Supporting Information [SI]). By means of FT-IR,13 UV�vis,
and Ti K-edge XAFS measurements,14 the coordination geome-
tries of Al and Ti atoms were confirmed to be both typical of
tetrahedral coordination, indicating the isomorphorous substitu-
tion of these atoms within the silica matrix (Figure S3�S5,SI).
On the basis of elemental analysis, the ion-exchanged rates of
cations exceeded 95% in any cases, and no appreciable loss in
crystallinity was observed even after the repeated ion-exchange
procedures.

To demonstrate the cation�guest interactions, we examined
catalytic activity of the prepared samples using cyclohexene
epoxidation with H2O2 as a test reaction (Table 1). An Al-free
titanosilicate (TS-1) generally favored for this use because of its
hydrophobic nature of the surface compared with Al-containing
titanosiliate molecular sieves5 afforded TON = 38 and 72.2%
cyclohexene oxide selectivity; however, a series of M+-function-
alized materials showed superior cyclohexene conversion to
TS-1. The TON increased as the size of the alkali metal cations
increased, viz. Li+ < Na+ < K+ < Rb+ < Cs+, and Cs+@[Al,Ti]-
ZSM-5 provided the highest activity (TON = 135), which was
3.6 times higher than that of TS-1, with improved epoxide
selectivity (82.9%). Meanwhile, H+@[Al,Ti]-ZSM-5 resulted in
quite poor selectivity of epoxide (19.7%) due to its acidic nature.
The improved epoxide selectivity over M+@[Al,Ti]-ZSM-5 is
well consistent with the previous results by Goa et al. which
proved that ion-exchange with quaternary ammonium cations
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decreases density of acid sites and retards the formation of
byproducts.15 Furthermore, H2O2 conversion correspondingly
increases by employing larger alkali metal cations, verifying
improved catalytic efficiency. Such an enhancement in catalytic
activity was not observed with different ionic state of Cs atoms;
neither using Cs-impregnated TS-1 nor direct addition of equi-
valent amount of Cs2CO3 in the reaction solution with TS-1
made any significant contribution to the TON (see Table S2).16

These catalytic results unambiguously indicate that Cs+ atoms
cationically immobilized on ion-exchange sites affect the conver-
sion rate, serving as adsorption sites not as cocatalysts.

Khouw et al. and Tatsumi et al., who examined the effect of
Na+ and K+ cations as impurities during the synthesis, have
commonly reported the negative contributions of alkali cations
to the catalytic activity and selectivity in the oxidation of aliphatic
olefins. This can be attributed to the high polarity of alkali metal
cations located adjacent to the Ti atoms in the form of tSi�
O�M+ (M+ = Na+, K+ etc.).17,18 In order to clarify the role of
alkali metal cations in our case, cyclohexene adsorption followed
by FT-IR measurement was conducted. Among several distin-
guishable bands observed in the C�H stretching vibration
region,19 a band assignable to stretchingmode of olefinicdCH�
bond was observed at around 3028 cm�1 on TS-1.20 A shift of
this band toward lower wavenumbers was observed by introducing
and continuously changing the alkali metal cations from Cs+ to

Li+ (Figure S6, SI), suggesting an interaction between cyclohex-
ene molecules and the alkali metal cations. A clear inverse
correlation can be found between the TON and the IR peak
position corresponding to the olefinic bond of the chemisorbed
cyclohexene (Figure 1A). This result can be explained in terms of
changes in the interaction energy of the alkali cations; lighter
alkali cations located inside of the micropore channels may act as
stronger adsorption sites, giving rise to a stronger attractive force
toward electron-rich olefin double bonds, than heavier alkali
cations. On the contrary, neither any appreciable enhancement
in catalytic activity nor any band shift in IR spectra was observed
in the case of cyclohexane, a saturated cyclic hydrocarbon with
molecular structure similar to that of cyclohexene (for catalytic
results, see Table S3 in SI).21

Above tendency is also corroborated by atomistic considera-
tion based on Sanderson’s electronegativity, which is well-
accepted as a criterion to determine the equalized electronega-
tivity of zeolite frameworks.22 We can identify closely similar
relationship between the TON in the cyclohexene epoxidation
and the electronegativity of the unit cell of the M+@[Al,Ti]-
ZSM-5 (Figure 1B), i.e. higher catalytic activity can be obtained
as the attracting force toward electrons is weakened. These
experimental results evidence the predominance of the cation�
guest interaction in this catalytic system.

To clarify the intricate cation�guest interactions at the mole-
cular level, ab initio molecular orbital calculations were carried
out adopting three-component supramolecular systems com-
prised of an organic adsorbate, a relaxed cluster model of zeolite
framework, and an alkali metal cation.23,24 The conformational
geometry of the cyclohexene molecule fully optimized with a
Si(1)Al(1) cluster model and a Cs+ cation is schematically illus-
trated in Figure 2A. In the MP2 optimized conformations, the
olefin double bond of cyclohexene molecule always faced toward
the alkali metal cation, which is electrostatically stabilized in the
vicinity of the Si(1)Al(1) cluster, and no significant overlapping
between the orbitals of cyclohexene molecules and cations was
observed, suggesting that the cyclohexene molecules are stabi-
lized on the alkali cations by electrostatic interactions. The
adsorption energy between the cyclohexene molecule and the
alkali metal cation, ΔHads, obtained from the calculated total
energy of the supramolecular systems linearly decreased by

Scheme 1. Molecular Dynamics of Cyclohexene Molecules
within the Micropores of Alkali Metal Cation Functionalized
[Al,Ti]-ZSM-5 Molecular Sieve

Table 1. Textual Properties and Results in Cyclohexene Epoxidation of Alkali Metal Cation-Functionalized [Al,Ti]-ZSM-5

N2 ads. cyclohexene epoxidation e

sample

unit cell

compositiona
ionic radii of alkali

cation (Å)

Sanderson’s

electronegativityb
SBET

c

(m2/g)

Vmicro
d

(cm3/g) TON f

Sepox
g

(%)

H2O2 conv.

(%)

H2O2

eff.h

(%)

TS-1 Ti0.7Si95.3O192 � 4.221 453 0.190 38 72.2 10.0 22.2

Li+@[Al,Ti]-ZSM-5 Li1.26H0.06Al1.32Ti0.68Si94O192 0.68 4.212 463 0.189 45 76.5 5.3 50.0

Na+@[Al,Ti]-ZSM-5 Na1.32Al1.32Ti0.68Si94O192 0.97 4.210 455 0.187 69 93.6 7.6 53.6

K+@[Al,Ti]-ZSM-5 K1.32Al1.32Ti0.68Si94O192 1.33 4.200 452 0.184 93 93.2 9.7 53.1

Rb+@[Al,Ti]-ZSM-5 Rb1.30H0.02Al1.32Ti0.68Si94O192 1.55 4.197 435 0.180 109 83.4 12.6 50.6

Cs+@[Al,Ti]-ZSM-5 Cs1.30H0.02Al1.32Ti0.68Si94O192 1.70 4.193 431 0.175 135 82.9 15.5 51.0
aDetermined by ICP analysis. bCalculated according to the equation (SM

p SH
q SAl

r STi
t SSi

u SO
v)1/(p+q+r+t+u+v), where SM, SH, SAl, STi, SSi, and SO

represent the Sanderson’s electronegativities of the alkali metal cation, hydrogen, aluminum, titanium, silicon, and oxygen, respectively, and p, q, r, t, u,
and v represent the number of the corresponding element in a unit cell, respectively.22 cCalculated from the adsorption branch of the N2 isotherms
by BET (Brunauer�Emmett�Teller) method. dDetermined by Rs-plot.

eReaction conditions: catalyst (50 mg), cyclohexene (10 mmol), H2O2 (30%
aqueous solution, 10 mmol), acetonitrile (10 mL), 60 �C, 4 h. fTON = [moles of cyclohexene converted]/[moles of Ti]. g Selectivity of epoxide.
hCalculated by [moles of cyclohexene converted]/[moles of H2O2 consumed] � 100.
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varying the alkali cations from Li+ to Cs+ (Figure 3A), theore-
tically proving that the larger alkali cation has weaker electrostatic
interaction between cyclohexene molecule. Furthermore, the
TON in the cyclohexene epoxidation plotted against the
obtained ΔHads values afforded a similar correlation to that
observed in Figure 1 (Figure 3B). On the other hand, calcula-
tions using cyclohexane as an adsorbate demonstrated that
adsorption energy of cyclohexane is independent of the kind of
alkali metal cations. These results well agree with the experi-
mental results.

On the basis of the experimental and computational results,
we can attribute the enhancement of catalytic activity to weak
cation�π interactions between heavier alkali metal cations and
adjacent olefin molecules which improves the diffusibility of
olefin molecules within the micropores, where the heavier alkali
metal cations work as reversible adsorption sites; contrarily,
lighter alkali metal cations hinder the diffusion due to a strong
cation�π interaction.

In the case of styrene oxidation (Figure 4 B),25 the influence
on catalytic activity was less pronounced compared with the case
of cyclohexene epoxidation, although the TON continuously
increased with increasing the size of alkali metal cations (TON:
38 for TS-1 and 55 for Cs+@[Al,Ti]-ZSM-5, see also Table S4,
SI). This is primarily because products are also under the influ-
ence of cation�π interaction. As shown in Figure 2B, the
optimized conformational geometry of styrene molecule visually
suggests the interaction between a Cs+ cation and the aromatic
ring. The �ΔHads value between Cs+ and styrene calculated
under the most stable conformational geometry was 12.94 kcal/
mol, which is quite larger than that betweenCs+ and cyclohexene,

6.68 kcal/mol. It is presumable that the interaction between π-
conjugated systems of aromatic rings and alkali cations retards
the diffusion of styrene and byproduct molecules, which results
in slight increase of the catalytic activity.

It is also worth mentioning that such a significant enhance-
ment was not observed in the case of mesoporous silica-based
materials, Cs+@[Al,Ti]-MCM-41,26 with diameter of 2.7 nm
which is ca. 5 times larger than that of ZSM-5 zeolite (the widest
diameter of 5.6 Å). Oxidation of cyclohexene with H2O2 gave
TON = 66 for Cs+@[Al,Ti]-MCM-41, which is slightly higher
than that of Ti-MCM-41 (TON = 52), and oxidation of styrene
resulted in similar results (Figure 4A,B, see also Table S5 [SI] for
details). These comparative studies imply that the cation�π
interaction predominantly works only within the restricted
microspaces of zeolites, where olefin molecules are forced to
be located adjacent to the cation sites.

In summary, we can conclude that heavier alkali cations are
capable of improving diffusional properties of olefin molecules
acting as reversible adsorption sites via a weak cation�π inter-
action, and thus the catalytic activity is enhanced. The theoretical
concept of this enhancement is in marked contrast to the pre-
vious principles in titanosilicate molecular sieve catalysts: Al and
the corresponding exchangeable cation sites provide hydrophilic
environment, where water and polar solvents are strongly
adsorbed, and the organic substrates have a limited access to
the active sites.5,17,18 This study demonstrated that utilization of
cation�guest interaction provides a method for achieving high
catalytic efficiency in particular catalytic reactions.We expect that

Figure 2. Optimized conformational geometries of supramolecular
systems comprising adsorbate molecules ((A) cyclohexene and (B)
styrene), Cs+ cations, and Si(1)Al(1) model clusters. (white: H, gray: C,
red: O, pink: Al, light blue: Si, and purple: Cs).

Figure 1. (A) Correlation between TON in cyclohexene epoxidation
and IR peak position corresponding to the olefinic dCH� bond of
cyclohexene chemisorbed on M+@[Al,Ti]-ZSM-5 and (B) Correlation
between TON in oxidation reactions and Sanderson’s electronegativity
(b: cyclohexene, O: cyclohexane).

Figure 3. (A) Adsorption energy between the adsorbate molecules (b:
cyclohexene, O: cyclohexane) and the alkali metal cations stabilized on
Si(1)Al(1) model clusters, �ΔHads. (B) Correlation between TON in
oxidation reactions and �ΔHads (b: cyclohexene, O: cyclohexane).

Figure 4. TON for the oxidation of (A) cyclohexene and (B) styrene
with H2O2 over various titanosilicate molecular sieves. Reaction condi-
tions are described in the footnote. TON = [moles of olefin conver-
ted]/[moles of Ti].
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the insight obtained in this study can be further extendible to the
other molecular sieve-based catalytic systems bearing different
catalytically active centers.
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