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Coadsorption studies of chiral tris(1,10-phenanthroline)ruthenium(II) ([Ru(phen)3]2+) andN-methylated
cinchona alkaloid cation (MQN+) were conducted on a smectite clay by ion exchange reactions.
Photoinduced energy transfer between these cations was confirmed by the photoluminescence spectra,
indicating that the cations were co-intercalated in the interlayer space of a smectite. When a ternary
ion-exchanged adduct of [Ru(phen)3]2+/MQN+/smectite was employed as a packing material for liquid
chromatography, the column proved to resolve a racemic mixture of 1,1′-binaphthol more effectively
than the column packed with a binary adduct of [Ru(phen)3]2+/smectite. The results reflected the
enhancement of the chiral discrimination ability through the cooperative interactions among two kinds
of preadsorbed chiral cations.

Introduction

A smectite group of layered clay minerals has been applied
in a wide range of scientific research due to their unique
properties such as two-dimensional expandable interlayer
space, large surface area, cation exchange ability, and remark-
able stability against chemical and physical destruction.1-4

As one of these characteristics, a smectite can accommodate
various organic cations into its interlayer space. The resultant
organically modified smectites are used as adsorbents for
nonionic organic compounds,2,5-6 since the combination of
hosts and guests for wide ranges of layer charge density
(host) and molecular geometry (guest) leads to the controlled
adsorptive properties of organically modified smectites.

Along this line, organically modified smectites have been
applied as a packing material for liquid column chromatog-
raphy due to their selective adsorptive properties.7-9 In
particular, the intercalation of chiral metal complexes such
as tris(2,2′-bipyridine)ruthenium(II) (abbreviated as [Ru-
(bpy)3]2+) and tris(1,10-phenanthroline)ruthenium(II) (ab-
breviated as [Ru(phen)3]2+) by a smectite has been studied
to understand the nature of the host-guest systems10,11 as
well as to construct an adsorbent,12 optical resolving agent,13

and a chiral catalysis.14 The method of optical resolution by
use of a chiral metal complex-clay intercalation compounds
was based on the chiral discrimination through the intermo-
lecular interactions between an adsorbed metal complex and
a resolved molecule.

One possibility to improve selectivity toward a wider range
of racemic compounds is to coadsorb two different kinds of
chiral cationic molecules on a smectite. The cooperative
interactions of adsorbed cations might exhibit higher selec-
tivity than either one of the adsorbates alone does. The
intercalation of two cationic species, however, often results
in segregation, where they are intercalated in the different
gallery spaces.15 Hence, the proper combination of two kinds
of the preadsorbed chiral cationic molecules is most impor-
tant in order to construct a clay-organic intercalation
compound with optimum molecular discrimination.
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In this work, the coadsorption of chiral [Ru(phen)3]2+

complex and cinchona alkaloid derivative cation (Chart 1)
on a smectite has been studied. Cinchona alkaloid derivatives
were selected as a coadsorbate because they were among
the most versatile and most highly used chiral molecule
shapes in enantiomeric separations and asymmetric synthe-
ses.16 One of the applications is the enantioselective hydro-
genation of ethyl pyruvate by using the clay-alkaloid
compounds loading platinum particles.17 Interactions among
the coadsorbed chiral cations on a smectite were attempted
to attain the optimum selectivity of a target racemic
compound such as tris(acetylacetonato)ruthenium complex
(Chart 2a) and 1,1′-binaphthol (Chart 2b).

Experimental Section
Materials. Synthetic sodium hectorite (Laponite XLG, Rock-

wood Additives Ltd., abbreviated as Laponite) was used after spray-
drying.18 The obtained spray-dried Laponite is the aggregate, which
consists of disk-shaped Laponite particles (<0.02µm). Each particle
was spherically shaped with an average diameter of 12µm. The
elemental composition of the Laponite was stated to be (Na0.70)+0.70-
Si8.00(Mg3.50Li 0.30)O20(OH)4-0.70 with a cation exchange capacity
(CEC) of 63 mequiv/(100 g of clay). Optically active [Ru(phen)3]2+

diperchlorate (abbreviated as [Ru(phen)3](ClO4)2) was prepared as
described previously.18 N-Methylated quinine perchlorate (abbrevi-
ated as MQN(ClO4)) was prepared as follow: 3.21 g (9.9 mmol)
of quinine and 1.89 g (13.3 mmol) of iodomethane were refluxed
at 353 K in benzene for 4 h under N2 atmosphere. The precipitate
was dissolved in water, and sodium perchlorate was added in the
aqueous solution. The precipitate was purified by recrystallization
from methanol. The1H NMR measurements confirmed that two
kinds of MQN+ were synthesized (Chart 1). In the present study,
these MQN+s were used as a mixture. Tris(acetylacetonato)-
ruthenium(III) (Aldrich, abbreviated as [Ru(acac)3]) and 1,1′-
binaphthol (Kanto Kagaku Chemical, Japan) were used as received.

Synthesis of [Ru(phen)3]2+/MQN +-Laponite Intercalation
Compounds.A 2.0 g amount of Laponite was dispersed in 100
mL of methanol and stirred for 10 min. A 50 mL aliquot of∆-(or
Λ-)[Ru(phen)3](ClO4)2 methanol solution (11.5 mM) was added
in the suspension and stirred for 4 h. Thereafter a MQN(ClO4)
methanol solution was added to the suspension and stirred for 4 h.
The suspension was centrifuged at 3000 rpm for 10 min. The added
amount of each guest is summarized in Table 1 with the abbrevia-
tion of the products.

Preparation of Columns for Optical Resolution.The obtained
intercalation compounds were dispersed in methanol in order to
prepare a slurry. The slurry was packed in a 5.0 0.4 cm stainless
tube using a slurry packer (SC-30, JASCO Ltd.). A 200 mL aliquot
of methanol was flowed in the stainless tube in 4 h to pack the
slurry.

Characterization. The X-ray powder diffraction patterns of the
products were recorded on a Rigaku Rint Ultima System using
monochromatic Cu KR radiation. The UV-vis absorption spectra
of the [Ru(phen)3]2+/MQN+-Laponite methanol suspensions were
recorded on a Hitachi U-2810 spectrophotometer. The photolumi-
nescence spectra of the [Ru(phen)3]2+/MQN+-Laponite methanol
suspensions were recorded on a FP 6500 specrofluorometer (JASCO
Ltd.). Luminescence lifetimes were measured by a single-photon-
counting technique on a HORIBA NAES-700 time-correlated
spectrophotometer equipped with a hydrogen lamp. These measure-
ments were conducted under ambient atmosphere at room temper-
ature. Since [Ru(phen)3]2+/MQN+-Laponite did not swell in
methanol, the suspensions were stirred during the UV-vis, pho-
toluminescence, and luminescence lifetime measurements. The
absolute configuration of each enantiomer was determined from
the circular dichroism spectra with a polarimeter J-700 (JEOL).
The chromatogram was recorded with a UV-975 (JASCO Ltd.).
About 1000 ppm of either a racemic mixture or an enantiomer of
[Ru(acac)3] and 1,1′-binaphthol was mounted and eluted with
methanol. The elution was monitored by absorbance at 400 and
345 nm for [Ru(acac)3] and 1,1′-binaphthol, respectively. The dead
volume of a column was obtained by injecting 5µL of chloroform,
assuming that chloroform was not adsorbed by the column.

Results and Discussions

Intercalation of [Ru(phen)3]2+ and MQN+ into the
Interlayer Space of Laponite.By the reactions of Laponite
with [Ru(phen)3]2+ and MQN+, orange solids were obtained.
The quantitative adsorption of the added cationic guests was
confirmed by the UV-vis absorption spectra of a supernatant
where the metal-to-ligand charge transition (MLCT) band
of [Ru(phen)3]2+ (around 450 nm) and theπ-π* band of
MQN+ (around 325 nm) were measured as a characteristic
peak. The XRD patterns of Laponite and the orange products
prepared by the reaction with Laponite and cationic guests
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Chart 1. Molecular Structure of Cinchona Alkaloid
Derivative Cation Used in This Study (MQN+)

Table 1. Abbreviated Designation of the Products

amt of added guest cations
(mequiv/(100 g of clay))

product name
Λ-,∆-

[Ru(phen)3]2+ MQN+ abbreviation

∆-[Ru(phen)3]2+/MQN+- 20 0 ∆20/0-Laponite
Laponite 20 10 ∆20/10-Laponite

20 20 ∆20/20-Laponite
20 30 ∆20/30-Laponite
20 40 ∆20/40-Laponite

Λ- [Ru(phen)3]2+/MQN+-
Laponite

20 40 Λ20/40-Laponite

MQN+-Laponite 0 40 0/40-Laponite
0 60 0/60-Laponite
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are shown in Figure 1. The loading amounts and composi-
tions of cationic guests are denoted by a notation,∆x/y-
Laponite, in which ∆x and y denote the amounts of
∆-[Ru(phen)3]2+ and MQN+ adsorbed by Laponite in terms
of milliequivalents per 100 g of clay, respectively. The basal
spacing of the products (1.52, 1.72, 1.72, and 1.81 nm for
∆20/0-, 0/40-, 0/60-, and∆20/40-Laponite, respectively) was
longer than that of the Laponite (Figure 1a, 1.23 nm),
confirming the adsorption of the cationic guests in the
interlayer space of Laponite. The heights of [Ru(phen)3]2+

along its C3 axis and a MQN+ molecule are both estimated
to be ca. 0.80 nm. Subtracting the thickness of the silicate
layer (0.96 nm) from the basal spacing, the height of the
gallery space is estimated to be 0.56 nm for the∆20/0-
Laponite (1.52 nm). This value is smaller than the height of
[Ru(phen)3]2+, suggesting that the diffraction peak shown
in the XRD pattern of the∆20/0-Laponite consists of two
peaks and the ion segregation between the adsorbed [Ru-
(phen)3]2+ and sodium cation was confirmed. On the other
hand, the basal spacing of the∆20/40-Laponite (1.81 nm)
was large compared with the basal spacing of 0/40- and 0/60-
Laponite (1.72 nm). These results suggested that the addition
of MQN+ led to the uniform expansion of the basal spacing
of the [Ru(phen)3]2+-Laponite. Based on this, [Ru(phen)3]2+

and MQN+ were concluded to intercalate in the same
interlayer space of Laponite. The gallery height of the [Ru-
(phen)3]2+/MQN+-Laponite was calculated to be 0.85 nm
from the basal spacing (1.81 nm), indicating that the guests
were intercalated in the interlayer space of the Laponite as
a monomolecular layer.

Figure 2 shows the effect of the loading of MQN+ on the
XRD patterns of the [Ru(phen)3]2+/MQN+-Laponite at the
constant loading of [Ru(phen)3]2+. Low MQN+ loadings

(∆20/0- and∆20/10-Lapontie) resulted in the ion segregation.
Contrarily, when the added MQN+ amount was large (∆20/
30- and∆20/40-Lapontie), the basal spacing of the products
was 1.81 nm and no other minor phases were detected. These
results suggested that the adsorbed guests were intercalated
without segregation, although the precise distribution of the
adsorbed [Ru(phen)3]2+ and MQN+ in the interlayer space
of Laponite was not clear.

Fluorescence Quenching of Intercalated MQN+ in the
Interlayer Space of Laponite. The UV-vis absorption
spectra of∆20/0- and∆20/40-Laponite methanol suspensions
are shown in Figure 3. In both of the absorption spectra, the
MLCT absorption band of [Ru(phen)3]2+ appeared around
450 nm. No spectral shift of the MLCT bands was observed
by the addition of MQN+. The absorption spectrum of a∆20/
40-Laponite methanol suspension (Figure 3b) showed the
π-π* absorption band of the MQN+ band around 334 nm.
The emission spectra of the [Ru(phen)3]2+/MQN+-Laponite
methanol suspension under an excitation at 450 nm are

Chart 2. Molecular Structure of the Tris(acetylacetonato)ruthenium Complex ([Ru(acac)3], a) and 1,1′-Binaphthol (b)

Figure 1. XRD patterns of Laponite (a),∆20/0-Laponite (b), 0/40-Laponite
(c), 0/60-Laponite (d), and∆20/40-Laponite (e).

Figure 2. XRD patterns of∆20/0-Laponite (a),∆20/10-Laponite (b),∆20/
20-Laponite (c),∆20/30-Laponite (d), and∆20/40-Laponite (e).

Figure 3. UV-vis absorption spectra of∆20/0-Laponite (a) and∆20/40-
Laponite (b) methanol suspension. The concentration of the intercalation
compound to methanol was 20 mg/(4 mL).
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shown in Figure 4. The excitation wavelength (450 nm)
corresponded to the absorption band due to the adsorbed [Ru-
(phen)3]2+. Since no fluorescence due to the adsorbed MQN+

was detected around 560 nm (Figure 4, 0/40) under this
condition, the emission around 560 nm was concluded to
arise exclusively from the adsorbed [Ru(phen)3]2+. The
luminescence due to the MLCT transition of the adsorbed
[Ru(phen)3]2+ was observed around 560 nm. Compared with
the emission maximum of the [Ru(phen)3]2+ in methanol
solution (572 nm), the luminescence of the adsorbed [Ru-
(phen)3]2+ observed around 560 nm was shifted toward a
shorter wavelength region. This blue shift could be explained
by the fixation of a luminescent species on a surface or
rigidochromism.20 It was hypothesized that an increased
possibility for relaxation in a more fluid state caused the
spectral shifts. In the present system, the intercalation of the
[Ru(phen)3]2+ is thought to fix the [Ru(phen)3]2+ rigidly to
cause the spectral blue shifts. The luminescence maximum
stayed constant at 560 nm when the loading of∆-[Ru-
(phen)3]2+ increased to (∆20/0). This result indicated that
the intermolecular interactions in the interlayer space of the
Laponite are thought to be constant in the∆1/0 to ∆20/0
region.

Compared with the luminescence of the adsorbed∆-[Ru-
(phen)3]2+ on Laponite (∆20/0, 560 nm), the luminescence
maximum was slightly shifted toward the longer wavelength
(ca. 3 nm) when the MQN+ was coadsorbed on Laponite
(∆20/40, 563 nm). In the present system, both the increase
of hydrophobicity of the microenvironment around the
intercalated [Ru(phen)3]2+ by the adsorption of MQN+ and
the relaxed rigidochromism are thought as the origin of the
red shift. Colón and co-workers found the concentration
dependence of the luminescence maximum for [Ru(bpy)3]2+

intercalated in zirconium phosphate sulfophenylphosphonate
at different loadings. They attributed the spectral shifts to a
hydrocarbon-like environment, both by neighboring bipyri-
dine and by the hydrophobic nature of phenyl rings.21 Ogawa
et al. reported the intercalation of [Ru(bpy)3]2+ into the

swelling mica-poly(vinylpyrrolidone) intercalation com-
pound.22 The luminescence maxima of the intercalated [Ru-
(bpy)3]2+ shifted gradually toward the shorter wavelength
with the decrease of the loading of [Ru(bpy)3]2+, reflecting
the variation in the microenvironments of the intercalated
[Ru(bpy)3]2+. In the present system, the red shift reflected
the increase of hydrophobicity of the microenvironment
around the intercalated [Ru(phen)3]2+ by the adsorption of
MQN+.

The luminescence intensity of [Ru(phen)3]2+ became
stronger as the amount of the adsorbed MQN+ increased.
This result indicated that the self-quenching of the adsorbed
[Ru(phen)3]2+ was suppressed as a consequence of the
dilution of the surface density caused by the addition of
MQN+.

It was pointed out that the self-quenching of the excited
[Ru(bpy)3]2+ was observed even at a low loading of the [Ru-
(bpy)3]2+ on a smectite (a few milliequivalents per 100 g of
clay).15 Ogawa et al. reported the suppression of the self-
quenching of the adsorbed [Ru(bpy)3]2+ on a clay by the
aid of poly(vinylpyrrolidone).22,23 The hydrophilic polymer
coadsorbed in the interlayer space of a swelling mica and
controlled the distribution of the adsorbed [Ru(bpy)3]2+. Sasai
et al. reported the coadsorption of rhodamine 6G and
cetyltrimethylammonium cations on montmorillonite in order
to construct a light-emitting material.24 The fluorescence of
rhodamine 6G could be detected at a loading as low as less
than 0.5 mequiv/(100 g of clay), suggesting that alkylam-
monium cation has an effect of suppressing the self-
quenching of the coadsorbed dye. Hagerman et al. reported
that the coadsorption of the cationic surfactant and [Ru-
(bpy)3]2+ on a Laponite cast film resulted in the suppression
of the luminescence self-quenching of the adsorbed [Ru-
(bpy)3]2+.25 Compared with these reported systems, it is
safely deduced that the increase of the luminescence intensity
of the [Ru(phen)3]2+ in the present system is an indication
of the coadsorption of [Ru(phen)3]2+ and MQN+ on a
Laponite surface.

Figure 5 shows the emission spectra of methanol suspen-
sion of the [Ru(phen)3]2+/MQN+-Laponite under an excita-
tion at 325 nm. The excitation wavelength (325 nm)
corresponded to the absorption band due to the adsorbed
MQN+. In fact, the emission spectrum of the 0/40-Laponite
suspension (Figure 5e) showed the fluorescence due to the
adsorbed MQN+ around 440 nm.26,27 Notably the fluores-
cence of the adsorbed MQN+ disappeared in the presence
of the [Ru(phen)3]2+ (Figure 5a-d). Concomitantly the
luminescence intensity of the adsorbed [Ru(phen)3]2+ in-
creased by the addition of the MQN+. These results indicated
that the photoinduced energy transfer from the excited MQN+
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Figure 4. Emission spectra of the∆20/0-Laponite (a),∆20/10-Laponite
(b), ∆20/20-Laponite (c),∆20/40-Laponite (d), and 0/40-Laponite (e)
methanol suspensions. The excitation wavelength was 450 nm.
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to the coadsorbed [Ru(phen)3]2+ took place on Laponite
surfaces. The fluorescence quenching of a quinine cation by
an energy acceptor such as a halide ion has been previously
reported.28 The quenching process was explained by the
charge-transfer mechanism between a quinine cation and a
halide ion.28 In the present system, taking into account the
overlap of the wavelength between the fluorescence of the
MQN+ (440 nm, Figure 5e) and the MLCT absorption band
of the [Ru(phen)3]2+ (450 nm, Figure 3), the quenching
mechanism of MQN+ may be explained in terms of the
Förster-type energy transfer although further experimental
data are needed to confirm the quenching mechanism such
as the luminescence lifetimes of the adsorbed guests. The
occurrence of the effective photochemical reaction between
the coadsorbed guests on Laponite, however, indicated that
the [Ru(phen)3]2+ and MQN+ cations were intercalated into
the same interlayer space of the Laponite without segregation.

The results of the luminescence lifetime of the adsorbed
[Ru(phen)3]2+ on Laponite are shown in Table 2. The
excitation light through the band-pass filter (B390, HOYA
Corp.) was used. By the light irradiation, both the adsorbed
MQN+ and∆-[Ru(phen)3]2+ were excited. All the lumines-
cence decay curves of the intercalation compounds were
fitted by a double-exponential model, which is expressed as

whereI(t) is luminescence intensity at timet, A1, andA2 are
preexponential factors, andk1 andk2 are decay rate constants,

respectively. The decay was fitted to a major long-lived
component with a minor short-lived component. Except for
the system of the∆20/40, the luminescence lifetimes of the
adsorbed∆-[Ru(phen)3]2+ increased with the increase of the
loading amount of MQN+, indicating that the energy transfer
from MQN+ to ∆-[Ru(phen)3]2+ took place on a Laponite
surface. On the contrary, the decrease of the luminescence
lifetime of ∆-[Ru(phen)3]2+ in the∆20/40-Lapontie system
reflected that much amount of the adsorbed MQN+ caused
the cation segregation on Laponite and that the energy
transfer could not occur effectively. This suggestion cor-
responded to the result that the emission intensity of the
∆-[Ru(phen)3]2+ in the ∆20/40 system (Figure 5d) was
weaker than that of the∆20/10 system (Figure 5b).

It has been pointed out that the intercalation of two cationic
species often results in segregation, where they are interca-
lated in the different gallery spaces.15 There are few examples
to overcome the segregation problem to realize intermolecu-
lar reactions on smectites. For example, two cationic por-
phyrins (zinc and free base) were intercalated in the same
interlayer space of the smectite to lead to photoinduced
energy transfer.29 Coadsorption of cationic (methyl green)
and neutral (bioresmethrin) species on a smectite led to
effective photoinduced energy transfer.30 The adsorption of
poly(vinylpyrrolidone) on a clay was found to assist the
coadsorption of [Ru(bpy)3]2+ and methyl viologen dications
and the photoinduced electron-transfer quenching between
them.31 The energy transfer from MQN+ to [Ru(phen)3]2+

in the interlayer space of Laponite as observed here may be
of great value as one of the examples to accomplish the
controlled intermolecular reactions by organizing reactant
on smectites.

Application of Ion Exchanged Adducts for Chromato-
graphic Resolution.The present finding of the coadsorption
of two different kinds of chiral cations by Laponite was
utilized to develop a column material with higher selectivity
in optical resolution. As a resolved racemic mixture, [Ru-
(acac)3] and 1,1′-binaphthol were employed. These molecules
were known to be resolved on a column packed with an
adduct of [Ru(phen)3]2+-Laponite. Thus, any change of the
resolution ability was thought to be the effect of an added
cation (MQN+) on the resolution processes.

Figure 6 shows the chromatograms of [Ru(acac)3] when
it was eluted with methanol on a column packed with [Ru-
(phen)3]2+/MQN+-Laponite at room temperature. Except for
the 0/40-Laponite column, the chromatograms consisted of
two peaks, indicating the achievement of optical resolution.
The capacity ratio (k′) and the selectivity (R) of [Ru(acac)3]
and binaphthol are presented in Table 3. Here the parameters,
k′ andR, are defined as

where tR is the retention time of [Ru(acac)3] and t0 the
retention time of chloroform, assuming that chloroform was

(28) Bigger, S. W.; Watkins, P. J.; Verity, B.Int. J. Chem. Kinet.2000,
32, 473.

(29) Takagi, S.; Tryk, D. A.; Inoue, H.J. Phys. Chem. B2002, 106, 5455.
(30) Margulies, L.; Rozen, H.; Cohen, E.Nature1985, 315, 658.
(31) Kakegawa, N.; Ogawa, M.Langmuir2004, 20, 7004.

Figure 5. Emission spectra of the∆20/0-Laponite (a),∆20/10-Laponite
(b), ∆20/20-Laponite (c),∆20/30-Laponite (d), and∆20/40-Laponite (e)
methanol suspensions. The excitation wavelength was 325 nm.

Table 2. Luminescence Life Times of the Adsorbed∆-[Ru(phen)3]2+

on Laponite

[Ru(phen)3]2+/MQN+ τ1, ns Q1, % τ2, ns Q2, % ø2

∆20/0 1150 88 302 12 1.04
∆20/5 1340 88 318 12 1.06
∆20/10 1460 87 395 13 1.07
∆20/20 1680 86 413 14 1.07
∆20/40 1160 82 305 18 1.08

I(t) ) A1 exp(-k1t) + A2 exp(-k2t) (1)

k′R ) (tR - t0)/t0 (2)

R ) k′2/k′1 (3)
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not adsorbed by the column. The quantities,k′1 andk′2, are
the capacity ratios of the enantiomers of [Ru(acac)3]. The
retention times, which were obtained with the chromatograms
of each enantiomer, were used to calculate thek′R in order
to obtain the retention times exactly. The retention time of
k′1 is shorter than the time ofk′2. ∆ or Λ in Table 3 denotes
the absolute configuration of the less retained enantiomer.
By using the∆20/0- and 0/40-Laponite columns for optical
resolution of [Ru(acac)3], the less retained enantiomer was
found to beΛ-[Ru(acac)3]. The difference of theR values
of [Ru(acac)3] by using the∆20/0-Laponite (1.89) and 0/40-
Laponite (1.21) columns suggested that the stereoselective
interactions between preadsorbed [Ru(phen)3]2+ and [Ru-
(acac)3] were stronger than the interactions between MQN+

and [Ru(acac)3]. Therefore, stereoselective interactions
between [Ru(phen)3]2+ and [Ru(acac)3] dominated when
the ∆20/40-Laponite andΛ20/40-Laponite columns were
used.

The cooperative effect of two kinds of cations was
examined by comparing the resolution behavior between two

columns: one was the∆20/0-Laponite and 0/40-Laponite
columns connected in series (column 1) and the other the
∆20/40-Laponite column (column 2). For the case of [Ru-
(acac)3], the R value was obtained to be 1.60 and 1.75 for
columns 1 and 2, respectively. The enhancement of separa-
tion efficiency was confirmed when two cations were
coadsorbed on the same Laponite. The results suggested that
the ternary system among the preadsorbed [Ru(phen)3]2+,
MQN+, and the [Ru(acac)3] in the ∆20/40-Laponite column
acted cooperatively in discriminating the chirality of [Ru-
(acac)3] on a Laponite surface. However, theR values of
[Ru(acac)3] by using the ∆20/40-Laponite andΛ20/40-
Laponite columns (1.75) were smaller than the value of [Ru-
(acac)3] by using ∆20/0-Laponite (1.89). This result sug-
gested that the coadsorbed MQN+ prevented the stereoselective
interactions between [Ru(phen)3]2+ and [Ru(acac)3].

Figure 7 shows the chromatograms of 1,1′-binaphthol
eluted with methanol on a column packed with [Ru-
(phen)3]2+/MQN+-Laponite at room temperature. Chro-
matograms exhibited two peaks for the cases of the∆20/
40-Laponite andΛ20/40-Laponite columns. The obtainedR
value was 1.19 and 1.29 for the∆20/40-Laponite andΛ20/
40-Laponite columns, respectively (Table 3). Since the values
were higher than that on the∆20/0-Laponite column, the
results indicated that the effective optical resolution of
binaphthol was achieved due to the cooperative interactions
of the coadsorbed two cations. The difference of theR value
by using the connected∆20/40-Laponite andΛ20/40-
Laponite columns reflected the stereoselectivity of each
preadsorbed cation to racemic 1,1′-binaphthol.

Figure 6. Chromatograms when a racemic mixture of [Ru(acac)3] was
eluted with methanol on columns packed with the [Ru(phen)3]2+/MQN+-
Laponite. The packed materials were∆20/0 (a), 0/40 (b),∆20/40(d), and
Λ20/40(e), and the column connected the columns packed with the∆20/0-
and 0/40-Laponite (c). The flow rate was 0.5 mL min-1, and the elution
was monitored by the absorbance at 400 nm at room temperature.

Table 3. Capacity Ratio (k′x) and Selectivity (r) of [Ru(acac)3] and
Binaphthol

racemic compound

[Ru(acac)3] binaphthol

column name k′1 k′2 R k′1 k′2 R

∆20/0-Laponite Λ,2.75 4.22 1.89S,1.22 1.23 1.14
0/40-Laponite Λ,2.40 2.68 1.21R,3.36 3.68 1.14
∆20/0-Laponite+ 0/40-Laponite Λ,4.70 6.17 1.60R,4.51 4.67 1.07
∆20/40-Laponite Λ,2.81 4.09 1.75R,2.95 3.31 1.19
Λ20/40-Laponite ∆,3.19 4.76 1.75R,3.18 3.79 1.29

Figure 7. Chromatograms when a racemic mixture of binaphthol was eluted
with methanol on columns packed with the [Ru(phen)3]2+/MQN+-Laponite.
The packed materials were∆20/0 (a), 0/40 (b),∆20/40(d), andΛ20/40(e),
and the column connected the columns packed with the∆20/0- and 0/40-
Laponite (c). The flow rate was 0.5 mL min-1, and the elution was
monitored by the absorbance at 345 nm at room temperature.
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The resolution (Rs) of 1,1′-binaphthol is expressed as

where t2 and t1 are the retention times ofS-(or R-)1,1′-
binaphthol, andw1 andw2 the half-widths of the peaks. The
Rs of 1,1′-binaphthol by using the∆20/40-Laponite,Λ20/
40-Laponite, and the column connected to∆20/0- and 0/40-
Laponite columns in series were calculated to be 0.233,
0.326, and 0.052, respectively. This result indicated that the
ternary system for the optical resolution of the binaphthol
among the preadsorbed [Ru(phen)3]2+, MQN+, and the
binaphthol in the interlayer space of the Laponite could have
acted effectively.

We could not explain the mechanism for the cooperative
interaction completely. However, we presume that the
cooperative interactions were affected by the distance
between adsorbed [Ru(phen)3]2+ and MQN+ on Laponite.
Since MQN+ is a monocation, twice the amount of MQN+

could be adsorbed on Laponite compared with [Ru(phen)3]2+.
Therefore, by the addition of MQN+, the molecular distance
on the [Ru(phen)3]2+/MQN+-Laponite was closer so that
the gallery space was decreased. The decrease in the gallery
space caused the increase in the adsorptive activity (Figures
6 and 7). As the increase in the adsorptive activity,
stereoselective interaction interactions were thought to be
stronger since the narrower interlayer space resulted in the
increase in the molecular interactions between the preinter-
calated cations and binaphthol.

In addition, the difference of theR value between the∆20/
40- andΛ20/40-Laponite systems indicated that the com-
bination of the preadsorbed guest cations ([Ru(phen)3]2+ and
MQN+) affected the chiral discrimination of the intercalation
compounds toward the target molecules. Therefore, it was
thought that the two kinds of the preadsorbed cations were
related to the chiral discrimination of one chiral molecule

directly. To confirm the above suggestion, further studies
on understanding the distribution of the preadsorbed [Ru-
(phen)3]2+ and MQN+ on the Laponite surface are desired.

The above chromatographic results are thought to dem-
onstrate that the chiral discrimination ability through the
intermolecular interactions among the preadsorbed guests and
the target compound in the ternary system on the smectite
can be controlled by the combinations of the preadsorbed
guests and the racemic compound. Therefore, the studies of
the organization of two kinds of preadsorbed chiral cationic
molecules on a smectite are worthy of investigation in order
to attain optimum selectivity toward a target racemic
compound.

Conclusions

Coadsorption studies of chiral tris(1,10-phenanthroline)-
ruthenium(II) ([Ru(phen)3]2+) and N-methylated cinchonia
alkaloid cation (MQN+) were conducted on a smectite clay.
By the photoinduced energy transfer from the adsorbed
MQN+ to the [Ru(phen)3]2+, the ∆- (or Λ-)[Ru(phen)3]2+

and MQN+ were concluded to be co-intercalated in the
interlayer space of Laponite. The∆- (or Λ-)[Ru(phen)3]2+/
MQN+-Laponite column resolved a racemic mixture of 1,1′-
binaphthol to theS- andR-enantiomers effectively, indicating
that chiral discrimination ability through the intermolecular
interactions among the preadsorbed [Ru(phen)3]2+ and
MQN+ and 1,1′-binaphthol in the ternary system on a
smectite realized the effective optical resolution of 1,1′-
binaphthol.
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Rs ) 1.18(t2 - t1)/(w1 + w2) (4)

t2 > t1
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