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In host-guest chemistry, polyether antibiotics, such
as monensin and nigericin consisting of a formally lin-
ear array of tetrahydrofuranyl and tetrahydropyranyl
rings, are known as ionophores, which form a lipo-
philic complex with cations and transport the cations
across the membrane by ion complex-decomplex for-
mation. During the molecular recognition, the confor-
mation of the ionophore changes from an acyclic to
pseudocyclic structure by forming a complex with
appropriate metal cation. Thus, of great interest is
the design, synthesis, and characterization of macro-
molecular ionophores from the viewpoint of the de-
velopment of an acyclic host. Previously, it was
reported that poly(cyclooxalkane)diyl1 and poly(7-
oxanorbornene)2 were synthesized as macromolecular
ionophores, which were supposed to form helical con-
formers capable of varying the pitch and cavity size to
optimize the multidentate coordination with a given
cation. In addition, we established the cyclopolymeri-
zation of a dianhydro sugar leading to novel carbohy-
drate polymers as macromolecular ionophores,3 in
particular, 3,4-di-O-alkyl-(1!6)-2,5-anhydro-D-glu-
citol (1; alkyl = ethyl (1a), methyl (1b), allyl (1c)),
which was synthesized by the regio- and stereoselec-
tive cyclopolymerization of 3,4-di-O-alkyl-1,2:5,6-
dianhydro-D-mannitol, exhibited versatile molecular
recognition characteristics, such as the metal cation-
selectivity and chiral discrimination ability.4–13 In or-

der to utilize the molecular recognition property of 1,
we prepared and examined the 1-bound silica gel
(Si-1) as chiral stationary phase in HPLC for resolving
racemic amines, amino acids, and amino esters.14–16

Thus we now report the chromatographic separation
of alkali and alkaline earth metal halides by columns
packed with 1-bound silica gels (alkyl: ethyl, Si-1a;
methyl, Si-1b; allyl, Si-1c) using direct and indirect
detection methods by HPLC (Figure 1). The liquid–
liquid extraction property of 1a toward alkali metal
picrates is compared in order to characterize the chro-
matographic separation property of 1 using the direct
detection method. In addition, we discuss the effect
of the eluent on the chromatographic separation of
metal cations.

Figure 1. 3,4-Di-O-alkyl-(1!6)-2,5-anhydro-D-glucitol

bound on silica gel (Si-1a–c).
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EXPERIMENTAL

Materials
Analytical grade alkali, alkaline earth, and transi-

tion metal chlorides were purchased from the Kanto
Chemical Co., Japan. The polymers bound on silica
gel (Si-1a–c) were prepared using a method that were
reported in a previous paper, and packed in a stain-
less-steel tube (20� 0:6 cm i.d.) at 250 kg�cm�2 by
the slurry method using carbon tetrachloride.16 Col-
umn Si-1a: the polymer with the number-averaged
molecular weight (Mn) of 3100 and the polydispersity
(Mw=Mn) of 1.60 was used. Anal. C, 15.5%. The num-
ber of theoretical plates was about 11000 for phenyl-
glycine. Column Si-1b: the polymer with the Mn of
2700 and the Mw=Mn of 1.45 was used. Anal. C,
14.4%. The number of theoretical plates was about
9200 for phenylglycine. Column Si-1c: the polymer
with the Mn of 3900 and the Mw=Mn of 1.60 was used.
Anal. C, 15.3%. The number of theoretical plates was
about 10800 for phenylglycine.

Extraction Measurement
Liquid–liquid extraction of alkali metal picrates

with (1!6)-2,5-anhydro-3,4-di-O-ethyl-D-glucitol (1a)
was carried out using the same conditions that were
reported in previous papers.12 The polymer was ob-
tained from 1,2:5,6-dianhydro-3,4-di-O-ethyl-D-man-
nitol using t-BuOK and its Mn was 3100 (Mw=Mn,
1.60).

Ion Chromatography
The ion chromatographic experiments for the sepa-

ration of metal cations were performed by two meth-
ods, a direct detection method by a conductivity meas-
urement using a Shimadzu CDD-6A detector and an
indirect detection by a UV measurement at 225 nm
using a Jasco UV-975 detector. The eluents used were
aqueous solutions (2.0mmol�L�1) of nitric acid, hy-
drochloric acid, perchloric acid, and potassium hydro-
gen phthalate for the direct detection method and an
aqueous copper (II) sulfate solution (2.5mmol�L�1)
for the indirect detection method. The eluents were fil-
tered through a 1.0mm membrane filter before use.
20 mL samples were injected into the HPLC system.
The flow rate was 1.0mL�min�1 and the temperature
was 22 �C.

RESULTS AND DISCUSSION

The separation ability of the (1!6)-2,5-anhydro-
3,4-di-O-ethyl-D-glucitol-bound silica gel (Si-1a) to-
ward alkali metal chlorides was evaluated by a direct
detection method with a conductivity detector and an

indirect detection method with a UV detector at
225 nm. Figure 2 shows the chromatographic results
of the stationary phase, Si-1a. When nitric acid was
used as the mobile phase for the direct detection meth-
od, the separation of alkali metal chlorides was ob-
served. The retention time increased with the increas-
ing radius of the alkali metal cations as Liþ < Naþ <
Kþ < Rbþ < Csþ (Figure 2A). On the other hand, for
the indirect detection method with an aqueous copper
(II) sulfate solution, all the metal cations were eluted
within 20min and the partial separation of alkali met-
al cations is observed, as shown in Figure 2B. Table I
summarizes the capacity factor (k0) and the separation
factors (�), using the direct and indirect detection
methods. The separation results using the direct detec-
tion method are better than those using the indirect de-
tection method, indicating that the low separation
property for the indirect detection method may be
caused by the low exchange rate between the alkali
metal cation and Cu2þ on the polymer, 1a.
Previously, we reported the molecular recognition

property of 1a–c as the macromolecular ionophore,
using a liquid–liquid extraction method. Thus, in or-

Figure 2. Chromatographic separation of alkaline metal chlo-

ride on Si-1a. A) Direct detection method using 2.0mmol�L�1

aqueous HNO3 solution; B) Indirect detection method using 2.5

mmol�L�1 aqueous CuSO4 solution; flow rate, 1.0mL�min�1;

sample concentration: Liþ, 0.5 ppm; Naþ, 2.5 ppm; Kþ, 10 ppm;

Rbþ, 30 ppm; Csþ, 60 ppm.
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der to characterize the chromatographic separation
property of 1a–c using the direct detection method,
the results using the liquid–liquid extraction method
for alkali metal picrates is represented in Figure 3.
The solvent extractions of alkali metal picrates using
the water-dichloromethane solvent system were car-
ried out using (1!6)-2,5-anhydro-3,4-di-O-ethyl-D-
glucitol 1a (Mn ¼ 3100 and Mw=Mn ¼ 1:60). The ex-
traction yield increased in the order of Liþ < Naþ

� Kþ < Rbþ < Csþ, which should be caused by the
fact that the conformer of 1a varied its pitch and cav-
ity size for forming a complex with a given metal cat-
ion, this is, the character of 1a as a macromolecular
ionophore. The results for the liquid–liquid extraction
experiment were very similar to the order of the reten-
tion time for the ion chromatographic experiment,
indicating that the elution order of alkali metal cations
for the chromatographic separation is dependent on

the characteristic of the macromolecular ionophore
1a possessing the cation-selectivity toward alkali met-
al ions.
Figure 4 shows the separation results for alkaline

earth chlorides using Si-1a. The separation of Ba2þ

vs. Mg2þ, Ca2þ, and Sr2þ is observed. The non-selec-
tivity for Mg2þ, Ca2þ, and Sr2þ should be due to the
small cation radius. Thus, the low extractability for
cation having radii below 1.2 Å resulted from the
liquid–liquid extraction using polymer 1b,12 meaning
that the Mg2þ, Ca2þ, and Sr2þ ions were too small to
fit the cavity in polymer 1a. The non-selectivity for
Ni2þ, Co2þ, and Cu2þ having a small radius was also
observed by the direct detection method.
Chromatographic experiments using hydrochloric

acid, perchloric acid, and an aqueous potassium hy-
drogen phthalate solution were carried out to deter-
mine the effect of eluent on the separation of alkali
metal cations. Figure 5 shows the chromatographic re-
sults. All the experiments show partial separations of
the alkali metal ions and the elution order was the
same as that using nitric acid. The retention time for
Liþ increased in the order of hydrochloric acid,
perchloric acid, nitric acid and potassium hydrogen
phthalate. For the potassium hydrogen phthalate solu-

Figure 3. Plots of the retention time and extraction yield vs.

the ionic radius of alkali metal cations. Chromatographic separa-

tion (closed circle) was attained by Si-1a using 2.0mmol�L�1

aqueous HNO3 solution as the eluent. The extraction of the alkali

metal picrate by 1a (closed triangle) was carried out at 20 �C us-

ing an organic phase (2.5mL) including 5.75 repeating units-

mmol�L�1 1a solution (CH2Cl2) and water phase (2.5mL) in-

cluding 10.0mmol�L�1 alkali metal chloride and 7:00� 10�2

mmol�L�1 picric acid.

Figure 4. Chromatographic separation of alkali earth metal

chloride on Si-1a. Eluent, 2.0mmol�L�1 HNO3; Flow rate, 1.0

mL�min�1; Sample concentration: Mg2þ, 10 ppm; Ca2þ, 10 ppm;

Sr2þ, 20 ppm; Ba2þ, 30 ppm.

Table I. Chromatographic separation of alkali metal chloride using Si-1aa

Alkali metal cation
Direct detection methodb Indirect detection methodc

k0 d �e k0 d �e

Liþ 1.89 3.84 1.52 1.68

Naþ 2.19 3.32 1.76 1.45

Kþ 4.03 1.80 2.13 1.20

Rbþ 5.14 1.41 2.25 1.14

Csþ 7.26 — 2.56 —

aSample concentration: Liþ, 0.5 ppm; Naþ, 2.5 ppm; Kþ, 10 ppm; Rbþ, 30 ppm; Csþ,

60 ppm. bEluent, 2.0mmol�L�1 HNO3.
cEluent, 2.5mmol�L�1 aqueous CuSO4 solution.

dCapacity factor: k0Li ¼ ðtLi � t0Þ=t0. dSeparation factor of Liþ, Naþ, Kþ, and Rbþ over

Csþ: for example, �Li ¼ k0Cs=k
0
Li.
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tion, there was little difference in the chromatographic
results regarding the non-separation for Naþ and Kþ

and the separation for Rbþ and Csþ. With 2.0
mmol�L�1 acetic acid as the eluent, the non-selectivity
of all the alkali metal cations was observed. These
results indicate that there is an eluent dependence
for the cation selectivity.
In order to improve the cation selectivity, the addi-

tion of an organic solvent to the aqueous perchloric
acid solution is shown in Figure 6. The addition of ace-
tonitrile increases the binding constants between the
cation and polymer by reducing the competition of
solvent molecules for the cations. Thus when acetoni-
trile is present in the eluent, the cations are retained
longer on column Si-1a than when an aqueous
perchloric acid is used. As shown in Figure 6, the in-
creasing percentage of acetonitrile in the eluent in-
creased the retention times and thus yielded a better
separation for the Liþ, Naþ, and Kþ peaks. The addi-
tion of methanol to the aqueous perchloric acid was
also effective for the separation. Therefore, the chro-
matographic separation can be controlled by the addi-
tion of an organic solvent to the mobile phase in the
system.

In order to elucidate the effect of the 3,4-substitu-
ents of 1a–c on the ion chromatography, 3,4-di-O-
methyl- and 3,4-di-O-allyl-(1!6)-2,5-anhydro-D-glu-
citol-bound silica gels (Si-1b and Si-1c, respectively)
are used for the cation selectivity of the alkali and al-
kaline earth metal chlorides (Figures 7 and 8). For the
separation of alkali metal cations using Si-1b, the re-
tention time and selectivity for each cation are very
similar to those using Si-1a. On the other hand, the re-
tention times for all cations using Si-1c are shorter
than those using Si-1a, and the separation for Kþ,
Rbþ, and Csþ using Si-1c is better than that using
Si-1a. For the separation of alkaline earth metal cat-
ions, the retention time of each cation decreased with
the increasing hydrophobic property of the 3,4-sub-
stituents in the order of Si-1c < Si-1a < Si-1b. These
columns could not be used to separate Mg2þ, Ca2þ,
and Sr2þ. The increasing hydrophobic property of a
polymer led to a decreased retention time, and the
change in the cavity of the polymer should improve
the selectivity of each cation.

CONCLUSIONS

The chromatographic separation of alkali and alka-
line earth metal halides was achieved using columns

Figure 5. Chromatographic separation of alkali metal chlo-

ride on Si-1a. Eluent: A) 2.0mmol�L�1 hydrochloric acid; B)

2.0mmol�L�1 aqueous HClO4 solution; C) 2.0mmol�L�1 aqueous

potassium hydrogen phthalate solution; flow rate, 1.0mL�min�1;

sample concentration: Liþ, 0.5 ppm; Naþ, 2.5 ppm; Kþ, 10 ppm;

Rbþ, 30 ppm; Csþ, 60 ppm.

Figure 6. Effect of CH3CN on elution of Liþ, Naþ, and

Kþ. Eluent: A) 2.0mmol�L�1 aqueous HClO4 solution; B) 2.0

mmol�L�1 aqueous HClO4 solution/CH3CN (v/v, 9/1); C) 2.0

mmol�L�1 aqueous HClO4 solution/CH3CN (v/v, 7/3); flow rate,

1.0mL�min�1; sample concentration: Liþ, 0.5 ppm; Naþ, 2.5 ppm;

Kþ, 10 ppm.
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packed with 3,4-di-O-alkyl-(1!6)-2,5-anhydro-D-
glucitol bound on silica gels (alkyl: ethyl (Si-1a),
methyl (Si-1b), allyl (Si-1c)). When nitric acid was
used as the mobile phase, silica gels Si-1a–c provided
the good separation of alkali metal chlorides and
the order of elution was Liþ < Naþ � Kþ < Rbþ <
Csþ. The chromatographic separation was controlled
by addition of an organic solvent to the mobile phase
in the system. Thus, silica gel Si-1a–c can be used as
the chromatographic stationary phase for resolving
metal cations as well as racemic compounds.
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Figure 7. Chromatographic separation of alkali metal chlo-

ride on A) Si-1b and B) Si-1c. Eluent, 2.0mmol�L�1 HNO3; flow

rate, 1.0mL�min�1; sample concentration: Liþ, 0.5 ppm; Naþ,

2.5 ppm; Kþ, 10 ppm; Rbþ, 30 ppm; Csþ, 60 ppm.

Figure 8. Chromatographic separation of alkali earth chloride

on A) Si-1b and B) Si-1c. Eluent, 2.0mmol�L�1 HNO3; flow rate,

1.0mL�min; sample concentration: Mg2þ, 10 ppm; Ca2þ, 10 ppm;

Sr2þ, 20 ppm; Ba2þ, 30 ppm.
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