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ABSTRACT: Ice chromatography measurements have
revealed anomalous enhancements of crown ether
complexation in a liquid phase coexistent with ice. The 4
orders of magnitude enhancement was confirmed for the
complexation of dibenzo-24-crown-8 in sub-μm-sized
liquid inclusions formed in ice doped with <1 mM NaCl
or KCl. This enhancement became less pronounced with
increasing dopant concentration.

The chemistry of ice has been a subject of great importance
in a wide variety of scientific fields because it is involved in

various natural and artificial processes.1,2 Ice, for example, plays
crucial roles in the global environment. It is known that some
reactions of environmental interest are promoted in the
presence of ice.2 A typical example is ozone layer depletion:
ice adsorbs gas molecules such as HCl and CCl4, and then a
series of reactions causing this hazardous phenomenon are
initiated.3 Since naturally occurring ice contains impurities and
has properties different from those of pure ice, their effects
should be taken into account for the interpretation of ice-
related phenomena. A salt is the most common impurity
possibly found in natural ice and even in ice prepared in
laboratories.4

Salt-doped ice undergoes phase separation upon freezing.
The phase diagram of a salt/water binary system predicts that a
concentrated salt solution is included in the solid ice matrix at
temperatures between the freezing and eutectic points (teu)
when a relatively dilute salt solution is frozen. Also, recent
studies have indicated that a small amount of the liquid phase
still remains unfrozen even below teu.

4−6 The liquid phase
surrounded by solid ice can be a microreactor in which water
molecules are placed in circumstances different from those in
the bulk liquid and some reactions are possibly influenced. We
have devised “ice chromatography”, in which water-ice particles
are used as a stationary phase for liquid chromatography, and
shown that it can be an efficient tool for obtaining a
comprehensive understanding of ice-related phenomena.7−10

In the course of ice chromatography investigations using salt-
doped ice as the stationary phase, we have found anomalous
retention behaviors of crown ethers. This paper discusses the
unusual crown ether complexation in the liquid phase formed
in salt-doped ice as studied by ice chromatography.
Crown ethers are absorbed on the ice surface from hexane by

forming 2−3 hydrogen bonds between the ethereal oxygen

atoms and the −OH dangling bonds.9 Of the three crown
ethers studied in this work, dibenzo-24-crown-8 (DB24C8) was
most strongly adsorbed on the ice surface; the adsorption
became weaker in the order DB24C8 > benzo-18-crown-6
(B18C6) > benzo-15-crown-5 (B15C5), reflecting the
decreasing number of ethereal oxygen atoms in each molecule.
When a salt is doped into the ice stationary phase, the ice
chromatographic retention is governed not only by the
adsorption but also by the partitioning into the liquid water
phase coexistent with ice (WPI).11,12 In such cases, the
retention factor (k) is represented by

= +k k kads
ice par

WPI
(1)

where kads
ice and kpar

WPI denote the contributions from the
adsorption and partitioning mechanisms, respectively. The
latter term is given by
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where VWPI and Vmob are the volumes of the WPI and mobile
phase in the column, respectively, and Kd

WPI (=cs
WPI/cs

mob) is
the partition coefficient of a solute between these phases. Our
previous work indicated that kpar

WPI can be precisely evaluated for
some solutes, such as resorcinol and hydroquinone, using
partition coefficients determined by the usual solvent extraction
experiments with bulk solvents (Kd

bulk). The volumes VWPI and
Vmob can be determined from the freezing-point depression
curve and the holdup volume, respectively. The kads

ice term was
regarded as constant during the development of the WPI with
increases in either the dopant concentration or temperature,
because VWPI is so small that the effective ice surface area is
unchanged.12 Thus, in some cases, Kd

bulk reasonably can replace
Kd
WPI in eq 2.
Figures 1 and 2 show the dependences of k on the

concentration of NaCl (cNaCl) and KCl (cKCl), respectively, in
an unfrozen original solution. The left panel of each figure
illustrates the enlargement of the lower salt concentration
range. As noted above, the retention of hydroquinone and
resorcinol can be explained by substituting Kd

bulk into eq 2, as
shown by the black dotted curves in Figure 1 for NaCl doping,
which agree well with the experimental plots. In contrast, crown
ethers exhibit much larger dependences on the salt
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concentration than those predicted by eq 2, as depicted in
Figure 1 by dotted curves in the same color as the associated
symbols . As naturally expected, this is mainly caused by the
complexation of the crown ether with a dopant cation, as
discussed in detail later. Even though the complexation is taken
into consideration, unusual behaviors can be seen in Figures 1
and 2. Although k for B15C5 appears to increase with
increasing cNaCl and cKCl (csalt), similar to hydroquinone and
resorcinol, the slopes of k versus csalt are obviously different in
the lower and higher csalt ranges; the slope in the lower
concentration range is ca. 30 times larger than that in the higher
range. The behavior DB24C8 is more marked. Its retention
steeply increases with csalt below 0.5 mM, and it is not eluted
from the ice column prepared from 0.5−20 mM salt solutions
within an appropriate measurement time. Interestingly,
however, the elution of DB24C8 is detected at higher csalt
(cNaCl ≥ 60 mM and cKCl ≥ 40 mM), and its retention time
decreases with the further increases in csalt.
The deviation of crown ether retention from the predictions

of eq 2 with Kd
bulk should be explained by crown ether

complexation and/or different partition properties of the WPI
relative to bulk liquid water. In the present study, we
considered the former to be the main cause for the unusual
retention behaviors of crown ethers for the following reasons.
First, the large increase in k with increasing csalt was not
confirmed for low LiCl doping (<1 mM); in many instances,
crown ether complexation with Li+ is much weaker than that

with Na+ or K+. Second, as shown above, the retention
behaviors of some solutes can be quantitatively explained using
Kd
bulk, suggesting that the WPI possibly has partition properties

similar to usual liquid water. For these reasons, the results
shown in Figures 1 and 2 were analyzed on the basis of the
complexation of crown ethers with a cation added to the ice
stationary phase.
In the present system, complexation in the WPI or at the

interface between the WPI and the mobile phase is possible.
The interfacial tension between hexane and concentrated
aqueous KCl or NaCl was almost independent of the crown
ether concentration (data not shown), indicating that interfacial
complexation does not occur. Thus, the complexation should
primarily occur in the WPI phase. The complexation constants
of crown ethers in water (log Kc

bulk) have been reported as 0.45
for B15C5−Na+,13 0.38 for B15C5−K+,13 0.81−1.38 for
B18C6−Na+,14,15 1.66−1.74 for B18C6−K+,14,15 −0.3 to 1.1
for DB24C8−Na+,16 and 0.63−0.91 for DB24C8−K+.16 As is
well-known, the complexation of crown ethers is suppressed in
water relative to that in polar organic solvents because of the
strong hydration to cations.17 Therefore, the above values are,
in general, 2−3 orders of magnitude smaller than the
corresponding ones determined in a polar organic solvent
such as methanol. However, the ice chromatographic retention
of crown ethers can be influenced even by weak complexation
because the concentration of the cation in the WPI is very high;
the freezing-point depression curves of the NaCl/water and
KCl/water systems indicate that the concentrations of Na+ and
K+ in the WPI are 2.73 and 2.86 M at −10 °C, respectively.18

As shown in the Supporting Information (SI), when the
crown ether complexation occurs in the WPI, eq 2 is modified
as follows:

= + + +( )k k
V

V
K K1 [M ]ads

ice
WPI
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WPI

c
WPI WPI

(3)

where Kc
WPI is the complexation constant for the crown ether in

the WPI and [M+]WPI is the concentration of Na+ or K+ therein.
Substitution of VWPI, Vmob, and Kd

bulk into eq 3 and fitting to the
experimental data allow us to determine Kc

WPI. The fitting
results are illustrated in Figures 1 and 2 by solid curves. The
numerical values of Kc

WPI determined as the fitting parameters
are also summarized in Table 1 together with the bulk
complexation constants Kc

bulk determined by solvent extraction
experiments as well as the corresponding literature values. The

Figure 1. Effect of doped NaCl concentration (cNaCl) on the retention
factors (k) of various solutes at −10 °C. Dotted lines are the
predictions of the simple partition model. Solid lines for crown ethers
represent the results of linear regression.

Figure 2. Effect of doped KCl concentration (cKCl) on the retention
factors (k) of various solutes at −10 °C. Lines represent the results of
linear regression.

Table 1. Complexation Constants of Crown Ethers in the
WPI

log Kc
a

B15C5 B18C6 DB24C8

0−1 mMb >20 mMb 0−1 mMb 0−1 mMb

Na+ 1.85 0.38 2.54 3.70
0.23c 0.9c −0.18c

(0.45)d (0.81−1.38)d (−0.3−1.1)d

K+ 2.54 0.78 2.30 4.00
0.35c 1.56c 0.33c

(0.38)d (1.66−1.74)d (0.63−0.91)d
aDetermined from the dependence of k on csalt in the ice stationary
phase. bRange of csalt used for the determination of Kc.

cDetermined by
solvent extraction at −10 °C. dLiterature values13−16 determined at 25
°C are shown in parentheses.
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solvent extraction experiments were conducted under con-
ditions modeled on the WPI (i.e., in 2.73 M NaCl or 2.86 M
KCl at −10 °C; see the SI),18 whereas the literature values were
determined in water (with varying ionic strengths) at 25 °C.
The general agreement between the Kc

bulk values determined in
different ways and under different conditions suggest that the
temperature (at least in the studied range) and ionic strength
are not essential factors in governing the crown ether
complexation. Although the activity of ions in the WPI is also
important for rigorous discussions, the activity coefficients for
the cation and the complex are involved in the denominator
and numerator in Kc, respectively, and therefore, their effects
largely cancel out. Also, comparison of the results obtained in
the WPI with those in water containing the same concentration
of a salt confirms that the activity coefficients influence the
complexation in these media in the same manner.
The Kc

WPI values for B15C5 determined from the ice
chromatographic retention data in the high-csalt range (>20
mM) almost agree with the corresponding Kc

bulk values. In
contrast, the Kc

WPI values determined in the low-csalt range (≤1
mM) are appreciably larger than the corresponding Kc

bulk values;
Δ log Kc (=log Kc

WPI − log Kc
bulk at −10 °C) is equal to ca. 1.5

for both Na+ and K+ complexation. A similar trend can be seen
in the Kc

WPI values for B18C6 determined in the low-csalt range,
although its complexation could not be evaluated in the high-
csalt range because of extremely high retention, as stated above.
The most striking results are found for the complexation of

DB24C8. The intrinsic complexation of this crown ether with
either Na+ or K+ is very weak in water because its cavity size is
too large; a substantial energetic expenditure is necessary to
change the molecular conformation to form coordination
bonds with a centered cation. This intrinsically poor complex-
ation is enhanced in the WPI by nearly 4 orders of magnitude
relative to that in bulk water. In addition, similar to the B15C5
complexation in the WPI, the marked enhancement is seen in
the low-csalt range. Decreases in k in the high-csalt range imply
that the enhancement of its complexation in the WPI is
gradually reduced with increasing csalt above 20 mM.
The volume of the WPI increases almost linearly with

increasing csalt, as shown in Figure S1 in the SI. The above
results may suggest that the volume of the WPI is an important
factor in governing its properties and is related to the enhanced
complexation of crown ethers. Our previous study indicated
that the liquid inclusions formed in salt-doped ice are discretely
distributed in the ice matrix and that their sizes can be
determined from the fluorescence intensity of a probe dissolved
in the WPI.19 Figure 3 illustrates the dependence of the radius
of a liquid inclusion on cKCl; the result for NaCl doping (not
shown) was almost the same as that for KCl doping. The size of
a liquid inclusion decreases with decreasing cKCl but is in the
sub-μm range even for cKCl =10

−6−10−4 M. These sizes are
obviously larger than the dimension in which the anomalous
properties of water have mostly been reported; a number of
studies of water properties have been attempted in the
nanometer range and have confirmed its unusual proper-
ties.20−23 However, some researchers have found phenomena
that cannot be interpreted in terms of either bulk or
nanometer-sized water and have named this intermediate
dimension “extended nanospace”.24−26 The higher viscosity and
lower permittivity of water in extended nanospaces relative to
bulk water have been explained by the extensive interaction of
water molecules with the silica wall surrounding the space. In
the present case, effects of the interaction between liquid water

molecules and those fixed on the ice wall become more
pronounced as the size of a liquid inclusion decreases. The
structural correlation between liquid-water and frozen-water
molecules is much better than that between water and silica gel
walls. However, the size of the liquid inclusion in ice doped
with 0.1 mM KCl is in the sub-μm range; this dimension is
possibly too large to assume the extended wall effects. Another
factor to be taken into account is the ionic strength, because the
WPI always contains a salt of very high concentration.
However, as noted above, the ionic strength is not an essential
factor affecting the crown ether complexation. In addition,
[M+]WPI is constant at constant temperature irrespective of csalt,
and the csalt-dependent change in Kc

WPI cannot be explained by
the ionic strength of an aqueous phase.
If the hydration structure of a cation is perturbed in the WPI,

crown ether complexation should be enhanced. A recent
simulation study has indicated that the structure of ambient
water itself is possibly perturbed between two states, i.e. high-
and low-density liquid water (HDL and LDL water,
respectively).27 These two states of liquid water were pointed
out from the polyamorphism of ice.28 This has led to the
possibility of the existence of a second critical point coming
from phase transfer between HDL and LDL water, and
experimental evidence has been extensively sought utilizing
water confined in various nanospaces. Although the natures of
these liquid phases have not been well-known, the water
molecules adopt structures different from those in usual liquid
water, and therefore, these liquid phases are expected to have
different solvent properties. Theoretical simulations have
pointed out that the hydrophobic hydration in LDL water
can be thermodynamically preferable.29 Also, Raman spectros-
copy studies of LiCl water glass have suggested that ions are
dissolved in HDL-like water rather than in LDL water.30,31 If it
is assumed that the perturbed water structure in the WPI is
different from the bulk-water structure, the hydration of a
cation and crown ether should be different from that in bulk
water. This results in the enhanced complexation of crown
ethers in the WPI.
In conclusion, ice chromatography has effectively probed

anomalous phenomena occurring in the WPI. Compiled
retention data and their comparison with the interaction and
partition constants determined in bulk solutions will help us
understand the nature of the WPI and eventually the properties
of water itself. We believe that supportive evidence on the
present unusual phenomena explored by ice chromatography

Figure 3. Dependence of the size of a liquid inclusion on the
concentration of KCl doped in ice (cKCl) at −10 °C.
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measurements will be provided by spectroscopic and theoretical
studies in the near future.
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