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Amphiphilic azoprobes having a crown ether moiety (15C5–Azo–Cn; n ¼ 4, 6, 8, and 12 and 18C6–Azo–Cn;
n ¼ 4, 6, and 8) were synthesized. We examined the effect of alkyl spacer length of the amphiphilic azoprobes on
the spectral response to alkali metal ions in water by UV–vis spectral and 1HNMR measurements. 15C5–Azo–Cn ex-
hibited self-assembly in response to Kþ selectively and the most selective response to Kþ was observed for an azoprobe
possessing a hexyl spacer unit (15C5–Azo–C6). 15C5–Azo–C12 formed nano-size aggregates. 18C6–Azo–Cn (n ¼ 6

and 8) showed Csþ selectivity and its molecular aggregation behavior was similar to that of 15C5–Azo–Cn.

Alkali metal ion recognition in water is an emerging topic of
interest in analytical and biological chemistry. Although vari-
ous efficient chemosensors that function as unimolecular sen-
sors have been developed, most of them require precise design
of the ion recognition sites to achieve sufficient selectivity and
sensitivity for alkali metal ions in water. Meanwhile, new ap-
proaches for the versatile design of recognition sites, which are
based on supramolecular chemistry, have been attracting much
attention. Recently, we have endeavored to combine supramo-
lecular chemistry and self-assembly to fabricate supramolecu-
lar sensors that exceed the sensitivity and selectivity of uni-
molecular sensors and mimic the functions of biomolecules.
Supramolecular sensors for alkali metal ions utilize various
types of metal-binding induced aggregates for signal transduc-
tion, including fluorescent bis-15-crown-5 derivatives,1 gold
nanoparticles and quantum dots,2 oligonucleotides,3 and cyclo-
dextrin complexes.4 It is well known that amphiphiles are wa-
ter-soluble and their critical micelle concentration (cmc) and
aggregate structures are dependent on their structure and alkyl
chain length, i.e., hydrophilicity–lipophilicity balance (HLB).5

Therefore, supramolecular sensors possessing an amphiphilic
skeleton are considered to be useful for the versatile design
of chemosensors that function in water, and recognition ability
can be tuned easily by controlling the strength of aggregation.

Here, we report cationic azo-amphiphiles, 15C5–Azo–Cn
and 18C6–Azo–Cn, possessing 15-crown-5 and 18-crown-6
moieties, respectively, as the alkali metal ion recognition site;
a phenylazo group for signal transduction; and a quaternary
ammonium unit with different lengths of alkyl spacers to in-
duce the amphiphilic nature. We have recently reported the
Kþ recognition selectivity of 15C5–Azo–Cn (n ¼ 2, 4, and
6) in water by forming H-aggregate dimers triggered by Kþ

binding based upon exciton interaction of the phenylazo
groups in the azoprobes.6 Among these azoprobes, 15C5–
Azo–C6 exhibited the best performance. In this study, alkyl
spacer lengths were varied from butyl to dodecyl to estimate

the most suitable structure to recognize target ion species in
water. As a result, 15C5–Azo–C6 exhibited the best perform-
ance, and azoprobes having long alkyl spacers showed de-
creased Kþ binding ability due to strong aggregation. In partic-
ular, 15C5–Azo–C12 formed nano size aggregates to exhibit
the lowest Kþ selectivity. In addition, the effect of crown ether
ring size on metal ion selectivity was examined. While 18-
crown-6 is known to bind with Kþ, Xia et al. have reported
an 18-crown-6 fluoroionophore that selectively binds Csþ by
forming a 2:2 sandwich complex.7 In this study, we have syn-
thesized amphiphilic azoprobes possessing 18-crown-6 as the
ion recognition moiety (18C6–Azo–Cn; n ¼ 4, 6, and 8), and
compared the ion recognition characteristics with those of
15C5–Azo–Cn to clarify the ring size effect. These derivatives
showed Csþ selectivity and similar aggregation behavior was
obtained in comparison to 15C5–Azo–Cn. 18C6–Azo–C6
and –C8 showed higher Csþ/Naþ selectivity than 18C6–
Azo–C4.

Experimental

General. Aqueous sample solutions were prepared with a
Millipore milli-Q water system (electric conductivity: 18.2
M� cm�1). To retain the trans configuration of the azoprobes,
all sample preparation steps were accomplished in the dark. All
organic solvents and reagents were commercially available and
used without further purification.

Apparatus. UV–vis absorption spectra were recorded on a V-
560 (JASCO Co.) and a U-3000 (Hitachi High-Technologies Co.)
spectrophotometer equipped with a Peltier thermocontroller with a
0.01-cm quartz cell at 298K. 1HNMR spectra were measured
with a Lambda500 (JEOL Ltd.; 500MHz) at 300K. Nonlinear
least-squares fitting was done with KaleidaGraph (Synergy Soft-
ware).

Synthesis of 15C5–Azo–Cn and 18C6–Azo–Cn. Amphiphil-
ic crown ether azoprobes (15C5–Azo–Cn (n ¼ 4, 6, 8, and 12) and
18C6–Azo–Cn (n ¼ 4, 6, and 8)) were synthesized, as shown in
Scheme 1. The preparation of 15C5–Azo–Cn started from 40-ami-
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nobenzo-15-crown-5-ether (4), followed by azo coupling with
phenol (5a). Then, 1,n-dibromoalkane was coupled by Williamson
ether synthesis. Finally, quaternalization with trimethylamine gave
the desired compounds. For the preparation of 18C6–Azo–Cn,
nitration of benzo-18-crown-6 (1) was carried out in dichloro-
methane/acetic acid solution containing nitric acid to afford 40-ni-
trobenzo-18-crown-6 (2), and 40-aminobenzo-18-crown-6 hydro-
chloride (3) was prepared by reducing 2 with hydrazine mono-
hydrate in the presence of 10% Pd/C.8 The remaining steps for
18C6–Azo–Cn syntheses were almost the same as those for
15C5–Azo–Cn. Their structures were fully confirmed by 1HNMR,
mass, and elemental analyses (see Supporting Information).

Results and Discussion

Effect of Alkyl Spacer Length. In a previous report, we
have shown that 15C5–Azo–Cn (n ¼ 2, 4, and 6) exhibited
self-assembly in response to alkali metal ions in water, and
the highest response to Kþ was noted for 15C5–Azo–C6 pos-

sessing a hexyl spacer unit, indicating that the longer alkyl
spacer stabilized the H-aggregate dimer formation upon bind-
ing with Kþ. In this study, we additionally prepared azoprobes
having longer alkyl spacers (n ¼ 8 and 12) because we are in-
terested in how longer alkyl spacers affect the response effi-
ciency and selectivity of 15C5–Azo–Cn.

Figure 1a shows the UV–vis absorption spectra of 15C5–
Azo–C6 (3.0mM) in water containing 400mM tetramethylam-
monium chloride (TMACl), NaCl, or KCl. The maximum
wavelength can be assigned to the long axis polarized �–��
transition band of the phenylazo group in the azoprobes.9 As
we have reported in a previous paper, 15C5–Azo–C6 exhibited
no significant change in its UV–vis spectra in the presence of
TMAþ or Naþ. In contrast, a clear hypsochromic shift of the
�–�� transition band of the azoprobe was observed in the
presence of Kþ. Based on the exciton theory,10 this shift can
be assigned to H-aggregate dimer formation triggered by Kþ

binding. Although the binding ability of 15-crown-5 with Kþ

in water is very weak (<1:0M�1),11 we assume that the am-
phiphilic nature of the azoprobe and the �–�� stacking ability
of the phenylazo units stabilize the H-aggregate dimer forma-
tion with Kþ in water. We have already shown a similar UV–
vis spectral change for bis-15-crown-5 ether azoprobe by
forming an intramolecular sandwich complex with Kþ in ace-
tonitrile, which supports a similar type of H-aggregate dimer
formation for 15C5–Azo–C6 in water.12 Figure 1b shows the
effect of alkyl spacer length on the response selectivity. The
ratio of absorbance at 370 nm to that at 420 nm (A370=A420)
is plotted against the ionic radius of alkali metal ions (Liþ,
Naþ, Kþ, Rbþ, and Csþ). The results clearly show Kþ selec-
tivity of all the azoprobes, and the highest response was ob-
tained for 15C5–Azo–C6.

To confirm the structural details of H-aggregate formation,
1HNMR spectra of the phenyl protons of 15C5–Azo–Cn were
compared (Figure 2). Compared with proton signals measured
in the presence of TMACl for 15C5–Azo–Cn (n ¼ 4, 6, and 8),
no chemical shift was observed after the addition of 400mM
NaCl. In contrast, distinct upfield shifts of the proton signals
were observed after the addition of KCl, particularly for
15C5–Azo–C6. The results reveal the ring-current effect due
to the formation of H-aggregates triggered by binding with
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Scheme 1. Synthesis of 15C5–Azo–Cn and 18C6–Azo–Cn.
(a) HNO3, H2SO4, CH3COOH, CH2Cl2; (b) Pd/C,
N2H4�H2O, THF; (c) NaNO2, HCl, H2O ! C6H5OH,
NaOH; (d) K2CO3, Br(C2H4)nBr, (C4H9)4NI, THF !
N(CH3)3, THF. For 15C5–Azo–Cn (m ¼ 1), n ¼ 4, 6, 8,
and 12. For 18C6–Azo–Cn (m ¼ 2), n ¼ 4, 6, and 8.
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Figure 1. (a) UV–vis spectral changes of 15C5–Azo–C6 on addition of 400mM NaCl, KCl, and TMACl. (b) Response of 15C5–
Azo–Cn (n ¼ 4, 6, 8, and 12) to each alkali metal ion. [MCl] = 400mM (Mþ ¼ Liþ, Naþ, Kþ, Rbþ, and Csþ), [15C5–Azo–
Cn] = 3.0mM.
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Kþ. This binding mechanism is consistent with the hypsochro-
mic shift of the �–�� transition band of the azo moiety in the
UV–vis absorption spectra. In addition, each peak was shifted
upfield as the alkyl spacer length increased under the same salt
condition, indicating that aggregation was promoted with the
increase in alkyl spacer length.

Interestingly, except for the signal of the quaternary ammo-
nium group the proton signals of 15C5–Azo–C12 were too
broad to observe after the addition of Kþ, whereas severely
broadened signals were observed after the addition of Naþ.
This signal broadening may be due to the decline in molecular
motion with aggregate formation.12 Kunitake and Okahata
compared the synthetic bilayer membrane of didodecyldi-
methylammonium bromide (DDAB) with the spherical micelle

of cetyltrimethylammonium bromide (CTAB) using 1HNMR
measurement.13 CTAB showed a definite signal assignable to
the quaternary ammonium group and the cetyl group above
cmc, while DDAB showed considerably broadened signals
due to the formation of multilayered vesicles and lamellae.
In our study, the distinct signal of the quaternary ammonium
group indicates that the positioning at the quaternary ammoni-
um group is oriented outside the aggregate where methyl units
are relatively free to move, and other moieties, including
crown ether, phenylazo, and alkyl spacer, are located inside
the aggregate. Thus, more closely packed aggregates may be
formed by Kþ-binding. Although the detailed structure of
15C5–Azo–C12 aggregates is not clear at this stage, prelimina-
ry light-scattering experiments suggested that a smaller size
distribution was observed upon addition of Kþ rather than of
Naþ (Supporting Information).

Effect of Crown Ether Ring Size on Response Selectivity.
In Figure 3a are shown the UV–vis absorption spectra of
18C6–Azo–C6 (3.0mM) in water containing 400mM TMACl,
NaCl, or CsCl. Similar to 15C5–Azo–Cn, 18C6–Azo–Cn ex-
hibited no significant response in the presence of TMAþ or
Naþ. In contrast, a clear hypsochromic shift of the �–�� tran-
sition band of the azoprobe was observed in the presence of
Csþ, indicating that the H-aggregate dimer formation of
18C6–Azo–Cn was triggered by Csþ binding. The plots of
A370=A420 against the ionic radius of alkali metal ions are de-
picted in Figure 3b. Due to the large ring size of 18-crown-6
(0.26–0.32 nm) compared with that of 15-crown-5 (0.17–
0.22 nm), the change in ion selectivity from Kþ to Csþ is evi-
dent for 18C6–Azo–Cn. Interestingly, the response to Liþ was
noted to some extent for 18C6–Azo–C6 and 18C6–Azo–C8,
although the reason is not clear, Kikuchi et al. reported the for-
mation of the Liþ–H2O–18-crown-6 complex in acetone/water
mixture.14 This type of complex formation may have some re-
lationship with the response to Liþ. That the extent of peak
shift for 18C6–Azo–Cn was smaller than that for 15C5–
Azo–Cn is an indication of weaker dipole–dipole interaction,
because the distance between phenylazo moieties on H-aggre-
gate dimers should be longer due to the larger ionic radius of
Csþ than that of Kþ.

Figure 4 shows changes in the absorbance ratio (A370=A420)
with the concentration of 15C5–Azo–Cn or 18C6–Azo–Cn.
The deviation from linearity (A370=A420 ¼ ca. 2.3) indicates
aggregate dimer formation. In the absence of salt, A370=A420

showed almost linear up to 5mM for the azoprobes having a
butyl or hexyl spacer. As alkyl spacer length extended from
octyl to dodecyl, the break point shifted to lower concentration
for 15C5–Azo–Cn. This indicates that aggregation was en-
hanced with the increase in alkyl spacer length. A similar be-
havior was noted for 18C6–Azo–Cn.

Changes in A370=A420 values and the maximum wavelength
(�max) of 15C5–Azo–Cn upon the addition of 400mM KCl
and of 18C6–Azo–Cn upon the addition of 400mM CsCl are
summarized in Table 1. 15C5–Azo–C4 remained in the mono-
mer state (A370=A420 ¼ 2:3), while 15C5–Azo–C6 partially
formed aggregates (A370=A420 ¼ 2:5). For 15C5–Azo–C8 and
15C5–Azo–C12, �max values below 370 nm and large values
of A370=A420 upon the addition of TMAþ indicate that these
azoprobes formed H-aggregates without Kþ due to the hydro-
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Figure 2. 1HNMR spectra of phenyl protons of 15C5–
Azo–Cn (n ¼ 4, 6, 8, and 12) in D2O at 300K. [15C5–
Azo–Cn] = 3.0mM, [MCl] = 400mM (M ¼ Kþ, Naþ,
and TMAþ).
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phobic interaction of long alkyl chain spacers. The addition of
KCl induced a blue shift of �max and the A370=A420 values were
further increased by the formation of H-aggregate dimers. The
extent of peak shift and the changes in A370=A420 values upon
the addition of Csþ were smaller for 18C6–Azo–Cn than for
15C5–Azo–Cn, indicating weaker dipole–dipole interaction
between phenylazo moieties because the distance between
phenylazo moieties in H-aggregate dimers is longer as the ra-
dius of Csþ is larger than that of Kþ. As a result, an azoprobe
having longer alkyl spacer is advantageous in terms of sensi-

tivity, but exhibits too much aggregation to suppress binding
with alkali metal ion, resulting in loss of ion selectivity.

Evaluation of Binding Efficiency. To evaluate the binding
efficiency of the azoprobes with alkali metal ions, the effect of
metal ion concentration on the absorbance changes in the UV–
vis spectra was examined. Assuming that the change in absorb-
ance is induced by 2:1 complex formation between the azo-
probe (L) and the metal ion (Mþ) as shown in eq 1, the rela-
tionship between absorbance (Abs.) and concentration of alkali
metal ion ([Mþ]; ½Mþ� � ½M�t) is expressed by eq 3:

Mþ þ 2L � ML2 ð1Þ

KML2 ¼
½ML2�

½Mþ�½L�2
ð2Þ

Abs. ¼
l

4KML2½Mþ�
B"L þ

B2"ML2

4

� �

B ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8KML2½Mþ�½L�t

p
ð3Þ

where KML2 is an apparent 2:1 binding constant of azoprobe
for alkali metal ion, [L]t is the total concentration of 15C5–
Azo–Cn, l is the optical path length (0.01 cm), and "L and
"ML2 represent the molar absorptivity of L and ML2, respec-
tively. It should be noted that azoprobes having long alkyl
spacers, such as 15C5–Azo–C8, 15C5–Azo–C12, and 18C6–
Azo–C8, showed aggregation behavior (A370=A420 > 2:3) be-
fore the addition of alkali metal ion. Thus, the binding equi-
libria became more complicated, making the determination
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Figure 4. Concentration dependence of A370=A420 for some
azoprobes. (a) 15C5–Azo–Cn (n ¼ 4, 6, 8, and 12). (b)
18C6–Azo–Cn (n ¼ 4, 6, and 8).

Table 1. Changes in Maximum Wavelength (�max) and
A370=A420 on Addition of KCl to 15C5–Azo–Cn, or CsCl
to 18C6–Azo–Cna)

n
15C5–Azo–Cn (+KCl) 18C6–Azo–Cn (+CsCl)

�max/nm A370=A420 �max/nm A370=A420

4 370 (366) 2.3 (2.6) 370 (368.5) 2.3 (2.5)
6 370 (366) 2.5 (3.0) 370 (367.5) 2.5 (2.7)
8 368.5 (365.5) 2.9 (3.3) 370.5 (367.5) 2.8 (3.0)
12 367 (366) 3.6 (3.8) — —

a) [azoprobe] = 3.0mM, ionic strength was 400mM (adjusted
with TMACl).
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Figure 3. (a) UV–vis absorption changes of 18C6–Azo–C6 on addition of 400mM chloride salt of alkali metal ions. (b) Response
of 18C6–Azo–Cn (n ¼ 4, 6, and 8) for each alkali metal ion. [MCl] = 400mM (Mþ ¼ Liþ, Naþ, Kþ, Rbþ, and Csþ), [18C6–
Azo–Cn] = 3.0mM.
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of precise binding constant difficult. In this study, the apparent
KML2 values of azoprobe for alkali metal ion were assessed as
an index under the same experimental conditions. The absorb-
ance changes at 420 nm as a function of [Mþ] for 15C5–Azo–
Cn are depicted in Figure 5, where the ionic strength is kept
constant at 400mM by adding TMACl. For Kþ, the observed
results were well fitted with eq 3 (solid lines in Figure 5) using
a nonlinear least-squares program, and KML2 were determined
(Table 2). For Naþ, the absorbance changes were small, and
thus the KML2 values could not be determined from eq 3. It
is evident that 15C5–Azo–C6 has the highest Kþ/Naþ selec-
tivity and the largest binding efficiency for Kþ. Similarly,
curve fitting analysis was carried out for 18C6–Azo–Cn with

CsCl or NaCl and the results are shown in Figure 5. The ob-
served KML2 values are also listed in Table 2. The results re-
vealed that 18C6–Azo–C6 exhibited better Csþ/Naþ selectiv-
ity than 18C6–Azo–C4 or –C8. The binding constants of
18C6–Azo–Cn were similar to those of 15C5–Azo–Cn, indi-
cating that the binding ability is related to the nature of the
aggregation and not to the ring size of crown ether.

Conclusion

We synthesized amphiphilic crown ether azoprobes having
various alkyl spacer lengths and crown ether ring sizes
(15C5–Azo–Cn; n ¼ 4, 6, 8, and 12 and 18C6–Azo–Cn;
n ¼ 4, 6, and 8). The effects of alkyl spacer length and crown
ether ring size on the binding selectivity and the binding effi-
ciency for alkali metal ions in water were evaluated. The azo-
probes exhibited a hypsochromic shift due to self-assembly
triggered by Kþ binding (for 15C5–Azo–Cn) or Csþ binding
(for 18C6–Azo–Cn). The alkyl spacer length for optimum
Kþ selectivity was determined to be n ¼ 6 for 15C5–Azo–
Cn. Due to the long alkyl spacer, 15C5–Azo–C12 formed
aggregates in which the TMA units were located outside the
aggregates. Azoprobes having long alkyl spacers are advanta-
geous in terms of sensitivity, although too much aggregation
interferes with sandwich complex formation with alkali metal
ions, resulting in loss of ion selectivity. For 18C6–Azo–Cn,
Csþ selective response was also dependent on the alkyl spacer
length. Improved response to Csþ was noted for 18C6–Azo–
C6 and 18C6–Azo–C8.

This work was supported by a Grant-in-Aid (No. 18350043)
from the Ministry of Education, Culture, Sports, Science and
Technology, Japan and the Toray Scientific Foundation.
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