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The design and applications of photochromic crown compounds are reviewed here. Such compounds exhibit the
possibility of distinct photochemical control of metal-ion complexation, based on the ionic interactions of their photoion-
ized photochromic moieties.  Crowned spirobenzopyran derivatives which the authors designed, when isomerized to
their corresponding merocyanine form by UV irradiation, can afford an additional binding site for a metal ion complexed
by their crown ether moiety in a sophisticated way, i.e., by the six-membered chelate formation with the phenolate oxy-
gen atom and the crown-ether-ring nitrogen atom.  The crowned spirobenzopyrans, therefore, have their metal-ion com-
plexing properties modified remarkably by photoirradiation, like the crowned spironaphthoxazines that are more photo-
labile than the spirobenzopyran derivatives.  Crowned spirobenzothiopyrans possess an affinity to softer metal ions such
as silver ion, which promotes their photoisomerization to the open form.  Crowned bis(spirobenzopyran)s are highly se-
lective for multivalent metal ions in the photochemical control of metal-ion complexation.  Photochromic crown com-
pounds such as crowned triphenylmethane dyes, when undergoing intermolecular photoionization, exhibit clear-cut pho-
tocontrol systems of metal-ion complexation, which are very attractive for applications, especially in materials chemis-
try.  Polymerization of crowned spirobenzopyran and Malachite Green may make it easier to apply the photochromic
crown compounds practically.  Remarkable polymer effects also appear in the photochromic crown ether polymers; these
include photoinduced switching between precipitation and solubilization in vinyl copolymers of spirobenzopyran and
crown ether monomers.  Several examples are described of the applications of photochromic crown compounds in mate-
rials and analytical chemistry, i.e., photo-responsive ionic conduction and photoenhanced ion sensing and separation.

 

Photochromism originally means photoinduced color
changes of chemical compounds or their solutions based on
their absorption-spectral changes.  Photochromism of organic
compounds is often accompanied by remarkable structural
changes.

 

1

 

  In this case, photochromism may provide photo-
chromic compounds with special functions besides the color
(absorption-spectral) changes.

Macrocyclic polyethers, so-called crown ethers, bind cat-
ions selectively in their cavities and are therefore useful tools
for manipulation, analysis, and separation of cations such as
alkali metal ions.

 

2,3

 

  Incorporation of a crown ether moiety into
a photochromic compound can be expected to provide the par-
ent photochromic skeletons with high functionalities.  For in-
stance, in a crown ether containing two anthracene moieties in
the ring, 

 

1

 

,

 

4,5

 

 the anthracene moieties dimerize intramolecular-
ly by photoirradiation (Chart 1).  The photoinduced dimeriza-
tion diminished the cavity size of the crown ether moiety, in
turn altering the cation-complexing property based on the size-
fit concept.  Heating in the dark after the dimerization causes
the reverse reaction to the monomeric form and thereby re-

stores the original cation-complexing property.  The cation-
complexing property of 

 

1

 

 can be thus controlled by repetitive
cycles of photoirradiation and heating.  An acyclic polyether
(podand) carrying an anthracene moiety at both ends, when ir-
radiated by UV light, is cyclized to a crown ether by intramo-
lecular dimerization of the two anthracene moieties.

 

6

 

  Since the
original podand is different from the photoinduced crown ether
in its cation-complexing ability, this also turns out to be a pho-
tocontrol reagent for cation complexation.

A bis(crown ether) bridging two crown ether rings by an
azobenzene moiety, 

 

2

 

, is also photoresponsive.

 

7–9

 

  The trans
form of azobenzene, which is thermally stable, isomerizes to
the corresponding cis form by UV irradiation and vice versa by
visible irradiation or heating.  Bis(crown ether) derivatives are
able to accommodate a cation with their two adjacent crown
ether rings if they can assume a conformation suitable for the
intramolecular cooperation of the crown ether rings.

 

10

 

  In this
case, bis(crown ether) derivatives show a selectivity for cations
that are a little larger in size than the crown-ring cavity and are
often superior to their corresponding monocyclic crown ethers
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in the cation selectivity.

 

11,12

 

  Thus, the cis bis(crown ether),
which can bind a cation by “bis(crown ether) effect”, is dif-
ferent from the corresponding trans form in the cation selectiv-
ity.

 

13,14

 

  Photoisomerization of the azobenzene moiety of 

 

2

 

,
therefore, changes its cation selectivity.  The conformation of
bis(crown ether) can be controlled between cis (parallel) and
trans (anti-parallel) forms by photoisomerization of dia-
rylethene moiety that is thermally irreversible and fatigue-re-
sistant.

 

15–17

 

  That is to say, the open-ring form of a bis(crown
ether) bridged by a diarylethene moiety, 

 

3

 

, captures large cat-
ions by bis(crown ether) effect, whereas the corresponding
closed-ring form releases the cation.

Photoinduced bond scission is an interesting path to photo-
chemical control of cation complexation of crown ether deriva-
tives such as cryptand

 

18

 

 and bis(crown ether)s.

 

19

 

  For instance,
photolysis of photolabile bis(crown ether) 

 

4

 

 in the presence of
a photosensitizer destroys its bis(crown ether) structure to
yield its monomeric analog.  The bis(crown ether) can bind
methyl viologen efficiently by cooperation of the two adjacent
crown ether rings, but the photoinduced monomeric analog
cannot do so.  A problem in the photocontrol system is its irre-
versibility, i.e., the monomeric analog cannot be reverted to the
initial bis(crown ether) by light or heat.

Photochromism accompanying ionization must bring about
a much more remarkable effect than that with a simple struc-
tural change on the cation complexation of crown ether deriva-
tives, based on the additional ionic interaction.  Typical photo-

chromic compounds undergoing intramolecular ionization are
spirobenzopyran derivatives.  Since spirobenzopyran deriva-
tives photoisomerize reversibly from the electrically neutral
spiropyran form to the corresponding zwitterionic merocya-
nine isomers, extensive studies have been devoted to their ap-
plications to photochemical control of physical properties in
solutions.  The examples are in photocontrol of membrane
transports,

 

20

 

 membrane potentials,

 

21–24

 

 and polymer rheolo-
gy.

 

25,26

 

  On the other hand, many triphenylmethane dyes like
Malachite Green exhibit photochromism accompanying het-
erolytic bond cleavage, thus undergoing 

 

inter

 

molecular photo-
ionization.

 

1

 

  UV light causes photoionization of Malachite
Green leuconitrile to its corresponding triphenylmethyl cation
and cyanide anion, which are then reverted to the initial electri-
cally neutral molecule by heating in the dark.  The Malachite
Green dyes have been receiving attention as an attractive tool
for photocontrol of appearance and disappearance of ionic en-
vironments.  Ionic conductivities can be regulated photochem-
ically by using Malachite Green dyes in solution and poly-
mer.

 

27–29

 

  Photochemical control of polymer rheology is also
feasible by using a Malachite green dye.

 

30

 

  Polymeric mem-
branes containing a Malachite Green moiety can modify mem-
brane transport of anions by photoirradiation.

 

31

 

Drastic photoinduced changes in cation-complexing proper-
ty can be expected by incorporation of photoionizable photo-
chromic moiety into crown ether derivatives.  Spirobenzopyran
derivatives carrying a crown ether moiety at the 1

 

′

 

-position, 

 

5

 

and 

 

6

 

,

 

32,33

 

 were synthesized (Chart 2).  In organic solutions of
some of the crowned spirobenzopyrans, cation-induced
isomerization was observed due to the occurrence of polar cir-
cumstance in the periphery of the spirobenzopyran skeleton by
cation binding of the crown moiety.

 

32

 

  In plasticized polymeric
membranes containing crowned spirobenzopyran 

 

6

 

, its photo-
induced membrane potential change was found to depend on
the kind of alkali metal ions in a measured solution, probably
because of the cation-binding effect on the isomerization of its
spirobenzopyran skeleton.

 

33

 

  Nevertheless, the presence of a
distinct photoinduced change of cation-complexing property
was hard to observe in the previous crowned spirobenzopyr-
ans.

The authors designed crowned spirobenzopyrans that can
undergo efficient photocontrol of cation-complexing property
based on ionic interaction.

 

34,35

 

  Triphenylmethane dyes, such as
Malachite Green, carrying crown ether moiety, so-called
crowned triphenylmethane dyes (or crowned Malachite Green)
were also synthesized;

 

36,37

 

 some of theses can realize all-or-
nothing-type photoinduced switching of cation-complexing
property.

 

38,39

 

  The authors thereafter continued to design crown
ether derivatives incorporating plural spirobenzopyran moi-
eties,

 

38,40

 

 a spirobenzothiopyran moiety,

 

41

 

 and crowned
spirobenzopyran polymers.

 

42

 

  Interesting properties of the pho-
tochromic compounds were discovered besides their photore-
sponsive cation-complexing property.  The photochromic
crown compounds were already applied to materials chemistry
such as photoresponsive ion-conducting materials.

 

43

 

  The au-
thors are also making applications of the photochromic crown
ethers to analytical chemistry.

 

44,45

 

  The design of photochromic
crown ethers, their photochemical control behavior, and their
applications to materials and analytical chemistry are de-

 

Chart 1.   
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scribed in this account.

 

1. Photochromic Crown Compounds Photoionizing 
Intramolecularly

Crowned Spirobenzopyran.    

 

In the previous spiroben-
zopyran derivatives possessing a crown ether moiety, such as 

 

5

 

and 

 

6

 

, the crown ether moiety was incorporated at the 1

 

′

 

(

 

N

 

)-
position of spirobenzopyran skeleton, probably due to the syn-
thetic convenience.  A general synthetic procedure for
spirobenzopyran derivatives is in the condensation reaction of
an indolenine and a nitrosalicylaldehyde derivative.  Each of
the previous crowned spirobenzopyrans was obtained by the
reaction of nitrosalicylaldehyde with an indolenine carrying a
crown ether moiety at the 1-position that is easily accessible.
It was, however, anticipated that efficient photochemical con-
trol of cation complexation might be realized with crowned
spirobenzopyrans where a crown ether moiety is incorporated
at the 8-position of the spirobenzopyran skeleton.  This is be-
cause a phenolate anion in the metal-ion complex of the mero-
cyanine form of crowned spirobenzopyran is most likely to in-
teract axially with a cation captured by its crown ether moiety.
Spirobenzopyran derivatives carrying a monoazacrown ether
moiety at the 8-position, crowned spirobenzopyrans 

 

7

 

–

 

10

 

,
were thus designed. 

Cation complexation-induced isomerization of the crowned
spirobenzopyrans proceeds as illustrated by absorption spectra
in Fig. 1, when an alkali metal ion is dissolved in an organic
solution of a crowned spirobenzopyran under dark conditions.
The absorption spectra for acetonitrile solutions containing an
equimolar amount of a crowned spirobenzopyran and an alkali
metal perchlorate showed significant peaks assigned to the
merocyanine form of crowned spirobenzopyran between 500
and 550 nm.  The addition effect of Li

 

+

 

, a high-charge-density
metal ion, on the isomerization of crowned spirobenzopyrans
is remarkable, although the cation-complexing selectivities of
the crown ether moieties themselves naturally contribute to the
isomerization.  Specifically in the 

 

7

 

(R 

 

=

 

 CH

 

3

 

) and 

 

8

 

(R 

 

=

 

CH

 

3

 

) systems, Li

 

+

 

 addition causes a pronounced absorption
peak based on their corresponding merocyanine isomers.  Even
in the acyclic analog 

 

10

 

 system, Li

 

+

 

 addition allows the
isomerization to its merocyanine isomer more or less, while
Na

 

+

 

 and K

 

+

 

 affect the isomerization only with great difficulty.
Spirobenzopyran derivatives carrying a benzomonoaza-15-
crown-5 moiety 

 

11

 

46

 

 and an oxymethylcrown ether moiety

 

12

 

,

 

47

 

 and cryptand spirobenzopyran 

 

13

 

48

 

 show a similar behav-
ior to 

 

8

 

 on the metal-ion addition.  In the systems of spiroben-
zopyran derivatives containing a piperidinomethyl group and
no substituent at the 8-position, however, no significant
isomerization can be detected spectrophotometrically by the
addition of an equimolar amount of alkali metal salt under dark

 

Chart 2.   

 

Fig. 1.   Photoisomerization of crowned spirobenzopyran 

 

7

 

(R

 

=

 

 CH

 

3

 

) in THF in the presence of Li

 

+

 

.

 

35

 

  [

 

7

 

(R 

 

=

 

 CH

 

3

 

)]
and [LiClO

 

4

 

]: 2 

 

×

 

 10

 

−

 

4

 

 mol dm

 

−

 

3

 

.
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conditions.
The cation effect on the isomerization of crowned spiroben-

zopyrans to their merocyanine isomers under dark conditions
can be explained by 

 

7

 

Li-NMR spectroscopy (Fig. 2).  An ace-
tonitrile solution containing only LiClO

 

4

 

 shows a peak as-
signed to Li

 

+

 

 solvated simply by acetonitrile in the 

 

7

 

Li-NMR
spectrum (top).  The peak is shifted continuously to higher fre-
quencies by addition of 

 

N

 

-benzylmonoaza-12-crown-4 due to
the Li

 

+

 

 complexation by the crown ether (middle).  On addi-
tion of crowned spirobenzopyran 

 

7

 

(R 

 

=

 

 CH

 

3

 

) instead of the

crown ether, another peak is observed at an even higher fre-
quency besides the peak based on crown-ether-complexed Li

 

+

 

(bottom).  The highest-frequency peak indicates that a power-
ful additional interaction with Li

 

+

 

 complexed by a crown ether
moiety occurs on the Li

 

+

 

 binding of crowned spirobenzopyran,
followed by isomerization to its merocyanine isomer.  The 

 

7

 

Li-
NMR results, therefore, suggest strongly that the crown-com-
plexed Li

 

+

 

 interacts intramolecularly with its phenolate anion
in the Li

 

+

 

 complex of crowned spirobenzopyran 

 

7

 

(R 

 

=

 

 CH

 

3

 

),
as demonstrated in Scheme 1.  This intramolecular interaction
is probably stabilized by the six-membered chelate formation
of the crown-ether-ring-nitrogen and phenolate-oxygen atoms
with Li

 

+

 

.  A tendency similar to that of the 

 

7

 

(R 

 

=

 

 CH

 

3

 

) system
is seen in 

 

7

 

Li-NMR spectra of crowned spirobenzopyran 

 

8

 

(R

 

=

 

 CH

 

3

 

), suggesting the intramolecular interaction between a
complexed Li

 

+

 

 and a phenolate anion also takes place in the
merocyanine isomer complex of 

 

8

 

(R 

 

=

 

 CH

 

3

 

).  A peak based on
the phenolate-interacting Li

 

+ is, however, difficult to find in
the NMR spectra of either spirobenzopyran derivatives of 18-
crown-6, 9(R = CH3) or its acyclic analog 10, which them-
selves cannot bind Li+ very powerfully.  The powerful in-
tramolecular interaction, therefore, seems to occur only in the
merocyanine isomers of crowned spirobenzopyrans of which
the crown ether ring fits Li+ well.

Crowned spirobenzopyrans 7–9 can be isomerized revers-
ibly to the corresponding crowned merocyanines by photoirra-
diation even in the presence of alkali metal ions, as exempli-
fied by the 7(R = CH3) system (Fig. 1).  A 7Li-NMR spectrum
of an acetonitrile solution of 7(R = CH3) and LiClO4 is also
modified by photoirradiation.  Without photoirradiation, the
solution exhibits a strong peak at the higher frequency and a
tiny peak at the lower frequency, as mentioned above.  Visible
irradiation prior to the NMR measurement intensifies the low-
er-frequency peak while it weakens the higher-frequency peak
(Fig. 3).  The spectrum almost reverts to the initial spectrum if
one removes the visible light, gradually at room temperature
and immediately by heating.  The NMR-spectral change is also
attained by UV irradiation to some extent.  The photoinduced

Fig. 2.   7Li-NMR spectra for LiClO4 acetonitrile solution in
the absence and presence of N-benzyl-monoaza-12-crown-
4 (N12C4) and crowned spirobenzopyran 7(R = CH3)
under dark conditions.35  [LiClO4]: 2 × 10−2 mol dm−3,
[N12C4]: 2 × 10−2 mol dm−3, [7(R = CH3)]: 1.6 × 10−2

mol dm−3.

Scheme 1.   Photocontrol of metal ion complexation by crowned spirobenzopyran 7(R = CH3) and spironaphthoxazine 15.
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NMR-spectral changes indicate clearly that such cation-com-
plexing equilibrium of crowned spirobenzopyran as shown in
Scheme 1 (top) can be controlled photochemically.  Under
dark conditions (or on UV irradiation), the intramolecular in-
teraction with a phenolate anion in the crowned merocyanine
promotes Li+ binding due to the additional-binding-site effect,
which resembles the “lariat ether effect”.49  Visible irradiation,
on the other hand, induces the isomerization to the spiropyran
isomer and thereby attenuates the additional-binding-site ef-
fect, thus diminishing the Li+-complexing ability.  As a result,
photochemical control of metal-ion complexation is definitely
realized in the crowned spirobenzopyrans.

The photochromic behavior of crowned spirobenzopyrans is
governed both by the metal-ion complexing ability of the
crown ether moiety and by the kind of solvents.  UV irradia-
tion enhances or depresses the isomerization of the spiropyran
moiety to the corresponding merocyanine form, showing posi-
tive or negative photochromism, respectively.  For instance, in

spirobenzopyran derivatives bearing an oxymethylcrown ether
moiety 12, the metal-ion complexing ability of the crown ether
moiety affects both thermal isomerization and photoisomeriza-
tion of their spirobenzopyran moiety to a great extent.47  When
the interaction of the crown ether moiety with a metal ion is
strong enough to cause thermal isomerization of the spiroben-
zopyran moiety to the corresponding merocyanine form and to
suppress UV-induced isomerization to the merocyanine form,
a negative photochromism appears.  On the other hand, a rela-
tively weak interaction of the crown ether moiety with a metal
ion affords a positive photochromism.  This phenomenon en-
ables us to switch the photochromic behavior between positive
and negative photochromism of crowned spirobenzopyrans by
changing the kind of metal ion added.

In spirobenzopyran derivatives incorporating a monoaza-
trithia-12-crown-4 moiety, an analog of 7 where the monoaza-
12-crown-4 moiety is replaced with a monoazathiacrown ether
moiety, the photochromism reflects the metal-ion complexing
property of their thiacrown ether moiety.50  Each of the thiac-
rowned spirobenzopyrans showed complexation selective for
Mg2+ and Ag+ with negative and positive photochromism, re-
spectively.  Silver ion, which has high affinity to the thiacrown
moiety, facilitates photoisomerization to their corresponding
merocyanine form, in which the phenolate anion does not in-
teract with an Ag+ in the thiacrown moiety.  This leads to a
positive photochromism of thiacrowned spirobenzopyran on
UV irradiation.  On the other hand, Mg2+ in the thiacrown
ether can interact with the phenolate anion powerfully, result-
ing in a negative photochromism on UV irradiation.

A spirobenzopyran carrying a benzocrown ether moiety at
3’-position and a 3-(2-hydroxyethoxy)-1-propynyl group at the
5-position, 14,51 can switch metal-ion complexation in a differ-
ent way from crowned spirobenzopyrans 7–9.  When 14 is
photoisomerized to its corresponding merocyanine form, a
metal ion complexed by the crown ether moiety is capped by
the oxyethylene group instead of the phenolate anion of the
merocyanine.

Crowned Spironaphthoxazine.    Crowned spironaphthox-
azine 1552 shows a similar behavior to the corresponding
spirobenzopyran in the cation-induced isomerization (Chart 3).
Equimolar addition of an alkali metal perchlorate to an aceto-
nitrile solution of crowned spironaphthoxazine 15 causes sig-
nificant spectral changes (Fig. 4).  Specifically on Li+ addition,
a strong absorption peak appears at 615 nm, which can be as-
signed to the open form of crowned spironaphthoxazine.  Sodi-
um ion brings about a slight absorption-spectral change, but

Fig. 3.   7Li-NMR spectra for LiClO4 acetonitrile solution in
the presence of crowned spirobenzopyran 7(R = CH3) un-
der dark and photoirradiated conditions.35  [7(R = CH3)]:
1.6 × 10−2 mol dm−3, [LiClO4]: 2 × 10−2 mol dm−3 in
CH3CN/CD3CN (7/3).

Chart 3.   
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K+ can change the visible spectrum of the crowned spironaph-
thoxazine solution hardly at all.  An acetonitrile solution of an
uncrowned spironaphthoxazine does not show any significant
absorption spectral change on the alkali metal ion addition un-
der identical conditions.  This indicates that the isomerization
of 15 to its open colored form is induced by the metal-ion com-
plexation of its crown ether moiety, as is the case with the
crowned spirobenzopyrans.  Also, the effective intramolecular
interaction between the oxo group and crown-complexed metal
ion in the complex of the open form of 15 appears to contribute
considerably to this cation-induced isomerization.  This again
means that the position into which the crown ether moiety is
incorporated is quite crucial for the effective intramolecular in-
teraction.

Photoisomerization of crowned spironaphthoxazine 15 pro-
ceeds reversibly even in the presence of Li+.53  The metal-ion
complexation of 15 affects the thermal stability of crowned
spironaphthoxazine open form to a great extent.  Lithium-ion
complexation remarkably stabilizes the open colored form of
crowned spironaphthoxazine, the thermal decoloration rate
constant of which (5.3 × 10−4 s−1) is decreased by two orders
of magnitude in the presence of equimolar Li+ as compared
with that in the absence of any metal ion (3.0 × 10−2 s−1).  Ad-
dition of Na+ also decreases the rate constant by about an or-
der of magnitude (6.0 × 10−3 s−1), but K+ can hardly change
the rate constant (2.1 × 10−2 s−1) at all.  The Li+ selectivity for
the thermal stability enhancement of the open colored form of
15 is as anticipated from that for the cation-complexation-in-
duced isomerization under dark conditions.  The thermal sta-
bility enhancement of the open colored form of 15 by Li+ ad-
dition is derived from the intramolecular interaction between
the oxo group and Li+, combined with the selective cation
binding of its crown ether moiety.  The thermal stability of the
open colored form of 15 can also be regulated by the concen-
tration of added Li+.  Thus, the crowned spironaphthoxazine -
Li+ system has advantages over conventional spironaphthox-
azines for practical applications as photochromic com-

pounds.54

No significant cation-induced enhancement in the isomer-
ization of the spironaphthoxazine moiety to its open form,
which is based on the interaction between the oxo group and
crown-ether-complexed cation, was found in a spironaphthox-
azine derivative carrying a crown ether moiety at the 9′-posi-
tion, 16, which is relatively remote from the oxo group.55

Even a spironaphthoxazine derivative carrying a crown ether
moiety at the 5′-position, 17, cannot augment the thermal sta-
bility of its open form by metal-ion complexation of its crown
ether moiety so remarkably as 15, due to the poor alignment of
its crown ether ring and oxo group.56

Photoirradiation of crowned spironaphthoxazine in the pres-
ence of Li+ can alter the complexation equilibrium established
between 15 and Li+ under dark conditions.  When UV light en-
hances the isomerization of 15 to the corresponding open
form, the participation of its oxo group as an additional bind-
ing site augments its metal-ion complexing ability, as also il-
lustrated in Scheme 1 (bottom).  The metal-ion complexing
ability of 15 can thus be modified by photoirradiation as was
the case for crowned spirobenzopyrans 7–9.53

Crowned Spirobenzothiopyran.    Not only spirobenzopy-
rans but also spirobenzothiopyrans are well-known photochro-
mic compounds and have been studied extensively in view of
photochromic devices.  However, the application of spiroben-
zothiopyrans does not seem to be very easy due to the low
thermal stability of their open colored form.57–59  One might
expect that the incorporation of crown ether moiety to the
spirobenzothiopyran skeleton would improve the thermal sta-
bility of its open form by the cation complexation of its crown
ether moiety.41,60  Also, it is of much interest to determine how
crowned spirobenzothiopyran differs in photochromism from
the corresponding spirobenzopyrans.  Absorption-spectral
changes of crowned spirobenzothiopyran 18 in acetonitrile
were followed on addition of a metal ion (alkali and alkaline-
earth metals and soft metal ions such as Ag+ and Tl+) (Chart
4).  The spectrum was hardly changed by adding an equimolar
amount of Li+, Na+, and K+, unless otherwise irradiated by
UV light.  This means that the isomerization to their merocya-
nine form accompanying the benzothiopyran-ring opening
cannot proceed by the metal-ion complexation of their crown
ether ring under dark conditions (Scheme 2).  This isomeriza-
tion behavior of 18 is, therefore, very different from that of
crowned spirobenzopyran 7, the benzopyran ring of which can
be opened readily by metal-ion complexation even without UV
irradiation.  A drastic change in the absorption spectrum of the
18 solution containing Li+ occurs on UV irradiation.  On the
other hand, little spectral change was observed in the 18 solu-
tion without any metal ion and with an equimolar amount of
K+.  The Na+ addition also affords only a slight spectral
change.  Definitely, the metal-ion complexing ability of a
crown ether moiety of 18 stabilizes the colored merocyanine
isomer that is formed only on UV irradiation, owing to the po-
larity enhancement.  The stabilization of the open form of
crowned spirobenzothiopyran is highly selective for Li+

among alkali metal ions.  In addition to the selective Li+ com-
plexation with the monoaza-12-crown-4 moiety of 18(n = 1),
some interaction between the thiolate anion and Li+ com-
plexed by the crown ether moiety probably contributes to the

Fig. 4.   Absorption-spectral changes of crowned spironaph-
thoxazine acetonitrile solutions on addition of alkali metal
salts under dark conditions.52  [15] and [MClO4]: 4 × 10−4

mol dm−3 each.
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stabilization of the colored merocyanine isomer of 18(n = 1),
as is the case with the Li+ complex for merocyanine form of
crowned spirobenzopyran (Scheme 1).  This Li+-specific stabi-
lization of photoinduced colored form of 18(n = 1) is also sup-
ported by photochromism for a model compound carrying a
linear oligo(oxyethylene) moiety instead of a crown ether moi-
ety, 19.  Since the linear oligo(oxyethylene) moiety of 19 can-
not bind a metal ion very powerfully, even Li+ scarcely induc-
es such UV-light-induced isomerization to the open colored
isomer.  Soft metal ions such as Ag+ and Tl+, especially Ag+,
also promote the UV-induced isomerization of crowned
spirobenzothiopyran 18 to its merocyanine form.  Taking into
consideration that even the photoisomerization of spiroben-
zothiopyran derivative carrying an acyclic oligo(oxyethylene)
moiety 19 is enhanced by Ag+ addition, one see that the Ag+-
facilitated photoisomerization of the spirobenzothiopyran de-
rivatives is caused mainly by high affinity of the thiophenolate
anion to Ag+ rather than by Ag+ complexation of the crown
ether moiety.  On the other hand, Ag+-induced remarkable sta-
bilization of the merocyanine form in spirobenzothiopyran de-
rivative incorporating an acyclic thiacrown ether moiety 20(n
= 0) is evidently derived from the cooperation of sulfur atoms
in 3,9-dithia-6-azaundecane and its thiophenolate anion on the
interaction with a metal ion.50

Crowned Bis(spirobenzopyran).      Crowned spiroben-
zopyrans 7–9, which carry only one spirobenzopyran moiety,
readily bind monovalent alkali metal ions due to the intramo-
lecular interaction of a crown-complexed monovalent cation
and a phenolate anion with 1:1 stoichiometry in the merocya-
nine-metal ion complex.  Therefore, it can be expected that the
incorporation of two or more spirobenzopyran moieties into a
crown ether will result in preferable complexation of multiva-
lent metal cations.  Therefore, the crown ethers carrying more
than one spirobenzopyran moiety are candidates as a material
for photochemical complexation control of multivalent metal
ions (Chart 5).

Crowned bis(spirobenzopyran) 21 is expected to show a se-
lectivity for divalent metal ions in the metal-ion complexation
and subsequent isomerization, provided that the complex sto-
ichiometry of 21 and metal ion is 1:1.40,61  The cation-com-
plexation-induced isomerization of crowned bis(spirobenzopy-
ran) 21 to its corresponding merocyanine form can be followed
spectrophotometrically in acetonitrile solutions containing an
equimolar amount of 21 and a metal salt under dark condi-
tions, using various nitrates of mono-, di-, and trivalent cat-
ions.  Figure 5 summarizes the absorption-spectral data for the
merocyanine isomer of 21, together with the data for the corre-
sponding crowned mono(spirobenzopyran) 9(R = CH3) for
comparison.  The solutions of the crowned spirobenzopyrans
without any metal salt had no detectable absorption in the visi-
ble region that is assignable to their merocyanine form.  Also,
an acetonitrile solution of a spirobenzopyran derivative with-
out any crown ether moiety exhibits negligible spectral chang-
es on addition of metal salts under identical conditions.  This
convinces us that the isomerization of crowned bis(spiroben-
zopyran) to its merocyanine form in the presence of metal salts
is derived from the metal-ion complexation by its crown ether

Chart 4.   

Scheme 2.   Isomerization behavior of spirobenzothiopyran
18(n = 1) in the presence of metal ion.41

Chart 5.   
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moiety.  In the system of crowned bis(spirobenzopyran), multi-
valent metal ions can induce isomerization of its spiroben-
zopyran moiety to the corresponding merocyanine form more
efficiently than monovalent ones can.  Multivalent metal ions
also give absorption peaks of merocyanine form at lower
wavelengths than monovalent ones do in both of the crowned
mono- and bis(spirobenzopyran).  1H-NMR spectroscopy indi-
cates that, on the Li+ complexation by crowned bis(spiroben-
zopyran) 21, one of the two spirobenzopyran moieties isomer-
izes to its merocyanine form, while the other remained un-
changed.  On the contrary, the Ca2+ complexation by 21 can
bring about concurrent isomerization of the plural spiroben-
zopyran moieties.  This is the case with the systems of 21 with
trivalent metal ions such as La3+.  This is probably because a
monovalent metal ion captured by the crown ether moiety of
21 interacts intramolecularly with only a phenolate anion of its
merocyanine moiety so as to compensate for the single positive
charge.  The complexation of divalent and trivalent metal ions
by 21, on the other hand, forces two of the spirobenzopyran
moieties to isomerize for the intramolecular interaction be-
tween a multivalent metal ion and two phenolate anions.

In bis(spirobenzopyran) of diaza-12-crown-4 22, similar ab-
sorption-spectral changes are observed by complexation with
multivalent metal ions such as Ca2+ and La3+.62  In
bis(spirobenzopyran) of piperazine 23, however, little absorp-
tion-spectral change is observed even in the presence of alka-
line-earth metal ions, although trivalent metal ions such as
La3+ afford some spectral changes probably due to the strong
interaction between the phenolate anion of spirobenzopyran
moiety and a high-charge-density cation.  Stability constants
for metal ion complexes of 21–23 with 1:1 stoichiometry can

be determined by using electrospray-ionization mass spec-
trometry (ESI-MS), together with the constants for their corre-
sponding parent crown ethers, diaza-12-crown-4 and diaza-18-
crown-6, for comparison.  Table 1 summarizes the stability
constants of metal ion complexes of 21–23, together with those
of the parent crown ethers, diaza-12-crown-4 and diaza-18-
crown-6 for comparison.  The stability constants of metal ion
complexes of 21 and 22 generally increase with increasing va-
lence of a given metal ion, reflecting the powerful ionic inter-
action between the phenolate anion of the merocyanine form
and a metal ion in the crown ether moiety.  Thus, both 21 and
22 have the greatest stability-constant values for their La3+

complexes.  Noticeably, crowned bis(spirobenzopyran)s form
much more stable complexes with metal ions than the corre-
sponding parent crown ethers do.  In particular, the stability
constant for the 21/La3+ complex is about 6 orders greater than
its corresponding metal ion complex of the parent crown ether,
diaza-18-crown-6.  The stability constant for 21/La2+ complex
(log K = 11.4 in methanol) is extraordinarily high, being still
greater than those for metal ion complexes for powerful mac-
robicyclic ligands such as cryptand.

Photoisomerization of crowned bis(spirobenzopyran) 21
proceeds reversibly even in the presence of metal ion.61  Al-
though isomerization of the spirobenzopyran moiety occurs on
addition of metal salts, as mentioned above, UV irradiation on
an acetonitrile solution of a 1:1 mixture of 21 and a metal salt
enhances the isomerization to merocyanine form.  Visible irra-
diation, on the other hand, causes the isomerization back to the
corresponding spirobenzopyran form to a great extent.  When
visible light is turned off in the crowned bis(spirobenzopyran)–
Ca2+ system, the isomerization to merocyanine form occurs to-
gether with coloration of the solution, the isomerization per-
centage returning to the initial values under dark conditions.
This means that crowned bis(spirobenzopyran)s 21 and 22 are
promising for photochemical control in the complexation of
multivalent metal ions such as Ca2+ and La3+.

Since the La3+ affinity of 21 is very different from its parent
crown ether, diaza-18-crown-6, which does not undergo such
ion-ion interaction, one can expect that photoisomerization of
the merocyanine moiety of 21 back to the electrically neutral
spiropyran form restores its ion selectivity from multivalent
metal ions to monovalent ones as illustrated in Scheme 3.38

The photoinduced ion-selectivity switching of crowned

Fig. 5.   Absorption-spectral data in visible region for
crowned spirobenzopyran 21(n = 2) (full marks) and 9(R
= CH3) (empty marks) in the presence of metal ions
[monovalent (triangle); divalent (circle); trivalent (square)]
under dark conditions.61  [21(n = 2)], [9(R = CH3)], and
[metal nitrate]: 2 × 10−5 mol dm−3 in acetonitrile.

Table 1.   Stability Constants (log K) for Metal Ion Com-
plexes of Crowned Bis(spirobenzopyran)s and Their Par-
ent Crown Ether Complexes

Li+ Ca2+ Sr2+ La3+

21 6.85 c) 8.38 b) 9.00 c) 11.4 c)

Diaza-18-crown-6 3.50 d) 4.05 d) 5.93 e) 5.70 d)

22 6.62 a) 7.80 b) 6.66 a) 9.17 a)

Diaza-12-crown-4 —f) 4.65 e) 4.47 d) —f)

23 —f) —f) —f) —f)

The log K values were determined in methanol by using
a) 22/Ca2+ complex, b) cryptand[2.2.2]/Ca2+ complex,
c) 21/Ca2+ complex, d) diaza-18-crown-6/Sr2+ complex,
and e) 18-crown-6/Ca2+ complex as the reference complex.
f) Stability constants are too small to obtain reliable values.
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bis(spirobenzopyran) can be detected by using an ESI-MS ap-
paratus equipped with an on-line photoirradiation device.  Un-
der dark conditions, crowned bis(spirobenzopyran) 21 possess-
es much higher affinity to the multivalent metal ions than the
monovalent ones due to the ionic interaction between the two
phenolate anions and a metal ion in the crown ether moiety.
The isomerization of the merocyanine to spiropyran forms in-
duced by visible irradiation can switch the ion selectivity of 21
from La3+ to K+.  If one turns off the visible light, the high
La3+ selectivity of 21 is restored.  Thus, crowned bis(spiroben-
zopyran) 21 realizes extremely high affinity to La3+ by the
powerful interaction with two phenolate anions of its merocya-
nine moiety and visible-light-induced selectivity switching
from La3+ to K+.

It is interesting to determine what happens with crown ether
derivatives carrying more than two spirobenzopyran moieties,
which we call crowned oligo(spirobenzopyran).  For instance,
crowned tetrakis(spirobenzopyran) 24 showed an affinity to
transition metal ions such as Cu2+ and Ni2+ in a preliminary
experiment.63

Crowned Styryl Dye.    Crown ether derivatives carrying
styryl dyes such as 25 and 26,64 which are already zwitterionic
without photoirradiation, have potentiality to control metal-ion
complexation of their crown ether moiety by cis–trans isomer-
ization of their styryl dye moiety (Chart 6).  The crown ether
styryl dyes resemble the above-mentioned crowned spiroben-
zopyrans in that the photoisomerization of their photochromic
moiety induces stable-complex formation of their crown ether
moiety by intramolecular ionic interaction between the anionic
site and a metal ion, although the present photochromic crown
compounds are not photoionizable.  For instance, the styryl
CwC bond of crown ether styryl dye 25 is isomerized from its

trans to cis forms by UV irradiation.  In the cis form of 25, the
sulfonate anion has easy access to a high-charge-density metal
ion complexed by its crown ether moiety and makes a stable
intramolecular ion pair.  As a result, the cis isomer forms more
stable complexes with Mg2+ by two orders of magnitude than
the corresponding trans isomer.  On the other hand, the trans
isomer of 25 tends to form an intermolecular aggregate in the
presence of Mg2+ by forming a dimeric complex (2:2 complex
of 25 and a metal ion).  A similar styryl dye incorporating a
benzothiacrown ether moiety shows a high affinity to Hg2+ and
Ag+ and the photoisomerization of styryl CwC bond from
trans to cis forms augments the complex stability constant for
Hg2+ by an order of magnitude.65  Azacrown ether styryl dye
26 behaves as a usual chromoionophore for Ba2+ and Na+ at
high concentrations.66  In other words, the addition of high-
concentration metal ions facilitates the trans-to-cis isomeriza-
tion of the styryl dye moiety even without photoirradiation,
thus leading to the intramolecular ionic interaction between the
sulfonate anion and a metal ion in the crown ether moiety.
Such photoinduced enhancement of metal-ion complexing
ability of 26 as seen in 25 can be attained even at the low met-
al-ion concentrations.  The mechanism for the crown ether
styryl dyes in the photochemical control of metal-ion complex-
ation is quite similar to that for “anionic” crowned azobenzene
derivatives that also undergo the photoisomerization of their
azobenzene moiety between trans and cis forms.67,68

2. Photochromic Crown Compounds Photoionizing 
Intermolecularly

Crowned Malachite Green.    Well-known photochromic
compounds undergoing intermolecular photoionization are
Malachite Green dyes, which dissociate to a triphenylmethyl
cation and an anion on UV irradiation.1  This photochromism
of Malachite Green dyes has been receiving attention as an at-
tractive tool for photocontrol of ionic environments.27–31,69  A
unique type of photochemical control system of metal-ion
complexation can be designed by providing Malachite Green
dyes with a crown ether moiety (Chart 7).  In a Malachite
Green leuconitrile carrying a crown ether moiety, crowned
Malachite Green 27, the metal-ion complexation of its crown
ether moiety can be controlled photochemically, based on elec-
trostatic repulsion between its triphenylmethyl cation and a
metal ion complexed by its crown ether moiety, as shown in
Scheme 4 (top).36,37  Crowned Malachite Green 27 can com-
plex Na+ easily, provided that the photochromic moiety is not
ionized.  When UV light forces the cation-complexed 27 to
ionize to its triphenylmethyl or quinoid cation and a cyanide
anion, the Na+ in the crown moiety is presumably repelled by
the intramolecular electrostatic repulsion between the Na+ and
the resulting organic cation.  In an experiment to detect the
photoinduced changes of metal-ion complexing ability of 27 in
aqueous methanol potentiometrically by using a Na+-selective
glass electrode, UV irradiation raised the activity of free Na+,
while the following dark reaction restored the ion activity to
the initial value.  This potentiometry clearly indicates that re-
leasing and binding of Na+ by the crown ether moiety of
crowned Malachite Green occur on the photoionization and re-
combination of its Malachite Green moiety, respectively.
However, the photoionized crowned Malachite Green does not

Scheme 3.   Photochemical switching of metal ion selectivity
between multivalent and monovalent metal ions by
crowned bis(spirobenzopyran).

Chart 6.   



ACCOUNTS234 Bull. Chem. Soc. Jpn., 76, No. 2 (2003)

[BULLETIN 2003/01/24 09:52] A2009

necessarily reject a metal ion.  Mass spectrometry (ESI-MS)
proved that even the cationic form of 27 still can bind a metal
ion with its crown ether moiety in spite of the intramolecular
electrostatic repulsion between the crown-ether-complexed
metal ion and the triphenylmethyl cation.  This is because the
electrostatic repulsion for the 27 system is not very effective
due to the difficult delocalization of the photoinduced cationic
charge on the crown ether moiety.  In addition, the benzocrown
ether itself does not have very high cation-binding ability even
in the non-ionized state of 27 under dark conditions.  Unlike
crowned Malachite Green 27, Malachite Green derivative in-
corporating a bis(monoazacrown ether) structure 28 realizes
not only high metal-ion complexing ability of the bis(crown
ether) moiety10,11 under dark conditions but also efficient met-
al-ion release by electrostatic repulsion with positively charged
nitrogen atoms in the crown ether ring under photoirradiated
conditions.38,39  A typical spectrum for ESI-MS of an acetoni-
trile solution of 28 and KClO4 shows a strong peak for its K+

complexes at m/z 742 under dark conditions (Fig. 6, top).  UV
irradiation afforded a single, significant peak at m/z 677, which
is assigned to the corresponding cationic form of 28 (Fig. 6,

bottom).  Such a peak assigned to the metal ion complexes of
28 as observed under dark conditions cannot be seen at all on
UV irradiation.  This means that almost all metal ions com-
plexed by the crown ether moiety of 28 are released on the
photoionization of the Malachite Green moiety.  Thus, bis-
crowned Malachite Green leuconitrile 28 can undergo clear-
cut switching from the powerful metal-ion complexation to the
perfect metal-ion release, so-called all-or-none type switching
in the metal-ion complexation on its photoionization, as illus-
trated in Scheme 4 (bottom).  The photoionization behavior of
biscrowned Malachite Green leuconitrile depends consider-
ably on the kind of solvents.70

Crowned Crystal Violet.    A triphenylmethane dye deriva-
tive incorporating three monoaza-15-crown-5 rings, 29, what
we call triscrowned Crystal Violet, has been designed.39  An
all-or-none type photochemical switching behavior of metal-
ion complexation similar to that by biscrowned Malachite
Green 28 is attained with the triscrowned Crystal Violet.
Triscrowned Crystal Violet 29 is not a useful chromoionophore
for ion sensing at the visible region (by color change),71,72 but
it exhibits an interesting metal-ion complexing property.73

Triscrowned Crystal Violet 29 binds Cs+ more than other alka-
li metal ions on liquid–liquid extraction.  If one considers that
the highest extractability of biscrowned Malachite Green 2839

was observed for K+ and that the sandwich-type complexation
is an important factor to raise complexing ability for K+, one
may conclude that the Cs+ complexation with the triscrowned
Crystal Violet is probably performed by the intramolecular co-
operation of the three crown ether rings of 29.  Since Na+ fits
into the ring of monoaza-15-crown-5 ether,74 the ion tends to
form multinuclear metal complexes with the triscrowned Crys-
tal Violet.  This in turn suppresses the metal-ion extraction due
to the significantly increased hydrophilicity of the highly
charged complexes.  A very striking thing about the metal-ion
complexation by 29 is a conformational change forced by Cs+

complexation.  Absorbance in the absorption spectrum at the
UV region (around 270 nm) of 29 depends on Cs+ concentra-
tion and is reduced with increasing Cs+ concentration at its
low concentration range.  After the ion concentration is equal
to that of triscrowned Crystal Violet, further Cs+ addition
again augments its absorbance.  The absorbance dependence is

Chart 7.   

Scheme 4.   Photocontrol of metal ion complexation by crowned Malachite Green derivatives 27 and 28.
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anomalous because Cs+ itself has no absorption at the UV re-
gion and the triscrowned Crystal Violet does not ionize without
UV irradiation.  It is, therefore, anticipated that this unique
phenomenon of the triscrowned Crystal Violet is derived from
its conformational change on complexing Cs+.  If one com-
pares among the Cs+, Na+, and K+ complexes of 29, the com-
plex conformation should be different from one another.  Since
Na+ forms 1:1 complexes with the monoaza-15-crown-5 ring,
its complex formation will not affect the conformation of the
Crystal Violet skeleton.  A K+ ion may be trapped intramolecu-
larly with two of the crown ether rings of 29, in which case the
resulting conformation change is not very hard to assume for
the Crystal Violet skeleton.  The intramolecular cooperation of
the three crown ether rings is, however, necessary for complex-
ing a Cs+ and must be accompanied by a serious distortion of
the Crystal Violet skeleton, which can be verified by molecu-
lar-orbital calculations.  The distortion of the Crystal Violet
skeleton leads to the absorbance change at the UV region.
This phenomenon of the triscrowned Crystal Violet might be
applied to spectrophotometry that is highly selective for Cs+.

Crowned Merocyanine.    A monoazacrown ether carry-
ing a laser dye, crowned merocyanine 30, can bind metal ions
such as Ca2+ and Li+ with its crown ether moiety.  The excita-
tion of the merocyanine moiety by a laser pulse induces charge
transfer in the moiety, the nitrogen atom in the crown ether
ring being charged positively.  As a result, the positive charge
on the nitrogen atom in the excited state of 30 ejects a metal
ion complexed by its crown ether moiety due to the electrostat-
ic repulsion between the metal ion and positive charge.75–77

The photoejection process takes place very fast, within 5 and
20 ns in the Li+ and Ca2+ complexes, respectively.  In the

ground state without laser irradiation, the crowned merocya-
nine binds metal ions again.  The stability constants of the met-
al ion complexes are two orders of magnitude lower in the ex-
cited state than in the ground state.  Although the photocontrol
of metal ion complexation by crowned merocyanine 30 is quite
reversible, the excited state is thermally unstable with a very
short lifetime.  Therefore, it will be difficult to observe the
photoinduced increase of free metal-ion activity in solution
and to apply the photoejection system of 30 practically.

3. Polymers Carrying Photochromic Crown Ether Moiety

Crowned Spirobenzopyran Polymers.    An easy way to
combine a spirobenzopyran moiety with a crown ether moiety
is copolymerization of vinyl monomers carrying their corre-
sponding functional moieties.42  Copolymerization of vinyl
monomers of monoaza-12-crown-4 and spirobenzopyran78 in
an equimolar amount affords crown ether–spirobenzopyran co-
polymer 31 (m = n = 0.5) (Chart 8).  The complexing ability
of 31 toward alkali metal ions, which can be estimated by a
conventional solvent extraction technique, is in the order of
Na+ > K+ > Li+.  The polymeric crowned spirobenzopyran is
quite different in the metal-ion complexing property from
those for its corresponding monomeric analog, crowned
spirobenzopyran 7.35  The efficient intramolecular interaction
between a phenolate anion and a metal ion complexed by the
crown ether moiety in the metal-ion complex of the merocya-
nine form of 7 reflects the selectivity order of Li+ > Na+ >
K+, as already discussed.  On the contrary, crown ether–
spirobenzopyran copolymer 31 does not exhibit such a high
Li+ selectivity in spite of the fact that the polymer also carries
crown ether and spirobenzopyran moieties in the vicinity.  This

Fig. 6.   Mass spectra for acetonitrile solution of biscrowned Malachite Green leuconitrile 28 and KClO4 under dark (top) and UV-ir-
radiated (bottom) conditions.38  [28] and [KClO4]: 2 × 10−4 mol dm−3, UV light:240–400 nm for 30 s.



ACCOUNTS236 Bull. Chem. Soc. Jpn., 76, No. 2 (2003)

[BULLETIN 2003/01/24 09:52] A2009

suggests that such intramolecular interaction as seen in
crowned spirobenzopyran 7 is quite difficult in the polymer,
31, probably due to the comparatively long distance between
its crown ether and spirobenzopyran moieties.  The higher
complexing ability of 31 toward Na+ and K+ than Li+ is prob-
ably due to the easy formation of intrapolymer 2:1(crown
ether ring/metal ion) complexes with Na+ and K+ by coopera-
tive action of two adjacent crown ether rings,10 as is the case
with poly(12-crown-4) derivatives.79  The intrapolymer sand-
wich-type complex formation enhances the metal ion com-
plexation and thereby the metal-ion extraction by cooperative
action of two adjacent crown ether rings.

An intriguing phenomenon was, however, observed during
the course of investigations of metal ion complexation and
photochromism of the crown ether–spirobenzopyran copoly-
mer 31 (m = n = 0.5).42  Spirobenzopyran derivatives, when
isomerized to their corresponding merocyanine forms, are
known to aggregate.80  Specifically, the aggregation between
the merocyanine isomers is remarkable with polymers carrying
a spirobenzopyran moiety at the side chain.81  UV irradiation
causes isomerization of the spirobenzopyran moiety of 31 to
its corresponding merocyanine form, which in turn brings
about polymer-chain aggregation by forming pairs of the zwit-
terionic merocyanine.  This phenomenon is supported by ab-
sorption-spectral changes of a tetrahydrofuran (THF) solution
of crown ether–spirobenzopyran copolymer 31.  Without any
metal ion, the photoirradiation increases an absorption peak
around 600 nm assigned to the non-aggregated merocyanine
moiety, which is shifted gradually to shorter wavelengths
(560 nm) by prolonged photoirradiation.  This blue shift of the
merocyanine absorption peak can be attributed to the forma-
tion of H-type aggregates.81  The merocyanine absorption dis-
appears almost completely by the following visible irradiation
(> 400 nm).  In the solution containing Li+, on the other hand,
the absorption around 560 nm, based on the H-type aggrega-
tion, appears very quickly by UV irradiation.  Further UV irra-
diation decreased the absorption with a slight red shift.  Final-
ly, a purple-colored polymer starts to precipitate with some
turbidity in the solution.  Since polymer chains of 31 should be
contracted without any metal ion in a modestly soluble solvent
such as THF, the photoisomerized merocyanine moieties are
likely to form H-type aggregates intramolecularly in a polymer
chain.  In the presence of a crown-ether complexable metal
ion, however, the polymer chains carry positive electric charg-
es by the metal ion complexation with its crown ether moiety
and thereby the polymer chain expands due to the intramolecu-

lar electrostatic repulsion among the cationic charges, as dem-
onstrated in Scheme 5.  The expansion of polymer chains can
raise the probability for interpolymer formation of the merocy-
anine aggregate while suppressing the intramolecular (in-
trapolymer) one.  Thus, the interpolymer merocyanine aggre-
gation brings about polymer-chain crosslinking of 31, finally
leading to the polymer precipitation.  The polymer precipitate
which resulted by UV irradiation in the presence of a metal ion
can be again dissolved in the solution by subsequent visible ir-
radiation and then the 31 solution becomes almost transparent.
This means that UV-light induced precipitation of polymer 31
and visible-light induced dissolution in the presence of Li+ is
quite reversible.  This is the case in the presence of Na+ in-
stead of Li+, although the UV-light induced merocyanine ag-
gregation and precipitation in the former metal-ion system is
not as easy as in the latter one.  Some difficulty for the photo-
induced merocyanine aggregation in the Na+ system is proba-
bly because polymers carrying a 12-crown-4 moiety at the side
chain tend to form intramolecular 2:1 (crown ether ring/metal
ion) complexes with Na+.  This intramolecular formation of
the sandwich-type complexes depresses the polymer chain ex-
pansion induced by electrostatic repulsion, in turn preventing

Chart 8.   

Scheme 5.   Photoinduced merocyanine aggregation in crown
ether–spirobenzopyran copolymer 31 in the absence and
presence of metal ion.
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the interpolymer aggregation of merocyanine.  This is revers-
ible photocontrol in the precipitate formation of crown ether–
spirobenzopyran copolymer 31 in THF in the presence of a
metal ion.

The original property of photoresponsive metal-ion com-
plexing ability for the monomeric crowned spirobenzopyran is,
however, lost with the crown ether–spirobenzopyran copoly-
mers 31.  Vinyl polymers carrying a crowned spirobenzopyran
moiety itself at the side chain 32, can also be synthesized in-
stead.82  The metal ion complexation by the crown ether moi-
ety of 32 affected photochromism of their spirobenzopyran
moiety remarkably.  The crowned spirobenzopyran polymers
have considerable similarity to the corresponding monomeric
analog in the metal-ion complexing property and photo-
chromism, with some differences induced by polymer effects.
To the contrary, little significant aggregation of photoinduced
merocyanine moiety is found in the crowned spirobenzopyran
polymers, unlike the polymers carrying spirobenzopyran and
crown ether moiety independently.

Crowned Malachite Green Polymers.     Polymers carry-
ing a biscrowned Malachite Green moiety at the side chain
were synthesized expecting significant polymer effects.  Copo-
lymerization of vinyl monomers bearing a biscrowned Mala-
chite Green moiety with several widely-used vinyl monomers
such as styrene yielded crowned Malachite Green polymers
33.83  Homopolymerization of vinyl monomers of biscrowned
Malachite Green does not appear to proceed due to the steric
hindrance of a bulky pendant group (biscrowned Malachite
Green moiety).  The metal-ion complexing ability for Mala-
chite Green polymer 33 (m = 0.4, n = 0.6), which is evaluated
by metal ion extraction with a 1,2-dichloroethane solution
from an alkali-metal picrate aqueous solution, is different from
its corresponding monomeric model of biscrowned Malachite
Green 28 (Fig. 7).  The metal-ion complexing ability for poly-
mer 33 (m = 0.4, n = 0.6) is in the order Cs+ > K+ > Na+ >
Li+ and that for the monomeric model 28 is in the order K+ >

Na+ > Cs+, Li+.  The polymer is generally higher than the
monomeric model 28 in the metal-ion complexing ability, es-
pecially towards Cs+.  In general, 15-crown-5 derivatives tend
to form 2:1(crown ether ring/metal ion) sandwich-type com-
plexes with metal ions that are slightly greater in size than the
crown ether cavity.  So, the bis(15-crown-5) derivative, bis-
crowned Malachite Green 28, can form sandwich -type K+

complexes very easily by cooperative action of two adjacent
crown ether rings, that is, by a bis(crown ether) effect.  This is
the reason for the high affinity of 28 on the K+ extraction.  The
higher affinity of biscrowned Malachite Green polymers to-
wards Cs+ than towards K+ may be attributed to a kind of
polymer effect, that is, a more sophisticated cooperative action
of two or more crown ether rings at the polymer side chain on
the metal-ion complexation.  In addition to the bis- and
poly(crown ether) effects on the metal ion complexation, the
higher lipophilicity of biscrowned Malachite Green polymers
than that of the monomeric model 28 may augment the metal-
ion complexing ability of the polymers, which is evaluated by
cation extraction from aqueous to organic phases.  Another re-
markable thing is a great difference between the biscrowned
Malachite Green polymer and its monomeric model 28 in the
thermal decoloration after UV irradiation.  In any metal-ion
addition system, the biscrowned Malachite Green systems are
always greater in the thermal decoloration rate than the mono-
meric model system.  The high rates in the thermal reversion
reaction from the ionic form to electrically neutral one in the
biscrowned Malachite Green moiety must be related to the
polymer rheology changes induced by intrapolymer electro-
static interaction among the cationic species of Malachite
Green.30  The polymers of biscrowned Malachite Green 33 are
modestly soluble in THF/acetonitrile (50/50 vol%), and there-
fore the polymer chains are probably contracted in solution.
The photoinduced ionization in the biscrowned Malachite
Green moiety of the polymers results in the cationic-site for-
mation in the polymer side chain.  The resulting contracted
polymer chain is apt to expand due to the intrapolymer electro-
static repulsion among the cationic sites, thus resulting in some
strain in the polymer chain.  The photoinduced expansion of
the polymer chain is evidenced by the measurements of re-
duced viscosity of the polymer solutions.  This polymer chain
strain accelerates the thermal reversion reaction due to its alle-
viation, enhancing the thermal decoloration reaction as com-
pared with the corresponding monomeric analog.

4. Applications to Photoresponsive Ion-Conducting 
Materials

Photoresponsive Ion-Conducting Materials.     Organic
ion conductors or polymer electrolytes are attractive materials
for ionics.84,85  Many organic ion-conductors have been de-
signed aiming at making their electrical conductivity compara-
ble to the high values for conventional inorganic ion conduc-
tors.  There are, however, very few organic ion conductors
whose ionic conductivities can be switched by external stimuli
such as light.  For instance, polymer composite films contain-
ing a lithium salt and an azobenzene liquid crystal were inves-
tigated as photoresponsive ionic conductors.86  The azoben-
zene liquid crystal isomerizes reversibly from its trans to cis
forms by photoirradiation and thereby experiences drastic

Fig. 7.   Alkali-metal ion extraction by crowned Malachite
Green polymer 33(m = 0.4, n = 0.6) (�) and comparison
with monomeric model 28 (�).83
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phase transitions.  UV irradiation on the composite film causes
distinct phase transitions from the crystal or liquid crystal to
the isotropic liquid states, drastically enhancing ion mobility
and therefore ionic conductivity in the film.  Subsequent visi-
ble irradiation again diminished the ionic conductivity.  Thus,
ionic-conductivity switching is photochemically feasible with
the composite films containing photoresponsive azobenzene
liquid crystal.

The photoinduced change in the metal-ion complexing abil-
ity of crowned spirobenzopyrans in solution opens up the pos-
sibility for photochemically controllable ionic conductivity of
films containing a crowned spirobenzopyran as the key materi-
al.  Crowned spirobenzopyran 7(R = CH3) was first applied to
a bi-ionic conducting system, in which both the cation and an-
ion are able to participate in the ionic conduction.43  The bi-
ionic conducting system is plasticized poly(vinyl chloride)
(PVC) film incorporating LiClO4 as the ion-conducting spe-
cies.  In the ion-conducting composite containing crowned
spirobenzopyran 7(R = CH3), the photoisomerization of
crowned spirobenzopyran is quite reversible in the composite
film.  Visible and UV irradiation increases and decreases, re-
spectively, the free Li+ activity that contributes mainly to the
ionic conductivity and thereby to the ionic conductivity in the
composite film.  The photoinduced ionic-conductivity changes
are synchronized by the photoirradiation.

The photochemical ionic-conductivity control driven by the
isomerization of crowned spirobenzopyran can be extended to
a single-ionic conducting system, where only a cation partici-
pates in ionic conduction, to attain effective ionic-conductivity
switching induced by photoirradiation.  An example of the sin-
gle-ionic conducting film is a composite films consisting of
lithium poly(perfluorosulfonate) (Li-PPFS) whose ion-con-
ducting carrier is essentially Li+.  Since the cation transference
number is nearly 1 in the single-ionic conducting system, dras-
tic photoinduced changes in the ionic conductivity can be ex-
pected, based on the mechanism in Scheme 6.  In this single-
ionic conducting composite film, the photoiomerization of
crowned spirobenzopyran also occurs rather efficiently, which
in turn leads to such a marked photoresponse of ionic conduc-
tivity as shown in Fig. 8, when turning on and off visible light
while heating under dark conditions.  Isothermal transient ion-
ic-current measurements explain the significant photoinduced
change in ionic conductivity of the Li-PPFS/7(R = CH3) com-
posite film (Fig. 9).  After an appropriate direct-current voltage
is applied across the composite film, the quick polarity switch-
ing produces transient ionic current.  Each ionic current peak
in the plots of ionic current (I) vs time is derived from Li+ con-

duction in the single-ionic conducting composite film.  The
current peak appeared under visible-irradiated conditions earli-
er than under dark conditions.  This indicates a higher Li+ mo-
bility under visible-irradiated conditions, i.e. the spiropyran-
rich (nearly 100 %) conditions than under dark conditions, i.e.
the merocyanine-rich (> 70 %) conditions.  The drift mobility
of Li+ in the composite film, which can be calculated from the
transient time, is 2.8 × 10−11 cm2 s−1 V−1 under dark condi-
tions.  The mobility is increased to 3.0 × 10−11 cm2 s−1 V−1 for
visible irradiation.  Turning off the visible light restores the ion
mobility to 2.7 × 10−11 cm2 s−1 V−1.  In general, ionic conduc-
tivity can be expressed as s = q n µ, where q, n, and µ stand for
ionic charge, carrier density, and ion mobility, respectively.
Taking into consideration that the ionic conductivity is about
20-fold greater under visible-irradiated conditions than under
dark conditions, while the ion mobility is about 10-fold greater
under the former conditions than under the latter ones, one can
conclude that the photoinduced ionic-conductivity change for
the single-ionic conducting composite film containing
crowned spirobenzopyran 7(R = CH3) is governed by a
change in the Li+ mobility rather than in the carrier density.
Spironaphthoxazine derivatives, which generally show excel-
lent light-fatigue resistance,87,88 are expected to be more reli-
able and durable photochromic materials than their corre-
sponding spirobenzopyran derivatives.  Marked photochemical
switching of ionic conductivity can also be realized with both
of the PVC- and Li-PPFS-based composite films containing
crowned spironaphthoxazine 15.53  By visible irradiation, Li+,
the ionic carrier in films tends to be released from the crowned
spironaphthoxazine–metal complexes.  The ionic conductivity
of the composite film is thus increased as anticipated from
Scheme 1 (bottom).  Following UV irradiation allows the open
colored form of crowned spironaphthoxazine to bind Li+

strongly, therefore decreasing the ionic conductivity.  The pho-
tochemical ionic-conductivity switching in the composite films
containing crowned spironaphthoxazine 15 is excellently re-
versible and reproducible, as demonstrated in Fig. 10.  Even
after 30-cycle irradiation of UV and visible lights, the magni-
tude in the ionic-conductivity change is almost constant in the
Li-PPFS-based composite films.  In similar composite films
containing a crowned spirobenzopyran instead of the crowned
spironaphthoxazine,43 some light fatigue or deterioration is ob-
served after several photoirradiation cycles; the magnitude in
the photochemical ionic-conductivity change decreases with
photoirradiation cycle.  Definitely, the high durability of the
photochemical ionic-conductivity switching system containing
15 as the key compound is ascribable to the excellent light-fa-

Scheme 6.   Photocontrol of ionic conduction in single-ionic systems consisting of lithium poly(perfluorosulfonate) and crowned
spirobenzopyran 7(R = CH3).
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tigue resistance of the spironaphthoxazine derivative itself.
Since the photoisomerization of crowned bis(spirobenzopy-

ran)s such as 21–23 proceeds even in the presence of a multi-
valent metal ion like Ca2+, the intramolecular interaction of a
crown-ether-complexed multivalent metal ion with two pheno-
late anions of its merocyanine moiety can be controlled photo-
chemically.  The photochemical metal-ion complexation con-
trol system of the crowned bis(spirobenzopyran) can therefore
be applied to ionic-conductivity photocontrol in systems using
multivalent cations as the ion-conducting carrier, which are
promising for high-energy ion-conducting devices.61  Visible
irradiation on a composite film of plasticized PVC, 21(n = 2),
and Ca(ClO4)2 increases the ionic conductivity and the follow-
ing UV irradiation decreases it.  Similar ionic-conductivity
changes can be also found by alternation of visible irradiation
and heating in the dark.  However, since not only Ca2+ but also

its counteranion takes part in ionic conduction in the ion-con-
ducting composite films containing Ca(ClO4)2, the contribu-
tion of the photoinduced changes of metal-ion complexing
ability to the ionic-conductivity changes might be lowered by
that of the counteranion.  If a Ca2+ salt with large anions is em-
ployed, the contribution of anion conduction may be alleviat-
ed, leading to more remarkable photoinduced ionic-conductiv-
ity changes.  The photoinduced switching for composite films
containing calcium bis{bis[p-(1,1,3,3-tetrametylbutyl)phen-
yl]phosphate} (Ca-HDOPP) instead of Ca(ClO4)2 enhanced
the switching magnitude in the ionic-conductivity changes by
alternation of visible irradiation and heating in the dark, as ex-
pected.  In both of the ion-conducting systems containing
Ca(ClO4)2 and Ca-HDOPP, the photoinduced ionic-conductivi-
ty switching is almost reversible.

Malachite Green leuconitrile itself photoionizes intermolec-
ularly, and ionic conductivities can be therefore regulated pho-
tochemically, by using Malachite Green dyes in solution and
polymer.27–29  Photoinduced switching of ionic conductivity
was also attempted in PVC- and Na-PPFS-based composite
films containing crowned Malachite Green 27.  The photoion-
ization of the Malachite Green leuconitrile moiety of 27 gener-
ates two ion-conducting carriers, i.e. a cyanide anion and a
triphenylmethyl or quinoid cation, which themselves in turn
raise the ionic conductivity of the composite films.  In the pho-
tochromism of crowned Malachite Green in the presence of a
crown-ether complexable metal ion, Na+, as shown in Scheme
4 (top), the photoionization brings about release of Na+ com-
plexed by the crown ether moiety of 27.  The resulting free
Na+ is also able to participate in ionic conduction.  In other
words, the photoionization of Na+-complexed crowned Mala-
chite Green 27 results in synergistic generation of ion-conduct-
ing carriers.  The ion-conducting system of the crowned Mala-
chite Green, therefore, exhibits remarkable photoinduced

Fig. 8.   Photoinduced ionic-conductivity changes in single-
ionic conducting composite film of Li-PPFS/7(R = CH3)
on turning on and off visible light while heating at 70 °C
under dark conditions.43  Photoirradiation started at each
point of � and then finished at the point of � for visible
light, and vice versa for heating at dark.

Fig. 9.   Isothermal transient ionic-currents for single-ionic
conducting composite film of Li-PPFS/7(R = CH3).43

Fig. 10.   Photoinduced ionic-conductivity changes for single-
ionic conducting composite film of Li-PPFS/crowned
spironaphthoxazine 15.53  Photoirradiation started at each
point of � and then finished at the point of � for visible
light, and vice versa for UV light.
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changes in the ionic conductivity, i.e., the ionic conductivity is
increased by UV irradiation and vice versa by heating without
photoirradiation.

The above-mentioned photoresponsive ion-conducting sys-
tems containing photochromic crown ethers may be useful for
device applications.  The ion-conducting materials are applica-
ble to electrostatic imaging,89 although electron (or hole)-con-
ducting materials are generally employed in recent electrostat-
ic imaging systems.90  The ionic-conductivity difference be-
tween photoirradiated and unirradiated regions of composite
films containing a photochromic crown ether can afford image
storage, which can be read easily by corona charging.  The sur-
face charges induced by corona charging are easily canceled
out on the highly ion-conducting photoirradiated region by its
internal polarization, while the low ion-conducting unirradiat-
ed region still possesses stable surface charges.  The latent im-
age can be readily duplicated by a conventional xerographic
method.  The latent image can last for a while, being memo-
rized after turning off the light.  This indicates a possibility for
one-time exposure and multi-time printing by the electrostatic
imaging systems using the photoresponsive ion-conducting
composite films.  The latent image can be erased immediately
by visible irradiation.  Also, the write-in and erasing of the
electrostatic image are quite reversible.  One other possibility
for the device applications of the photoresponsive ion-conduct-
ing systems of photochromic crown ethers may be in photow-
ritable electrochromic displays.

Photorefractive Materials.      The photorefractive effect
can be applied to various types of optical information process-
ing, such as real-time image processing, optical switching, and
holographic memory.  Design of organic photorefractive mate-
rials is being promoted recently.91,92  In order to attain photore-
fractivity, the organic materials must possess both photocon-
ductivity and electro-optic effect.  Photorefractive materials
should, therefore, contain a photoinduced carrier (electric
charge) generator, a carrier-transporting medium, a carrier-
trapping site, and a nonlinear optical moiety whose refractive
index is changed by a space-charge field.  In most cases, pho-
toinduced redistribution of electrons or holes (charge genera-
tion followed by electric-field induced drift) is responsible for
the space-charge field formation, which in turn brings about
ordered orientation of the nonlinear optical moiety.  Ionic car-
riers, i.e., cation and anion, should also produce such space-
charge fields by ion migration.  Ionic conduction is also ex-
pected to provide photorefractive systems with memory effect,
since ions migrate slowly in the composite films due to their
masses.  As mentioned above, the photochemical control of
metal-ion complexing ability by 7(R = CH3) can afford photo-
induced ionic-conductivity changes, if the photochromic
crown compound is contained in ion-conducting composite
polymers.  The ionic-conductivity switching system of
crowned spirobenzopyran 7(R = CH3) in turn leads to a photo-
refractive effect by redistribution of ionic species.93

In composite films consisting of N-(4-dimethylaminoben-
zylidene)-2-methyl-4-nitroaniline (DBMNA) as the nonlinear
optical compound, crowned spirobenzopyran 7(R = CH3) as
the photocontrol agent of ionic conductivity, a lithium salt as
the ion-conducting species, and poly(methyl methacrylate)
(PMMA) as the binder polymer, diffraction efficiency mea-

sured by a four-wave mixing system is increased, when an
electric field is applied while irradiating writing and reading
beams.  Turning off the electric voltage immediately restores
most of the initial signal.  This suggests that the photoinduced
diffraction is ascribable to a photorefractive effect based on
space-charge formation caused by the photoinduced metal-ion
complexing ability change of crowned spirobenzopyran 7(R =
CH3).  A two-beam coupling experiment proves that the photo-
refractivity in the present system is based on photoinduced
ionic-conductivity switching by crowned spirobenzopyran
(Fig. 11).  When one applies an electric field to a composite
film containing crowned spirobenzopyran 7(R = CH3) and Li+

while irradiating two writing beams of an equal light intensity,
one of the writing beams (probe light) is enhanced in the inten-
sity and the other writing beam (pump light) is weakened.
This self-diffraction is a decisive proof for the photorefractivi-
ty of the present photoinduced ionic-conductivity switching
systems of crowned spirobenzopyran.  The “straightforward”
space-charge formation by the ion migration may be expected
to realize higher diffraction efficiencies than that available by
the conventional electron (or hole) migration, although the
photorefractive system containing crowned spirobenzopyran
7(R = CH3) does not show very high diffraction efficiency at
the moment.

5. Applications to Ion Sensing and Separation 
(Photo-Enhanced Sensing and Separation)

Photo-Enhanced Metal-Ion Extraction.     Chromogenic
crown ethers have been reported as colorimetric reagents for
alkali metal ions.  One type is in compounds bearing a chro-
mophore that cannot ionize potentially.  On complexation of
such compounds with a metal ion, the donor atom in the chro-
mophore interacts directly with the metal ion to change its ab-
sorption spectra.72  For instance, triscrowned Crystal Violet 29
exhibits an anomalous absorbance change at the UV region of
absorption spectrum, based on its distorted structural change

Fig. 11.   Two-beam coupling measurement for photorefrac-
tive composite film of Li-PMMA/DBMNA/7(R = CH3).93

Electric field: 75 Vmm−1. (�) probe light; (�) pump light.



K. Kimura et al. Bull. Chem. Soc. Jpn., 76, No. 2 (2003) 241

[BULLETIN 2003/01/24 09:52] A2009

by Cs+ complexation.73  Triscrowned Crystal Violet 29 is a
candidate for Cs+ spectrophotometric reagent by virtue of its
perfect selectivity for Cs+ in the spectral change.  The absorp-
tion spectra of the chromogenic crown ethers bearing a non-
ionizable chromophore may, however, not change remarkably
on the metal ion complexation with their crown ether moiety,
because the perturbation of their chromophore by the metal ion
complexation is generally not very significant.  In crown ethers
having an ionizable chromophore, which is deprotonated on
the metal ion complexation with their crown ether moiety, on
the other hand, the spectral change of their chromophore moi-
ety is generally drastic due to the marked perturbation by their
ionization of the chromophore moiety themselves.94  Taking
into consideration that the ionizable chromogenic crown ethers
can extract metal ions from aqueous to organic phases without
accompanying independent counteranions, one can conclude
that they are promising reagents for extraction spectrophoto-
metry of metal ions.

The crowned spirobenzopyrans and spironaphthoxazines as
described above are a kind of chromogenic crown ethers incor-
porating an ionizable chromophore.  The spirobenzopyran and
spironaphthoxazine moieties are isomerized to their corre-
sponding merocyanine form (open form) on their metal ion
complexation with the crown ether moiety, which in turn
brings about significant color changes.  For instance, crowned
spirobenzopyran 7(R = CH3) undergoes metal-ion induced
coloration, based on the isomerization from the spiropyran to
merocyanine forms, which are selective for Li+ in alkali metal
ions.  In crowned spironaphthoxazine 15, the Li+ selectivity in
the metal-ion induced coloration may be more drastic than the
corresponding spirobenzopyran, as already shown in Fig. 4.
The authors have attempted to use crowned spirobenzopyran
7(R = CH3, C18H37) as an extraction-spectrophotometric re-
agent for alkali metal ions.44,95  On extraction of alkali metal
picrates, crowned spirobenzopyran 7(R = CH3) is quite selec-
tive for Li+.  As expected, the absorption spectra for the organ-
ic phase after extraction of alkali metal ions with crowned
spirobenzopyran show strong absorption peaks which have
been assigned to its merocyanine form, indicating clearly that
the metal ion extraction causes the isomerization of 7(R =
CH3) to its merocyanine form in a similar way to the metal ion
complexation in the one-phase system.  A lipophilic counter
anion is required for the effective metal-ion extraction with
crowned spirobenzopyran (Fig. 12).  Even at a high pH value,
Li+ extraction does not occur without a lipophilic anion such
as picrate anion.  A comparison in the extraction behavior of
crowned spirobenzopyran 7(R = CH3) shows that the Li+ se-
lectivity against Na+, which is an important factor for practical
applications, is quite good on the extraction spectrophotome-
try.

Marked promotion in the Li+ extraction is expected in the
present Li+ extraction–spectrophotometric system by the pho-
toisomerization of crowned spirobenzopyran 7(R = C18H37),
as illustrated in Scheme 7.  Extraction of Li+ by crowned
spirobenzopyran 7(R = C18H37) was carried out under UV-irra-
diated conditions.  The absorbance for the merocyanine isomer
in the organic phase, that is, the sensitivity on the Li+ extrac-
tion spectrophotometry is higher under UV-irradiated condi-
tions than under dark conditions, especially at relatively short

extraction times.  Thus, crowned spirobenzopyran is useful for
extraction spectrophotometry whose sensitivity can be attenu-
ated by photoirradiation.  Similarly, the other crowned
spirobenzopyrans, spironaphthoxazines, and spirobenzothi-
opyrans also have potentiality for use as photo-enhanced ex-
traction-spectrophotometric reagents.

Liquid–liquid extraction using water and a water-immisci-

Fig. 12.   Metal ion extraction with crowned spirobenzopyran
7(R = CH3).  (�) Li+, with picric acid ; (�) Li+, with per-
chloric acid; (�) Li+, without acid ; (�) Na+, with picric
acid.  Organic phase: 2 × 10−3 mol dm−3 7(R = CH3) in
1,2-dichloroethane.44  Aqueous phase: different concentra-
tions of MCl and 1 × 10−1 mol dm−3 (pH 12.7) KOH, with
and without 1 × 10−3 mol dm−3 acid (picric or perchloric
acid).  Extracted for 20 min under dark conditions.

Scheme 7.   Plausible mechanism in photo-enhanced metal-
ion extraction by crowned spirobenzopyran 7(R = C18H37).
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ble organic solvent is a conventional system for metal ion sep-
aration with ion-selective ligands, but the two-liquid-phase
system is not necessarily efficient for the extraction.  Metal-ion
extraction through micelle, which is called coalescence extrac-
tion, may be a better extraction system, due to the efficient ex-
traction based on the wide area of micellar interface and the
easy phase separation.  Metal-ion complexing property of
crowned spirobenzopyran 7(R = C18H37) in aqueous micellar
solutions containing dodecyl sulfate ion as an anionic surface-
active agent was investigated by the authors who expected ef-
fective extraction of metal ion and thereby efficient coloration
of spirobenzopyran derivative in micellar solution.96  The
aqueous alkaline solution containing 7(R = C18H37) without
any metal ion shows an absorption spectrum with a maximum
absorption wavelength at 549 nm.  On addition of a metal ion,
the maximum absorption wavelength was shifted to a shorter
wavelength with increasing Li+ concentration selectively (Fig.
13).  Addition of Na+ gives rise to a slight shift of the maxi-
mum absorption wavelength, while addition of K+ and Cs+

hardly changes the original wavelength.  To the contrary, no
significant shift in the maximum absorption wavelength of the
solution containing a spirobenzopyran carrying a piperidine
moiety was observed after addition of any alkali metal chlo-
ride.  The monoaza-12-crown-4 moiety of crowned spiroben-
zopyran 7(R = C18H37), therefore, forms complexes with Li+

selectively in the micellar surface, as shown schematically in
Scheme 8.  Thus, the Li+ selectivity in the absorption-spectral
change and the concentration dependence of the maximum ab-
sorption wavelength may be useful for Li+ analysis.  Sensitivi-
ty and selectivity in the Li+ analysis using the micellar system
might be enhanced by photoirradiation that induces the
isomerization of the photochromic moiety of crowned
spirobenzopyran.

Although some photoinduced enhancement is expected in
the metal-ion extraction spectrophotometry using photochro-

mic crown ethers, the extraction spectrophotometry under pho-
toirradiated conditions may not be very easy during a batch
process.  Flow injection analysis (FIA) systems may allow the
extraction spectrophotometry under photoirradiated conditions
to be more effective and reproducible.97

Photocontrolled Ion Selectivity in Membrane Potential.
An application of photochromic crown ethers to photo-en-
hanced sensing and separation is expected in potentiometric
ion sensors such as ion-selective electrodes.  Since crowned
spirobenzopyran is electrically neutral in its spiropyran form,
its crown ether moiety may exchange cations by ion-dipole in-
teraction.  On the other hand, it turns out to be ionic in the
merocyanine form and the resulted ionic charges may ex-
change ions by ion-ion interaction.  It is, therefore, of much in-
terest to investigate how the membrane potential occurs at the
interface between electrolyte solutions and membranes con-
taining a crowned spirobenzopyran and how the potential re-
sponds to its photoisomerization.  This is also the case with
crowned Malachite Green (or Crystal Violet), i.e., its electri-
cally neutral form is cation-selective and its photoinduced cat-
ionic form is anion-selective.  The photochromic crown ethers
might, therefore, realize sophisticated ion-sensing systems
such as ion sensors whose ion selectivity can be photochemi-
cally switched between cations and anions.

In membranes containing a spirobenzopyran without crown
ether moiety, the membrane potential is changed photochemi-
cally at the interface with an aqueous phase.22,24,98–100  At the
interface with an aqueous phase, the UV-light induced merocy-
anine isomer of the spirobenzopyran, zwitterionic species, is
protonated, affording positively charged species in the mem-
brane, which in turn leads to a membrane potential change.
Even in membranes containing a crowned spirobenzopyran,
similar membrane-potential photoresponse can be seen to
some extent at the interface with an electrolyte aqueous solu-
tion, but some metal ion dependence is reflected in the photo-
response of membrane potential owing to the competitive
binding of its merocyanine isomer carrying a crown ether moi-
ety between H+ and a metal ion.33,45  Anyway, at the membrane
interface with an aqueous phase, no dramatic photoresponse in
membrane potential, such as photoinduced selectivity switch-

Fig. 13.   Dependence of maximum absorption wavelength of
aqueous micellar alkaline solution on concentration of 7(R
= C18H37).  (�) Li+; (�) Na+; (�) K+; (�) Cs+.  [7(R =
C18H37)]: 1.4 × 10−5 mol dm−3; [tetramethylammonium
dodecyl sulfate]: 8.6 × 10−3 mol dm−3; [tetramethylam-
monium hydroxide]: 0.1 mol dm−3.96

Scheme 8.   Plausible structure for formation of complexes of
7(R = C18H37) and metal ion in aqueous micellar alkaline
solution.96
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ing between cation and anion, have yet been attained with
membrane systems containing a crowned spirobenzopyran
mainly due to the easy protonation of the merocyanine isomer
by water-dissociated protons.  At the membrane interphase
with an aprotic organic solution, photoinduced selectivity
switching between cation and anion might be realized as ex-
pected.

6. Conclusion

This account has proved that photochromic crown com-
pounds undergoing photoionization are promising key materi-
als for efficient photochemical control of metal ion complex-
ation based on molecular control of ionic interaction of their
photoinduced ionic sites with a metal ion in their crown ether
rings.  Several applications of the photochromic crown com-
pounds have been made in materials and analytical chemistry.

Drastic photoinduced switching in the ionic conductivity is
feasible by designing ion-conducting systems of photochromic
crown ethers.  Ion-conducting composite films containing pho-
tochromic crown compounds are useful for device applications
for memory, display, and printing such as electrostatic image
storage and photorefractivity.  Another application of photore-
sponsive ion-conducting materials might be in photowritable
electrochromic display.  The photoinduced control between the
precipitation and solubilization of the vinyl copolymers of
spirobenzopyran and crown ether monomers might be utilized
in photo-mechanochemistry such as photochemical valves.

The analytical application of photochromic crown com-
pounds, that is, photo-enhanced sensing and separation such as
photo-enhanced cation extraction and photocontrolled mem-
brane ion sensing, is now being made by the authors' group.
One other possibility for application of photochromic crown
compounds to photo-enhanced separation systems may be in
light-driven membrane transport and photoregulative chroma-
tography.  Taking into consideration that the metal-ion com-
plexing property of the photochromic crown ethers mentioned
above can be controlled photochemically, one can see that up-
hill transport of metal ions would be possible with membranes
containing a photochromic crown ether, by photoirradiation at
either or both membrane interface(s) with source and receiving
aqueous phases.  A selective separation and concentration sys-
tem of valuable metal ions from aqueous solutions by using so-
lar energy might appear in the near future.  It is also expected
that chromatographic systems using photochromic crown com-
pounds as the stationary and mobile phases will afford a vari-
ety of separation behaviors induced by photoirradiation of the
separation system.

Finally, since the applications of photochromic crown com-
pounds undergoing photoionization to materials and analytical
chemistry are limited at the moment, the authors really hope
that the applications are extended to wider areas of science
very soon.
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University.  We are also grateful to Professor Masaaki
Yokoyama at Osaka University for the collaboration on the ap-
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Ryoko Mizutani Uda at Nara National College of Technology
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tion of new photochromic compounds.

References

1 R. C. Bertelson, in “Photochromism,” ed by G. H. Brown,
45, Wiley Interscience, New York (1971).

2 “Cation-Binding by Macrocycles,” ed by Y. Inoue and G.
W. Gokel, Marcel Dekker, New York (1990).

3 “Crown Ethers and Analogous Compounds,” ed by M.
Hiraoka, Elsevier, Tokyo (1992).

4 I. Yamashita, M. Fujii, T. Kaneda, S. Misumi, and T.
Otsubo, Tetrahedron Lett., 21, 541 (1980).

5 J.-P. Desvergne, F. Fages, H. Bouas-Laurent, and P.
Marsau, Pure Appl. Chem., 64, 1231 (1994).

6 J.-P. Desvergne and H. Bouas-Laurent, Isr. J. Chem., 18,
220 (1979).

7 S. Shinkai, T. Nakaji, T. Ogawa, K. Shigematsu, and O.
Manabe, J. Am. Chem. Soc., 103, 111 (1981).

8 S. Shinkai, T. Ogawa, Y. Kusano, O. Manabe, K.
Kikukawa, T. Goto, and T. Matsuda, J. Am. Chem. Soc., 104, 1960
(1982).

9 S. Shinkai, T. Yoshida, O. Manabe, and Y. Fuchita, J.
Chem. Soc., Perkin Trans. 2, 1988, 1431.

10 M. Bourgoin, K. H. Wong, J. Y. Hui, and J. Smid, J. Am.
Chem. Soc., 97, 3462 (1975).

11 K. Kimura, T. Maeda, H. Tamura, and T. Shono, J. Elec-
troanal. Chem. Interfacial Electrochem., 95, 91 (1979).

12 K. Kimura, T. Maeda, and T. Shono, Talanta, 26, 945
(1979).

13 K. Kimura, H. Tamura, T. Tsuchida, and T. Shono, Chem.
Lett., 1979, 611.

14 K. Kimura, T. Tsuchida, T. Maeda, and T. Shono, Talanta,
27, 801 (1980).

15 M. Takeshita and M. Irie, Tetrahedron Lett., 39, 613
(1998).

16 M. Takeshita and M. Irie, J. Org. Chem., 63, 6643 (1998).
17 S. H. Kawai, Tetrahedron Lett., 39, 4445 (1998).
18 R. Warmuth, E. Grell, J.-M. Lehn, J. W. Bats, and G.

Quinkert, Helv. Chim. Acta, 74, 671 (1991).
19 L. A. Barnhurst and A. G. Kutateladze, Org. Lett., 3, 2633

(2001).
20 J. Sunamoto, K. Iwamoto, Y. Mohri, and T. Kominato, J.

Am. Chem. Soc., 104, 5502 (1982).
21 S. Kato, M. Aizawa, and S. Suzuki, J. Membr. Sci., 1, 289

(1976).
22 M. Irie, A. Menju, and K. Hayashi, Nippon Kagaku Kaishi,

1984, 227.
23 J. Anzai, A. Ueno, and T. Osa, J. Chem. Soc., Chem. Com-

mun., 1984, 688.
24 O. Ryba and J. Petránek, Makromol. Chem., Rapid Com-

mun., 9, 125 (1988).
25 M. Irie, T. Iwayanagi, and Y. Taniguchi, Macromolecules,

18, 2418 (1985).
26 F. Ciardelli, D. Fabbri, O. Pieroni, and A. Fissi, J. Am.

Chem. Soc, 111, 3470 (1989).
27 J. Lifschitz and C. L. Joffé, Z. Phys. Chem., 97, 426 (1921).
28 N. Kubo, N. Kobayashi, and R. Hirohashi, Polym. Bull., 28,

69 (1992).



ACCOUNTS244 Bull. Chem. Soc. Jpn., 76, No. 2 (2003)

[BULLETIN 2003/01/24 09:52] A2009

29 K. Kimura, M. Kaneshige, H. Tokuhisa, and M. Yokoyama,
J. Polym. Sci., Part A: Polym. Chem., 31, 2809 (1993).

30 M. Irie and W. Schnabel, Macromolecules, 19, 2846
(1986).

31 I. Willner, S. Sussan, and S. Rubin, J. Chem. Soc., Chem.
Commun., 1992, 100.

32 M. Inouye, M. Ueno, K. Tsuchiya, N. Nakayama, T.
Konishi, and T. Kitao, J. Org. Chem., 57, 5377 (1992).

33 H. Sasaki, A. Ueno, J. Anzai, and T. Osa, Bull. Chem. Soc.
Jpn., 59, 1953 (1986).

34 K. Kimura, T. Yamashita, and M. Yokoyama, J. Chem. Soc.,
Chem. Commun., 1991, 147.

35 K. Kimura, T. Yamashita, and M. Yokoyama, J. Chem. Soc.,
Perkin Trans. 2, 1992, 613.

36 K. Kimura, M. Kaneshige, and M. Yokoyama, J. Chem.
Soc., Chem. Commun., 1994, 1103.

37 K. Kimura, M. Kaneshige, and M. Yokoyama, Chem. Mat-
er., 7, 945 (1995).

38 K. Kimura, R. Mizutani, M. Yokoyama, R. Arakawa, G.
Matsubayashi, M. Okamoto, and H. Doe, J. Am. Chem. Soc., 119,
2062 (1997).

39 K. Kimura, R. Mizutani, M. Yokoyama, R. Arakawa, and Y.
Sakurai, J. Am. Chem. Soc., 122, 5448 (2000).

40 K. Kimura, T. Teranishi, and M. Yokoyama, Supramol.
Chem., 7, 11 (1996).

41 M. Tanaka, K. Kamada, H. Ando, T. Kitagaki, Y. Shibutani,
S. Yajima, H. Sakamoto, and K. Kimura, Chem. Commun., 1999,
1453.

42 K. Kimura, M. Sumida, and M. Yokoyama, Chem. Com-
mun., 1997, 1417.

43 K. Kimura, T. Yamashita, and M. Yokoyama, J. Phys.
Chem., 96, 5614 (1992).

44 K. Kimura, S. Kanokogi, and M. Yokoyama, Anal. Sci., 12,
399 (1996).

45 K. Kimura, S. Kado, H. Sakamoto, A. Sakai, M.
Yokoyama, and M. Tanaka, J. Chem. Soc., Perkin Trans. 2, 1999,
2539.

46 S.-H. Liu and C.-T. Wu, Synth. Comm., 30, 895 (2000).
47 M. Tanaka, M. Nakamura, A. Salhin. M. A., T. Ikeda, K.

Kamada, H. Ando, Y. Shibutani, and K. Kimura, J. Org. Chem.,
66, 1533 (2001).

48 M. Inouye, Y. Noguchi, and K. Isagawa, Angew. Chem. Int.
Ed. Engl., 33, 1163 (1994).

49 G. W. Gokel, Chem. Soc. Rev., 1992, 39.
50 M. Tanaka, T. Ikeda, Q. Xu, H. Ando, Y. Shibutani, M.

Nakamura, H. Sakamoto, S. Yajima, and K. Kimura, J. Org.
Chem., 67, 2223 (2002).

51 M. Inouye, K. Akamatsu, and H. Nakazumi, J. Am. Chem.
Soc., 119, 9160 (1997).

52 K. Kimura, T. Yamashita, M. Kaneshige, and M.
Yokoyama, J. Chem. Soc., Chem. Commun., 1992, 969.

53 K. Kimura, M. Kaneshige, T. Yamashita, and M.
Yokoyama, J. Org. Chem., 59, 1251 (1994).

54 A. E. J. Wilson, Phys. Technol., 15, 232 (1984).
55 V. F. Razumov, E. V. Chernykh, E. N. Ushakov, V. B.

Nazarov, M. V. Alfimov, A. Samat, D. Makita, and R.
Guglielmetti, Khim. Vysok. Energ., 32, 216 (1998).

56 O. A. Fedorova, S. P. Gromov, Y. V. Pershina, S. S.
Sergeev, Y. P. Strokach, V. A. Barachevsky, M. V. Alfimov, G.
Pèpe, A. Samat, and R. Gulielmetti, J. Chem. Soc., Perkin Trans.
2, 2000, 563.

57 R. S. Becker and J. Kolc, J. Phys. Chem., 72, 997 (1968).
58 S. Tamura, N. Asai, and J. Seto, Bull. Chem. Soc. Jpn., 62,

358 (1989).
59 M. Hirano, A. Miyashita, and H. Nohira, Chem. lett., 1991,

209.
60 M. Tanaka, K. Kamada, H. Ando, T. Kitagaki, Y. Shibutani,

and K. Kimura, J. Org. Chem., 65, 4342 (2000).
61 K. Kimura, T. Teranishi, M. Yokoyama, S. Yajima, S.

Miyake, H. Sakamoto, and M. Tanaka, J. Chem. Soc., Perkin
Trans. 2, 1999, 199.

62 M. Nakamura, T. Fujioka, H. Sakamoto, and K. Kimura,
New J. Chem., 26, 554 (2002).

63 M. Nakamura, H. Sakamoto, and K. Kimura, unpublished
data.

64 A. V. Barzykin, M. A. Fox, E. N. Ushakov, O. B.
Stanislavsky, S. P. Gromov, O. A. Fedorova, and M. V. Alfimov, J.
Am. Chem. Soc., 114, 6381 (1992).

65 M. V. Alfimov, S. P. Gromov, Yu. V. Fedorov, O. A.
Fedorova, A. I. Vedernikov, A. V. Churakov, L. G. Kuźmina, J. A.
K. Howard, S. Bossmann, A. Braun, M. Woerner, D. F. Sears Jr.,
and J. Saltiel, J. Am. Chem. Soc., 121, 4992 (1999).

66 I. K. Lednev, R. E. Hester, and J. N. Moore, J. Am. Chem.
Soc., 119, 3456 (1997).

67 S. Shinkai, K. Shigematsu, T. Ogawa, T. Minami, and O.
Manabe, Tetrahedron Lett., 21, 4463 (1980).

68 S. Akabori, Y. Miura, N. Yotsumoto, K. Uchida, M. Kitano,
and Y. Habata, J. Chem. Soc., Perkin Trans. 1, 1995, 2589.

69 M. Irie, J. Am. Chem. Soc., 105, 2078 (1983).
70 K. Kimura, R. Mizutani, M. Yokoyama, and R. Arakawa,

Anal. Chem., 71, 2922 (1999).
71 J. P. Dix and F. Vögtle, Angew. Chem., 90, 893 (1978).
72 H.-G. Löhr and F. Vögtle, Acc. Chem. Res., 18, 65 (1985).
73 R. M. Uda, M. Oue, and K. Kimura, Chem. Lett., 2001,

1236.
74 R. M. Izatt, K. Pawlak, J. S. Bradshaw, and R. L. Bruening,

Chem. Rev., 91, 1721 (1991).
75 M. M. Martin, P. Plaza, N. D. Hung, and Y. H. Meyer,

Chem. Phys. Lett., 202, 425 (1993).
76 M. M. Martin, P. Plaza, Y. H. Meyer, L. Begin, J. Bourson,

and B. Valeur, J. Fluoresc., 4, 271 (1994).
77 M. M. Martin, P. Plaza, Y. H. Meyer, F. Badaoui, J.

Bourson, J.-P. Lefèvre, and B. Valeur, J. Phys. Chem., 100, 68679
(1996).

78 E. I. Zaitseva, A. L. Prokhoda, L. N. Kurkovskaya, R. R.
Shifrina, N. S. Kardash, D. A. Drapkina, and V. A. Krongauz,
Chem. Heterocycl. Compds, 12, 1233 (1973).

79 T. Maeda, M. Ouchi, K. Kimura, and T. Shono, Chem.
Lett., 1981, 1573.

80 V. A. Krongauz and E. S. Goldburst, Nature, 271, 43
(1978).

81 V. A. Krongauz and E. S. Goldburt, Macromolecules, 14,
1382 (1981).

82 K. Kimura, M. Sumida, and M. Yokoyama, Polym. Re-
prints, J., 47, 265 (1998).

83 K. Kimura, G. Yokota, M. Yokoyama, and R. M. Uda, Mac-
romolecules, 34, 2262 (2001).

84 M. Armand, Solid State Ionics, 9/10, 745 (1983).
85 R. A. Ratner and D. F. Shriver, Chem. Rev., 88, 109 (1988).
86 K. Kimura, T. Suzuki, and M. Yokoyama, J. Phys. Chem.,

94, 6090 (1990).
87 Y. Kawanishi, T. Tamaki, and K. Ichimura, ACS Symp. Ser.,



K. Kimura et al. Bull. Chem. Soc. Jpn., 76, No. 2 (2003) 245

[BULLETIN 2003/01/24 09:52] A2009

537, 453 (1994).
88 N. Y. C. Chu, Solar Energy Mater., 14, 215 (1986).
89 K. Kimura, T. Suzuki, and M. Yokoyama, J. Chem. Soc.,

Chem. Commun., 1989, 1570.
90 E. M. Williams. “The Physics and Technology of Xero-

graphic Process,” Wiley, New York (1984).
91 W. E. Moerner and S. M. Silence, Chem. Rev., 94, 127

(1994).
92 L. Yu, W. K. Chan, Z. Peng, and A. Gharavi, Acc. Chem.

Res., 29, 13 (1996).
93 K. Kimura, R. Mizutani, S. Aoki, and M. Yokoyama,

Chem. Lett., 1997, 285.
94 M. Takagi, in “Cation Binding by Macrocycles,” ed by Y.

Inoue and G. W. Gokel, 465, Marcel Dekker, New York (1990).
95 H. Sakamoto, T. Yokohata, T. Yamamura, and K. Kimura,

Anal. Chem., 74, 2522 (2002).
96 H. Sakamoto, M. Tanaka, and K. Kimura, Chem. Lett.,

2000, 928.
97 K. Kimura, H. Sakamoto, S. Iketani, and T. Shono, Analyst

(Cambridge, U.K.), 115, 1251 (1990).
98 S. Kato, M. Aizawa, and S. Suzuki, Kobunshi Ronbunshu,

34, 793 (1977).
99 J. Anzai, Y. Hasebe, A. Ueno, and T. Osa, Bull. Chem. Soc.

Jpn., 60, 3169 (1987).
100 T. Hirai, H. Kobayashi, T. Suzuki, and S. Hayashi, Polym.

Reprints, J., 39, 701 (1990).

Keiichi Kimura was born in 1948 in Osaka, Japan.  He graduated in 1971 from the Depart-
ment of Applied Chemistry, Faculty of Engineering, Osaka University.  He received his
Ph.D. degree from Osaka University in 1976 on polymerization by polymeric ligand–metal
complexes.  In 1976, he started his academic carrier at Osaka University.  Until 1998, he
stayed at the chemistry department, Faculty of Engineering, at the same university as assis-
tant and associate professors and was engaged in the researches in the field of synthetic ana-
lytical chemistry and organic materials chemistry.  He also worked as a postdoctoral fellow
at State University of New York, Syracuse, in the USA, from 1980 to 1981.  In 1998, he
moved to Faculty of Systems Engineering, Wakayama University and became a professor at
the chemistry department.  He was awarded the JSAC Award for Young Analytical Chemists
in 1981.  His recent research interests are in applications of functional organic compounds to
analytical and materials chemistry.

Hidefumi Sakamoto was born in 1959 in Hyogo, Japan.  He graduated in 1982 from the De-
partment of Applied Chemistry, Faculty of Engineering, Himeji Institute of Technology.  He
received his Ph.D. in 1987 from Osaka University.  He was a JSPS Research Fellow from
1987 to 1989 and became an assistant professor at Nagoya Institute of Technology in 1989.
Since 1997, he has been an associate professor at the Department of Applied Chemistry, Fac-
ulty of Systems Engineering, Wakayama University.  He is working in the fields of analytical
chemistry and functional organic materials chemistry.

Makoto Nakamura was born in 1976 in Kyoto, Japan.  He graduated in 2000 from the De-
partment of Chemistry, Faculty of Engineering, Osaka Institute of Technology.  He received
his M.S. from the Department of Applied Chemistry, Faculty of System Engineering,
Wakayama University in 2002.  He is currently a Ph.D. student of Professor Kimura at the
same university.  He is working with synthesis and analytical application of photochromic
crown compounds.


