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A new reversible photoresponsive system using a photophysical process is presented and proved in detail.
1,n-bis(3-(1-pyrenyl)propylcarboxy)oxaalkanes (DP3 = 3 to 6), linear oligooxyethylenes with pyrenyl
groups at both ends, were shown to form a relatively stable cyclic structure analogous to a crown ether in
fluid solution during their photoexcited states, occurring due to the formation of an intramolecular excimer
between two terminal pyrenyl groups. Moreover, DP34 molecules were found to capture and transport cadmium
ions more effectively when they were irradiated. Accordingly, these compounds are referred to as photoinduced
crown ether compounds (PICs) because they work as a crown ether when irradiated and they can select metal
ions to capture according to their diameters. Our study is the first to attempt to use excimers to fix the
conformation of a molecule for relatively long periods and to put this photophysical process to practical use.

Introduction OO

In a short communication, we have described a novel O‘
reversible photoresponsive system that employs a photophysical
process.We introduced pyrenyl groups onto both ends of linear °
oligooxyethylenes (Figure 1). When irradiated with UV light, ©
the pyrenyl groups link together to form an excimer with a —
lifetime in the sub-microsecond rangeThis structure is %o
analogous to that of crown ethers, which are cyclic ethylene /j\AO
glycols capable of transporting ionic compounds into an organic
phase. We showed that one of these compounds indeed had the
properties of a crown ether: when irradiated, it could capture
calcium ions and transport them through a £@Hase. Accord- CO
ingly, we have referred to them as photoinduced crown ether ’O
compounds (PICs).

Here we report that a PIC is a general phenomenon. To prove
that a PIC can select a metal ion whose size fits the cavity of (1) open form (11) closed form
its closed form, we examine a case in which cadmium ions are _. . . .

. . . . . Figure 1. A schematic drawing of a photoinduced crown ether
added into a PIC system: water is easily polluted by calcium ¢,m00und. The probability that a compound will be in the closed form,
because it is present everywhere, but water has no chance ofyhich is similar to a crown ether, is usually very small in the absence
being spontaneously contaminated by cadmium. of light. However, if one of the terminal pyrenyl groups of oligooxy-

On the other hand, several studies have investigated oli- ethylene compounds is irradiated, it links to the other pyrenyl group to
gooxyethylenes having aromatic compounds at both ends. Thesdorm an excimer that stabilizes this conformation. Here shows an
studies can be classified into three types: (i) studies on the gi;eer:ﬁ;‘é:ggmmag'r‘é?;ss ﬁe””g;(fgﬂfo :)r;:t?c?r?s.form (). but a longer
expansion or cyclization of an oligomer or polymer in fluid
solution3# (i) attempts to develop a fluorescent reagent to
monitor metal ions captured by oligooxyethylefie$and (iii)
attempts to develop a compound to capture metal ions by
irradiation®101n the first two types of studies, excimers formed
betv_veen arpmatic en_d groups were used as probes to ObtairExperimentaI Section
the information regarding the physical properties or the amounts
of metal ions present. The third type of study used photodimer-  Materials. The structure of the t;bis(3-(1-pyrenyl)propyl-
ization, which is a photochemical reaction, to permanently link carboxy)oxaalkanes (DiR3n = 3, 4, 5, 6) studied in the present
the aromatic end groups. Accordingly, our work was the first work is shown in Scheme 1. To prepare the BB31-pyreneb-
attempt to use excimers to fix the conformation of a molecule utyric acid (PB) was first converted to the acid-chloride, 3-(1-
for relatively long periods. Needless to say, it is reversible pyrenyl)propylcarbonyl chloride (PPCC), and then reacted with
because a compound capturing metal ions dissociates its excimetriethylene glycol (OE3n = 3), tetraethylene glycol (OE4y
in the dark and would release them in water. Since the = 4), pentaethylene glycol (OE5S = 5), and hexaethylene
glycol (OE6;n = 6) to produce DP33, DP34, DP35, and DP36,
* Author to whom correspondence should be addressed. respectively.
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concentration of metal ions in a PIC solution can be changed
by irradiation, such solutions might have applications as
photoswitches.




Temporary Crown Ether Compounds

SCHEME 1
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To a solution of 2.0 g of PB in 190 mL of benzene, 4.3 g of
thionyl chloride was added dropwise with stirring. The solution
was refluxed at 80C for 4 h. A 2.2 g quantity of PPCC was
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DP35.1H NMR (CDsCN)( in ppm, J in Hz): 2.06 (qui,
4H,J=7.5),2.41 (t,4H)=7.3), 3.32 (t, 4HJ) = 7.7), 3.36-

3.47 (m, 12H), 3.55 (t, 4HJ = 4.8), 4.12 (t, 4HJ = 4.8),
7.84-8.32 (m, 18H)13C NMR (CDsCN)(6 in ppm): 26.3, 31.8,
33.3, 62.9, 69.0, 69.3, 70.0, 70.4, 123.3, 124.5, 124.6, 125.8,
126.3, 127.0, 127.2, 127.3. IR (neat): 3040, 2880, 1730, 1600,
1590, 1460, 1420, 1350, 1250, 1180, 1130, 960, 850, 760, 720.
HRFAB-MS: (M + H)* calcd. 778.3506 for £Hs;0s.
Found: 778.3491.

DP36.1H NMR (CDsCN)( in ppm, J in Hz): 2.07 (qui,
4H,J=7.6),2.42 (t,4HJ)=7.2), 3.33 (t, 4H) = 7.7), 3.35-

3.49 (m, 16H), 3.57 (t, 4H) = 4.8), 4.13 (t, 4H,J = 4.8),
7.85-8.33 (M, 18H)C NMR (CDsCN)(6 in ppm): 26.5, 31.9,
33.2, 63.1, 68.5, 69.8, 69.9, 69.9, 123.2, 124.5, 124.7, 125.8,
126.3, 127.0, 127.2, 127.3. IR (neat): 3040, 2880, 1730, 1600,
1460, 1420, 1350, 1250, 1180, 1110, 960, 850, 760, 720.
HRFAB-MS: (M + H)™ calcd. 823.3846 for §&Hs4Oo.
Found: 823.3828.

The solvents used for photophysical measurements were THF,
which was freshly distilled, and acetonitrile (Wako, luminasol
grade) without purification. Cadmium perchlorate hexahydrate
and calcium thiocyanate tetrahydrate were purchased from
Kishida Chemical Ltd. and Wako Ltd., respectively.

Measurements.Fluorescence spectra and fluorescence ex-
citation spectra were measured on a Hitachi F-4500 spectro-

obtained by evaporating the solvent and dried under vacuum.fluorometer. The sample temperature was controlled by an
PPCC (1.0 g) was then reacted in 100 mL of benzene including Oxford DN1704 cryostat with an ITC-4 digital temperature

1 mL of pyridine (PPCC/pyridine= 1 g/1 mL) under N flux

controller, which can regulate to better th2f.1 K. Independent

with OE3, OE4, OE5, and OES6, respectively. The mole ratio temperature measurement was carried out by means of a second

of PPCC and OE (n = 3—6) was 4. The solution was refluxed
at 80°C for 7 h. After evaporating the solvent, 150 mL of 1%

thermocouple and a potentiometer. All samples were kept at
each set temperature and spectra were run repeatedly for more

aqueous HCl was added and the organic products were extractedhan 30 min even after perfect duplication was obtained to make
into diethyl ether. The combined extracts were washed with 1% Sure that the equilibrium state was attained. Fluorescence decay
aqueous HCI (three times), 1% aqueous NaOH (three times),CUrves were ob_taineq by using a Horiba NAES550 single p_hot_on
and distilled water (two times), and saturated NaCl solution, counting machine with a nanosecond flash lamp. The excitation
and then were evaporated and dried under vacuum. The product§/avelength was separated to be 340 nm through an interference
were separated with a Sephadex L-20 (Pharmacia) chromato-filter- The emission decay was measured at@Sthrough an
graphic column using THF as the eluent. Since impurities having interference filter of 383- (monomeric singlet), or 479-nm

a pyrenyl group at only one end do not show excimer (excimer). _We analyzed fluorescence deca)_/ curves by the
fluorescence, the fractions whose fluorescence spectra consisting%eco_nVOIunon method after O'Connor and Phillipesing the

of monomer and excimer fluorescence were identical with one PUrbin-Watson factor (DWJ-**to assess the validity of the
another were collected all together. Because an impurity having 1@l fitting function. DW is calculated from

only one terminal pyrenyl group shows strong fluorescence of
monomeric pyrenyl group about 100 times as much asrDP3
does, note that the fluorescence measurements are quite effective
to show the purity: for example, we can detect the existence
of the impurity with only one terminal pyrenyl group even if
its fraction is 0.1%.

N N
pw=Y (R - R_DZ/(Z R)

where the weighted residul = (Y; — F)/Yi¥2, Y, andF; are
the values of the experimental data and trial calculation value

DP33."H NMR (CDsCN)(¢ in ppm, J in Hz): 2.03 (qui,
4H,J = 7.5), 2.36 (t, 4H,J = 7.2), 3.28 (t, 4HJ = 8.0), 3.50
(s, 4H), 3.54 (t, 4H,) = 4.8), 4.09 (t, 4H,) = 4.8), 7.82-8.30
(m, 18H).13C NMR (CD:CN)(6 in ppm): 26.5, 31.9, 33.1, 63.0,

corresponding to the time channglandN is the number of
experimental points. For the best fit, the value of DW approaches
2.0.

All NMR experiments of DP8 in CDsCN were performed

68.5, 69.9, 123.2, 124.5, 124.6, 125.8, 126.3, 126.9, 127.2,using a JEOL GX400 FT-NMR spectrometer with a static field
127.3. IR (neat): 3040, 2950, 1730, 1600, 1510, 1460, 1250, strength of 399.65 MHz fotH and 100.4 MHz for'3C. The

1180, 1130, 960, 850, 760, 720. HRFAB-MS: (MH)* calcd.
691.3060 for GgH430s. Found: 691.2965.

DP34.'H NMR (CD3CN)(d in ppm, J in Hz): 2.06 (qui,
4H,J=7.),2.40 (t, 4HJ)=7.1),3.31 (t, 4H) = 7.7), 3.46G-
3.45 (m, 8H), 3.52 (t, 4H) = 4.8), 4.10 (t, 4H) = 4.8), 7.84
8.31 (m, 18H)13C NMR (CDsCN)(d in ppm): 26.6, 31.9, 33.2,

concentration of cadmium ion transferred was determined with
a Hitachi Z-8270 polarized Zeeman atomic absorption spectro-
photometer.

Results and Discussion

Photophysical Processes of DRB Figure 2 shows the

63.1, 68.5, 69.9, 69.9, 123.3, 124.5, 124.7, 125.8, 126.3, 127.0,fluorescence spectra of DR® aerated acetonitrile at 2%C.
127.2, 127.3. IR (neat): 3040, 2880, 1730, 1600, 1460, 1250, The peaks near 378 and 480 nm were assigned to the pyrenyl

1110, 960, 850, 760, 720. HRFAB-MS: (M- H)™ calcd.
735.3322 for GgH470;. Found: 735.3265.

monomer singlet and excimer emission, respectively. fact,
the excitation spectra for the fluorescence between 380 and 550
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' ' ' TABLE 1: Fluorescence Decay Profiles of DP8 in Degassed
Solutions of THF and Acetonitrile
§ lMl 1/].2 lMe kEM TEM
g~ samples AL (ns) Ay (ns) (ns) (10°8s71) (ns)
[
EE In THF
@ > 1-pyrenebutyricacid 1.0 210
2 DP33 0.93 5.2 0.069 200 52 1.9 5.3
] = DP34 0.93 5.6 0.069 200 51 1.7 5.8
§ = DP35 0.92 6.8 0.078 200 50 1.4 7.0
e ~ DP36 7.9 52 1.2 8.2
o In Acetonitrile
1-pyreneaceticacid 1.0 267

350 400 450 500 550 600 DP33 091 1.8 0.090 200 54 55 1.8

DP34 0.89 2.1 011 200 53 4.7 2.1

Wavelength, nm DP34+ C+b 096 2.0 0.039 200 51 50 20

Figure 2. Fluorescence spectra of DIPi3 aerated THF (concentration ~ DP35 089 22 011 200 49 4.5 22
of pyrenyl groups is less tharuaM). All the spectra are normalizedto ~ DP36 094 29 0.057 200 53 34 2.9

the peak of excimer fluorescence. The excitation wavelength is 342 a[DP3n] ~ 1 uM. b[Cd?] ~ 30 uM.
nm.

. ) SCHEME 22
nm of all samples were almost identical. They were also

identical to their absorption spectra. No concentration depen-
dence was observed for the fluorescence spectra of the’®P3 M E
below 10uM, meaning that all the excimers shown in Figure 2 . ‘ . .
are formed intramolecularly. The fluorescence spectra offDP3 Fy \'M F% \ =
in THF, water, chloroform, and dichloromethane all showed

. ! . . . . .
strong excier lorescerce and weak monoreri fuorescence, 1" 1021 %2 Terener Stae s sxier eperit
o2 . -y £

indicating that DP8 rea_dlly_takes a closed form similar to a monomer and excimer state, respectivéiy.andke are those for the
crown ether as shown in Figure 1. _ ] nonradiative deactivation, arkky is the rate constant for excimer
The ratio of excimer fluorescence peak intensity, to formation, respectively.

monomer fluorescence peak intenslty, was inversely related
to the number of oxyethylene units: the ordethy was DP33 However, the problem is that there is a smaller decay constant,
> DP34 > DP35> DP36. The intramolecular excimers are A, which is the same as the monomer singlet lifetimeQ0
formed after excitation of one of the pyrenyl moieties in a ns) of pyrenyl moiety, although Scheme 2 never predicts its
diffusional encounter with the other pyrenyl moiety. Tihéy existence. The decay component with a time constant of 200
of two terminal aromatic groups attached to a chain is already ns means that some DP3n’s cannot form excimers and that this
known to have such a similar dependence on a chain length adraction is more than 6%
the dependence of the yields of organic ring closure reactions Two explanations for this are possible: one is because there
on ring sizet>18Thus, the order ofg/ly shown above is quite  are some conformations that can never change to the conforma-
reasonable because the average distance between two termindion possible to form excimers within the excited lifetime of
pyrenyl groups must be in the order of DP33DP34 < DP35 the pyrenyl group, and another is because some pyrenyl groups
< DP36. are photodegraded during the measurements of fluorescence
To examine the dynamic process of the excimer formation decay curves, and eventually a DP8ith a degraded pyrenyl
in the DP3 system, we measured the time profile of monomer group at one end cannot form an excimer intramolecularly.

kEM

* *

- -

and excimer fluorescence of DRg& = 3—6) in degassed THF The photodegradation of pyrenyl groups was assured because
and acetonitrile by means of the nanosecond single photonthe excimer fluorescence of DR8ecreased after the irradiation
counting technique. The monomer fluorescence ofiR®oth of UV light. Thus, when we repeatedly measured the fluores-

solvents was determined to decay dual-exponentially (eq 1) with cence decay curves of one sample, the fraction of component
the reciprocal of decay constants of 2 to 8 ns and 200 ns.  with 200 ns (11,) was found to increase. However, the decay
curves of each DRBwere ascertained to agree with one another
In(®) = A exp(4,t) + A expA0), A+ A, =1 (1) in the case where we measured each new degassed solution with
irradiating them for a short time period. Thus, we think that
The decay curve of excimer fluorescence was fitted well to  some conformations of DP3could be impossible to form an
intramolecular excimer within the excited lifetime of the pyrenyl
Ie(t) = Agexp(—Ad) — A, expAst) 2 group (200 ns), but the information on their fraction was
contaminated by the photodegradation of a terminal pyrenyl
Roughly speakingli and s almost agree with each other and group. In the present paper, we would like to consider only the
Az is a little larger thanAs. The calculated decay parameters larger decay constani;.
are summarized in Table 1. In the case in whiglis short, the Under the assumption that Scheme 2 where excimer dis-
error is large, so we present only values in Table 1. sociation can be neglected as described above is valid, eqs 3
The first conclusion deduced from the transient measurementsand 4 hold.
is that the excimer dissociation of Di*8an be neglected even

at room temperature, because the decay componentrwith Ay =Key + Ky T Kem (3
not detectable in the monomer fluorescence. Therefore the
kinetics of excimer formation in the DR3ystem is considered Ie/ly = KeeKen/ (Kem(Keg + Kig)) 4)

to conform to the conventional model shown in Schenté 2.
Here the correspondence betwegnand Az is explicable. Becauseey + kv can be substituted by the experimental value
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Figure 3. Temperature dependence kfly for 1.0 uM DP35 in ) ) (™M )
degassed THF. All thés/Iy values are equilibrium values. Figure 4. Cc?* concentration dependencelefly of DP3hin aerated
acetonitrile: DP33 ©), DP34 @), DP35 (), and DP36 W). (I¢/
TABLE 2: Values of Activation Energies of DPh in THF Im)ca?1=0 and (e/lm)ici2ty are the values ofe/ly in the absence and
(kd/mol) presence of Cd ions. All the concentrations of D% are 0.5QuM.
DP33 DP34 DP35 DP36 . .
extended form but could have a helical conformation where an
AEgm 20 19 19 13

excimer conformation is formed differently from the case of
DP3h with n < 5.

Thus far, we have clarified the information regarding the
process of intramolecular excimer formation in the DB@stem.
The fluorescence results show that (i) DR®rmally (i.e., in
the dark) exists in the open form (for example, | in Figure 1),
(ii) it requires a few nanoseconds to form a closed form (Il in
Figure 1), (iii) zem becomes longer with longer chains, and (iv)
roughly 40% (1/e) of DP3 would remain in the closed
conformation at even 50 ns after irradiation.

Photophysical Processes of DP3vhen Cadmium lons are

dded. We examined whether the addition of cadmium ions

of PB, eachkgy of DP3n can be calculated as shown in Table
1. As a reference, the reciprocall@gdy is defined asgm, which
indicates the time required for two terminal pyrenyl groups to
encounter each other, i.e., the average time required for taking
a closed conformation as Il in Figure 1. The transient results
are found to agree well with the photostationary results. As
shown in eq 4,g/ly is proportional to the rate of excimer
formation, i.e, to the rate of the cyclization process. The order
of Ig/ly among the DP8s was identical to the order of the
7em Values, and indicates that the rate of the cyclization process

is dependent on the average distance between the two pyreny nfluences the excimer formation of DR3We measured the

end_groups_. In conclusion, the DP@ith a_sho_rter oxyethylene dependence of DPFluorescence on Cd concentration using
ihgg?:gimgptglées a closed conformation, i.e., DP3BP34 3 4M DP3n (absorbance- 0.05) and [Cd(CI@),] ranging from
' 1075to 102 M. Since DP® is more stable in acetonitrile than

Next we measured the temperature dependence ofDP3 in \yater, the measurements were made in acetonitrile. The
fluorescence in THF. The peak wavelength of the excimer fjygrescence of the pyrenyl group of DiPand its monomeric
emission is not changed at low temperatures, although a slightyogel, PB, was found to be not quenched at all by the addition
blue-shift is observed above 260 K. Figure 3 demonstrates theqf ce+, Figure 4 shows the Gd concentration dependence of
temperature dependence lefly of DP35 in THF. A plot of I/ly of DP3: if there is no change ) ¢/lw)ice1/(1e/Iv) et =o
In(le/lv) versus 1T was found to give a straight line below 240 gphould be 1. Addition of C&t up to 3 mM did not significantly
K, where the isoemissive point was observed, and to yield a change thdg/ly values of DP33, 35, and 36. The change of
value of 19 kJ/mol as an activation energy of expimer formation, e/l observed when Cd was added into DRSis by far smaller
AEem: kem = A exp(—AEew/RT). Table 2 summarizes the values  {han that when G was added into DRS Thus, the interaction
of AEgyv of DP3n obtained by using the same method. Because petween DP8 and Ca&+ ions is assumed to be weaker than
the formation process of these intramolecular excimers is that petween DR8and C&* ions. Accordingly, we have to
diffusion-controlled and thégv should be dependent on the  omment that the fluorescence of any DPB useless for
average distance between the two pyrenyl end groups, it is quitemgnitoring Cd+. However it should be noted that the excimer
reasonable that the values ofEgy are identical with one formation efficiency of DP34 increased by 10% wher?Cdias
another. added. The increase lg/ly is not so noticeably large, but it is

It is needless to say that the excimer formation between two reproducible. Then, we measured the fluorescence decay curves
terminal pyrenyl groups of DRSis influenced by the viscosity  of degassed acetonitrile solutions of DP34 wheA'Guas added
of solvent, which is dependent on temperature. Thus, the valuesinto them. However, the decay patterns of DP34 witR‘Gelere
of AEgm in Table 2 are not the net values for the molecular found to be almost identical with those of DP34 withouf€d
motion of only DP3r's own but rather include the temperature the values of three decay constants were perfectly the same.
dependence of solvent viscosity. Here, viscosjtyfollows a The difference is only the fraction of two components observed
relationship of; = A exp(AE.is/RT) whereAEy;s is the activation  in monomer fluorescence. The results might suggest that the
energy for solvent molecules to flow. By using the reference addition of Cd*+ decreases the fraction of the conformations
values between 248 and 323°KAE,;s of THF is calculated to  unable to form an intramolecular excimer within the excited

be 4.4 kJ/mol. Becaus&Egy is five times as large adE,, lifetime of the pyrenyl group (200 ns).

the results show that the activation energy is not dependenton \We do not think that this is a strong evidence for the
the unit number of the oxyethylene chaim @mongn = 3 to association of DP34 with Cd. However, we may safely say
5. It means that\Egy is determined only by the local motion  that the unique change was observed for DP34 witA™Cd

of the pyrenyl group. Interaction between DP31 and Cadmium lons Monitored

AEgy of only DP36 was found to be lower than those of by NMR Measurements. We used'H NMR and 13C NMR
other DP3'’s. It could be due to the fact that polyoxyethylene measurements employing @ON as a solvent to examine the
chains prefer helical conformations instead of extended onesability of the DP3's to form a complex with C&". First, we
shown in Figure 1. Six units of oxyethylene cannot have a linear measured théH NMR and3C NMR spectra of oligooxyeth-
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Figure 5. The averaged difference valuedy, of the 'H NMR
chemical shifts of OR (n = 3—6) in CD:CN when the C&" ions
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Figure 6. The averaged increased values), of some'H NMR
chemical shifts of DP& (n = 3—6) in CD;CN when the C#" ions
([Cd?*)/[DP3n] ~ 50) were addedd(cq+)) and absentcdtj=0): Ad
= 6[Cd2+] — 6[Cd2+]:0-

ylenes (OB; n = 3 to 6) with and without C#'. In the case of
13C NMR spectra of OF, the addition of Cé" did not induce

any meaningful shifts of any signals: the largest change was
72.1 ppm to 68.7 ppm observed for OE3, and the other shifts

were found to be around 1 ppm. However, the addition ¢f*Cd
increased théH NMR chemical shifts of methylene protons
by 0.25-0.27 ppm (for example, in the case of OE5, 3.57 to

Itagaki et al.
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Figure 7. The averaged increased valuegs), of some'H NMR
chemical shifts of DP8 (n = 3—6) in CD;CN when the C# ions
([Ca*)/[DP3n] ~ 50) were addedd(c2+)) and absentd(ct=0): Ad
= Oc*] — Oca1=0-
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Figure 8. A quartz cell for determining whether irradiated PICs of
different sizes are capable of transporting cadmium ions.

3.84 ppm (0.27), 3.50 to 3.77 ppm (0.27), and 3.49 to 3.76 ppm Cc?" transported by a DRBin the presence and absence of

(0.27)). Figure 5 shows the average shiftsldfNMR signals
of OEn when Cd* was added. Although there exists an
interaction between QE and Cd', its strength was not
significantly different among the different @s.

The 'H NMR and*3C NMR chemical shifts of DP3s did
not change significantly even by the addition oPC¢see Figure
6), while those of OF's changed very much: in particular, no
remarkable changes were observed#arNMR spectra. These
results are completely different from those for DRtd C&"
(Figure 7). For example, thH NMR signals assigned to the
hydrogen atoms of the oxyethylene part of DRBith Ca*
shifted as follows: (unit, ppm) 0.015 (DP33), 0.11 (DP34), 0.33
(DP35), and 0.19 (DP36) in midchainr-OQ—CH-—), 0.019
(DP33), 0.12 (DP34), 0.18 (DP35), and 0.079 (DP36) in end-
chain COO—-CH). Thus, the NMR results show that DP35
has the strongest interaction withamong the DP3s (n =

UV light, after a method for measuring the transportation yield
of metal ions?® A solution of 1 mM DP3 in CCl, was placed

in part (C). An aqueous solution of 10 mM Cd(G)and 10

uM DP3n, and pure water were simultaneously layered on top
of (C) in (A) and (B), respectively. The transportation yield of
Cd?" in (B) was measured using atomic absorption spectroscopy.
In the case of C&, the limit of detection is 2.2 nM. Cadmium
ions are normally insoluble in C&IThus, when we did not
dissolve any DP3in (A) and (C), no Cé" was observed in
(B) even after 10 min either with and without UV irradiation.
To measure transportation yields of &doy DP3, part (A)
was either kept in the dark for 3 min, or irradiated at 6.4
10'8 photons/s for 3 miR? Figure 9 shows that these experi-
ments have a relatively large error. We did not stir the solution
because we were afraid that the splash drop might directly go
into (B) from (A). Nevertheless, Figure 9 clearly shows that a

3—6). Compared with these changes, the changes shown ingreater amount of Cd was transported to (B) by way of (C)

Figure 6 can be neglected. If we dare to find any small
differences in Figure 6, théH NMR signals of only DP34
shifted to a direction different from those of the other DRR3
although the shifts were not so remarkable.

Transportation of Cadmium lons by DP3n with and
without Irradiation of Light. There is no effectively direct
way to measure the ability of DR3o capture metal ions when
it is irradiated. Therefore, we employed a quartz cell with a
partition as shown in Figure?8to determine the amount of

when (A) was irradiated. These experiments provided that DP34
worked effectively as a PIC and that it transportest 40-'M
after irradiation for 3 min.

Using the same method as described above, we measured
the amount of C# transported by DR8when part (A) was
irradiated and not irradiated. More than five experiments were
performed to obtain the values of &dtransported. Figure 10
shows the average values of Cdransported by DR8 In the
case of DP33 and DP36, the values were almost the same in
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Figure 9. Transport of cadmium ions by DP34 in the presence and
absence of UV light.
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S . Figure 11. Schematic drawing of the behavior of DiP3luring
- measurements using a cell shown in Figure 8 as a photoinduced crown
0ir e g o i ether compound. Only part (A) is irradiated.
Q @
o 3 "‘ s t'_) In the case of DP35 and &3 some strong evidence indicates
that they form a sort of complex even in the dark: by the
n of DP3n addition of C&", (i) *H NMR chemical shifts of DP35 changed
Figure 10. Transport of cadmium ions by DR3vheren is the number to a great degree (nearly 0.4 ppm), and (i) the efficiency of the
of oxyethylene units in the presencg)(and absence®) of UV light excimer formation decreased very muchhe greater transport
irradiation. of C&" by DP35, which has five units of oxyethylene, is

consistent with its size: the diameter of the hole in 5-unit-crown
the presence and absence of UV light, meaning that they doether, 15-crown-5 (15-C-5), is 170 to 220 Pmvhile that of
not work as a PIC at all. On the contrary, DP34 and DP35 Cz* is 200 pm. Thus, we assume that DP35 molecules do not
transported CH# when they were irradiated, and in particular  start with capturing C& after forming an excimer, but rather
DP34 showed the greatest amount ofCttansported. they have some interaction with &abefore being excited. The
As we have shown in a short communicatiorpP35 intramolecular excimer formation between the pyrenyl end
transported the greatest amount ofCavhereas it is DP34  groups is considered to make DP35 bind witi# Ceery tightly.
that transported the greatest amount of Cdrhis difference Eventually, excimer formation plays an important role in
suggests that the size of oligooxyethylene is strongly related to creating the strong interaction between BR&d C&". Because
the capture of metal ions. it is somewhat difficult for the crown ether conformation bearing
What Occurs in This PIC system? Here we describe a  C&* to be solvated by water molecules, the?Ghearing DP35
probable mechanism governing the process taking place duringmolecules are assumed to be more stable in,CCl
the experiments using a cell shown in Figure 8, and also describe In the case of C# ions, we obtained no strong evidence
some possible weaknesses regarding our experiments. that they are captured by DR3 in the dark, compared with
The Cd* is assumed to be transported to (B) by the following the change of DP35 with @& If DP34 has no interaction with
mechanism, which is shown as an illustration in Figure 11. Cc?" in the dark and starts with binding €dafter the UV
When irradiated, PICs in (A) capture &€d Some of those near irradiation, this is the ideal system of the photoinduced
(C) would diffuse into (C). Although (C) is not irradiated, the temporary crown ethers that we hope to develop. However, we
CdP* ion cannot be released from the PIC because it is not do not have clear evidence so far about whether DP34 starts
soluble in CCJ. Some of the C#-bearing PIC molecules would ~ with capturing C@&" just after the irradiation or it only
diffuse into (B), where they could then release theCidn. strengthens the binding of €dwhen irradiated. In the latter
Thus, some of the Cd would end up in (B). case, the following results could support the existence of some
One problem here is that only diffusion for 3 min at room interaction between DP34 and €dalthough they are not strong
temperature would result in not so many?Cdearing PICs evidences: (i) the NMR results of DP34 with €dare a bit
being transported between the two aqueous solutions (A) anddifferent from those of DP8with Cd?t, and (ii) the excimer
(B). For example, if the diffusion coefficienty, of a PIC formation efficiency of DP34 increased by the addition ofCd
molecule is 10° cné/s, the rms distancd,, of a molecule In any rate, it is clear that intramolecular excimer formation
diffused for 3 min is calculated to be 1 mm since= (6At)Y?2 between two terminal pyrenyl groups plays an important role
for t seconds. Thus, we have to consider that the convectionin making the strong interaction of DR3vith Cc?* and in the
plays a role in the migration of Cd between compartments transportation of C shown in Figures 9 and 10.
under our experimental conditions because infrared photons were As a matter of fact, the diameter of &d which is 190 pm,
not filtered out during UV irradiation. However, no €dwas is slightly smaller than that of Ca but larger than the cavity
observed in (B) without any DR after the UV irradiation size of 12-crown-4 (12-C-4), which is around 144 phThis
for even 10 min. Thus, it is obvious that the increased degree means that Cd cannot be captured as tightly by a 12-C-4
of C®™ transportation is not due to the heating effect when the molecule. However, some reports have shown that"Gd
solution is irradiated. stabilized by the formation of a sandwich dication such as [(12-
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C-4),CdJ?*. Colton et al. used electrospray mass spectrometry

Itagaki et al.

(10) Desvergne, J.-P.; Fages, F.; Bouas-Laurent, H.; Marsdaure.

to investigate the interactions in solutions between some crownAPP!- Chem1992 64, 1231, and references therein.

ethers and 17 metal iof8.Upon mixing with 12-C-4, only
cadmium, zinc, and lead were found to give ions containing
the metal and 12-C-4. As expected from their radii, they all

gave species with two crown ether ligands coordinated to the

metal ion. Bobrowski et al. examined the complexation of
essentially nonsolvated cations including?Cdith some crown
ethers®* They found that a strong complex of €dwvas formed

in dichloromethane with 12-C-4 and that the ratio of the ligand
to cadmium ion in the complex is larger than 1:1. Zhang et al.
showed that the [(12-C-43dZ" dications in [(12-C-4)Cd][Cd;-
(SCNY] and [(12-C-4)Cd] [Cdx(SCNJ] serve not only as the

(11) O'Connor, D. V.; Phillips, D.Time-correlated Single-photon
Counting Academic Press: London, 1985.

(12) Durbin, J.; Watson, G. Biometrika195Q 37, 409.

(13) Durbin, J.; Watson, G. 8iometrikal951, 38, 159.

(14) Birks, J. B.Photophysics of Aromatic Molecule®Viley-Inter-
science: New York, 1970; p 302.

(15) Hirayama, FJ. Chem. Physl965 42, 3163.

(16) Zachariasse, K. A.; Kwnle, W.Z. Phys. Chem. (Wiesbadetf)76
101, 267.

(17) Some compounds were reported to show fluorescence from an
intramolecular excimer having two pyrenyl groups overlapped partially with
each othet819The kinetic scheme including the formation of two excimers
was discussed by some auth&ts?2 However, our DPB systems can be
best fitted to the conventional kinetic scheme shown in Scheme 2 with

spacer of the crystal packing, but also as a template for the bw factors being near 2.0.

formation of the two-dimensional laye#33¢ This also consti-
tutes evidence that [(12-C-QdJ?* dication has a sort of stable
structure.

The present study is the first to use an excimer to fix the

(18) Collart, P.; Demeyer, K.; Toppet, S.; De Schryver, FMacro-
molecules1983 16, 1390.

(19) Zachariasse, K. A.; Duveneck, G.; Busse,JRAmM. Chem. Soc.
1984 106, 1045.

(20) Itagaki, H.; Obukata, N.; Okamoto, A.; Horie, K.; Mita,J.. Am.

conformation of a molecule, and shows that these photoinduced-Chem. Soc1982 104, 4469.

crown-ether compounds effectively capture and transpott Cd
only when they are irradiated by light. In this paper, we have

presented evidence proving our concept of a photoinduced

crown ether.
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