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ABSTRACT: We have developed fluorogenic (fluorescent off-on) ion sensors of a new type, based on stimulus-
responsive synthetic copolymers incorporating a polarity-sensitive fluorophore. Upon binding a target ion in aqueous
solution, these macromolecular fluorogenic sensors change their three-dimensional structure from an open form
to a globular form at functional temperatures, and this induces a change of microenvironmental polarity around
the polarity-sensitive fluorophore. The fluorophore transforms this environmental polarity change into a fluorescence
signal. Our polymeric sensors were prepared by random copolymerization of comonomers selected from four
types of comonomers. First, the role of each type of comonomer in the polymeric sensors was examined through
the development of a fluorogenicHsensor. Next, a fluorogenic *Kion sensor was developed in order to
demonstrate the generality of this “buildup” design concept. Finally, a fluorogenig¢-S@nsor working in

water was developed for the first time.

Introduction the native conformation of the polypeptide and protein should

Fluorometry has been widely used for microanalysis due to °€ retained.

its high sensitivity and selectivityln order to apply fluorometry Recently, synthetic polymer-based macromolecular sensors,
to nonfluorescent ions, various fluorogenic (fluorescent off-on) Which utilize a similar fluorescence switching mechanism, have
ion sensors have been develogeti.These sensors show a €merged. Schrader et al. reported dansyl-labeled fluorogenic
significant fluorescence enhancement upon binding with a targetPolymers bearing bisphosphonate groups as receptors, which
ion. Most of the existing sensors utilize one of two fluorescence specifically recognize basic peptides and proteins, rich in
switching mechanisnrisi.e., control of a photoinduced electron- ~ arginine and lysine residuésThese polymers are constructed
transfer process, and control of an intramolecular charge-transferffom more than one type of monomer unit, including a polarity-

process involving the fluorophore. Nevertheless, it is still not Sensitive fluorescent monomer, by random polymerization of
easy to design ﬂuorogenic ion sensors, particu|ar|y ones thatthe comonomers. A series of fluorescent molecular thermometers

will work in aqueous solutioA. reported by Uchiyama et al. was based on a similar fluorogenic
A new type of fluorogenic ion sensor has recently been Mechanism, though the target was a physical property, temper-
developed by combining polarity-sensitive fluorophores with ature? A polarity-sensitive benzofurazan fluorophore is ran-
stimulus-responsive macromolecufésUpon binding a target ~ domly introduced into a temperature-responsive polymer, such
ion, such a macromolecular fluorogenic sensor changes its threeaS Poly(N-isopropylacrylamidej, which changes its three-
dimensional structure at functional temperatures, resulting in a dimensional structure in water with increasing temperature. It
change of microenvironmental polarity around the polarity- is noteworthy that the range of temperature sensitivity and the
sensitive fluorophore. The fluorophore transforms this environ- €Xcitation/emission wavelengths of these fluorescent thermom-
mental change into a fluorescence signal. Polypeptides andeters are tunable: the former can be modified by replacing a
proteins have been used as the frameworks of such macromo£omonomer with another having a different temperature re-
lecular sensors. For example, Imperiali et al. reported a SPonse, and the latter can be changed by replacement of the

f|uorogenic Zit sensor which consists of a anb|nd|ng comonomer Containing a polarity-sensitive fluorophore with
pepﬂde and a dansyl ﬂuorophcﬁ%A pep“dyl ﬂuoroger"C another haVing a f|u0l’0ph0re Wlth dlf‘fel’ent ﬂuorescence prOper-
P+ sensor was also developed by Godwin e®a similar ties. The extension of this design strategy to ion-responsive

strategy has been applied to protein-based sensors; e.g., DaunePolymers® would allow us to construct a variety of tunable
et al. constructed a fluorogenic &asensing system by means ~ fluorogenic ion sensing systems that would work in water, and

of site-directed mutagenesis of the?Cainding protein calm- ~ Whose molecular design may be free from the need for rigorous
odulin and site-specific labeling with a fluorophdéfeOne of sequence control of comonomers. Such ion sensors have been
the great advantages of these macromolecular fluorogenic senlittle studied so fat*

sors is their ability to function in water. However, rigorous fine- In this paper, we describe a fluorogenic ion sensing system

tuning of the peptide sequence is required in these sensors: nobased on a combination of an ion-responsive polymer, consisting
only the arrangement of the ion-binding domain, but also the of acrylamide derivatives, and a polarity-sensitive fluorophore,
position of labeling with the polarity-sensitive fluorophore is benzofurazan. Our fluorogenic ion sensors can be prepared by
crucial, since the original function of the binding domain and choosing suitable individual comonomers from among four types
of comonomers, i.e., (i) an alkyl side chain for regulating

* Corresponding author. Telephonet-81-3-5841-4730. Fax-+81-3- functional temperatureAl, A2, and/orA3 in Figure 1), (i) a
5841-4735. E-mail: ohwada@mol.f.u-tokyo.ac.jp. polarity-sensitive fluorophoreB(), (iii) a receptor for binding
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Figure 1. Chemical structures of acrylamide comonomers used in this

study.

a target ion C1 for H*, C2 for KT, or C3 for SO;2°), and (iv)
an ionic residue for controlling hydrophobicity/hydrophilicity
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the development of a fluorogenic *Hsensor. Second, a

fluorogenic Kt ion sensor is developed in order to demonstrate
the generality of our design concept. Finally, a fluorogenic
SO~ sensor working in water is developed for the first time.

Results and Discussion

Fluorogenic H* Sensor Based on the Combination of a
Stimulus-Responsive Polymer and a Polarity-Sensitive Fluo-

rophore.

In order to demonstrate how the each of the four types of
comonomerA, B, C, andD, see Figure 1) affects the functions
of the whole polymer, we selected a fluorogenit sensor as
a representative sensor. Beginning with a homopolymer of
N-isopropylacrylamideA1), we sequentially added a comono-
mer from the each of the other typeB-{D) or replaced one
comonomer with another of the same type. Here, we used
comonomerB1 bearing a polarity-sensitive fluorophore, ben-
zofurazan, and B,N-dimethylaminopropylacrylamidel) unit
bearing a basic tertiary amine as a proton receptor. Then, a set
of copolymers1—9 (Table 1) was synthesized by radical
copolymerization. Ratios of each comonomer in the copolymers
were fully optimized for the most effective function. Such ratios
influence the function of the resultant copolymers to some
extent, but in this paper, we focus only on the role of an added
or a replaced comonomer, which is more crucial to fluorogenic
ion sensing. Throughout this paper, we represent copolymers
in terms of monomer ratios in the feed, though the real
compositions of the copolymers were also determined (see Table
1). The fluorescence intensity and turbidity f9 in water
(under both acidic and basic conditions in the cases of

copolymers2—9) were investigated at various temperatures to

clarify the effects of each monomer unit on the ldensing

functionality.

Incorporating a Polarity-Sensitive Fluorophore, Benzo-
furazan, into a Temperature-Responsive Polymer, Poly{-
and/or increasing the water solubility of the polymeric sensors isopropylacrylamide) (Step | in Figure 2). A well-known
(D1 or D2). The sensors generated from these four types of temperature-responsive polymer, pdlyicopropylacrylamide)
comonomers can take an open form due to the formation of (PNIPAM), was first labeled with a small amount of benzo-
multiple hydrogen bonds between amide groups of the acryla- furazan fluorophore in the form of the comonondr (0.1 mol
mide linkage and solvent water when a target ion is absent. % in feed, this amount was unchanged throughout the study)
Upon binding a target ion, they can undergo three-dimensional to afford copolymed ([A1/B1] = [100/0.1]). The fluorescence
conformational change to a globular form owing to hydrophobic intensity of 1 in water increased sharply at 32 (Figure 2a),
attraction and/or electrostatic attraction, resulting in enhancementwhich was consistent with the previous report on fluorescent
of the fluorescence signal. Moreover, we can easily tune their molecular thermometef3This event arises from the following
functions by changing a comonomer within one or more of the characteristics of PNIPAM and comonont; PNIPAM in
four types. The ability of these sensors to function in water opens water undergoes a phase transition abové@2.e., PNIPAM
up a wide range of applications, including bioimaging and takes an open form below 32 due to hydration of the polymer
environmental analysis. Herein, we first examine the role of chain, whereas it changes its three-dimensional structure to a
each type of comonomer in our polymeric ion sensors through globular form above 32C owing to hydrophobic attraction

Table 1. Physical Properties of the Synthesized Copolymers

comonomer yield component ratio
copolymer ratio in feed (%) in copolymer? M,, b M ¢ Mw/Mp
1 [A1/B1] = 100/0.1 83 100/0.088 1.26 10° 4.48x 10¢ 281
2 [A1/B1/C1] = 90/0.1/10 82 91/0.043/9 9.7%6 10¢ 3.02x 10 3.23
3 [A1/B1/C1/D1] = 90/0.1/5/5 50 86/0.11/7/7 6.76 10¢ 3.55x 10* 1.90
4 [A1/B1/C1/D1] = 88/0.1/5/7 64 86/0.086/6/8 7.33104 3.73x 10* 1.97
5 [A1/B1/C1Y/D2] = 85/0.1/10/5 54 84/0.095/10/6 1.36510¢ 7.73x 10° 1.49
6 [A2/B1/CUD1] = 57/0.1/20/23 68 49/0.12/22/29 9.6810* 4.38x 10* 221
7 [A3/B1/CUD1] = 47/0.1/25/28 50 38/0.10/28/34 8.4710¢ 4.21x 10* 2.01
8 [A2/B1/C1/D2] = 65/0.1/30/5 13 61/0.10/30/9 9.%7710° 6.74x 10° 1.45
9 [A3/B1/C1/D2] = 58/0.1/35/7 14 52/0.10/36/12 5.9010° 4.70x 10° 1.26
10 [A2/B1/C2/D1] = 68/0.1/12/20 74 62/0.11/14/24 7.3810¢ 3.87x 10 1.86
11 [A2/B1/C4/D1] = 68/0.1/12/20 61 62/0.10/14/24 7.2610¢ 4.77x 10¢ 1.52
12 [A2/B1/C3] = 90/0.1/10 6.3 85/0.10/15 ND NDd

aThe order of components is the same as that in the “comonomer ratio in feed” cdl\aight-average molecular weigltNumber-average molecular

weight. 9 Could not be determined by GPC.
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Figure 2. Functionalization of copolymers. Relative fluorescence intensity (R.F.l.) (a, c, e, g, i, k, m, 0, and q) and turbidity (b, d, f, h, j, I, n, p,
and r) of1—9 (0.01 w/v%) in water at different temperatures. Details of each functionalization st&f) dre given in the text. BrittorRobinson
buffer was used for pH 5 and pH 12. The excitation wavelength was 450 nm.

following dehydratiorf. Thus, the microenvironmental polarity  that of PNIPAM, indicating that the incorporation of a small
near the main chain of PNIPAM decreases with increasing amount ofB1 unit did not affect the characteristics of PNIPAM.

temperature. On the other hand, comonorB&rpossesses a Incorporation of a H *-Binding Unit into the Copolymer
benzofurazan fluorophore, which fluoresces strongly in a less 1, Producing a Fluorescence Response to'Hstep II). Next,
polar environment2 Therefore, in the case of, a strong N,N-dimethylaminopropylacrylamide3() as a proton receptor

fluorescence signal is observed only above®82 i.e., under was added to the feed to afford copolyn&([A1/B1/C1] =
conditions affording the globular-shaped structure of the [90/0.1/10]). Considering that thekp value of trimethylamine
copolymer. The turbidity ofL also increased with increasing is 9.8, the fluorescence and turbidity measurements were
temperature (Figure 2b). This phase behaviot &f similar to performed at pH 12, where tl@&l units in the copolyme2 are
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Figure 3. (a) Fluorogenic response @fto OH™ at 45°C in aqueous
solution (0.01 w/v%). The peak at 530 nm is due to Raman scattering

from water. (b) Fluorogenic response ®fo H* at 50°C in aqueous
solution (0.01 w/v%). The excitation wavelength was 450 nm.
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neutral, and at pH 5, where they are fully protonated. At pH
12, the changes in fluorescence intensity and turbidiB wére
large in the range of 25 to 4% (Figure 2c,d}? This suggests
that2 changed its conformation from an open form to a globular
form with increasing temperature, in a similar manner to the
case of the copolymet. On the other hand, at pH 5, only a
small change in fluorescence intensity and no change in turbidity
were observed, in spite of the increase in temperature. This
indicated thaR remained in an open form, since the protonated
C1 units at pH 5 made the copolym2too hydrophilic to take

a globular form even at high temperature.

From the viewpoint of fluorescent senso?sfunctions as a
fluorogenic OH sensor at around 4%, as shown in Figure
3a, whereas our first goal is to create a fluorogenicsdnsor.
The fluorescence intensity of copolym2at pH 12 was about
9 times higher than that at pH 5. As shown in Figure 3a, the
maximum emission wavelength of the fluorescBatunit in 2
was shifted from 566 to 555 nm with increasing QHrhis
blue shift indicated that there is a decrease in the local polarity
around theB1 unit®d due to the structural change of the
copolymer from an open form to a globular form in the presence
of OH~, which is consistent with our proposed mechanism.

Incorporation of an Anionic Unit into the Copolymer 2,
Reversing the Fluorescence off-on Response to"HStep lIl).
The introduction of the polarity-sensitive fluorescent comonomer
B1 and the H-binding comonome€1 into a copolymer (i.e.,
copolymer?2) resulted in a fluorescence response to, Hut
the fluorescence was quenched with increasing(i., on-
off action, see Figure 2c), which was opposite to our desired
fluorogenic response (i.e., off-on action). Thus, anionic 2-acry-
lamido-2-methylpropanesulfonic aciD) was added to the feed
to afford copolymer3 ([A1/B1/C1/D1] = [90/0.1/5/5]). The
incorporation of the anioni®1 is expected to reverse the
fluorescence response to"HAs shown in Figure 2e, fluores-
cence enhancement of copolyn3awith increasing temperature

Macromolecules, Vol. 40, No. 26, 2007
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excitation wavelength was 450 nm.
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Incorporation of an Additional lonic Unit, Increasing the
Solubility of Fluorogenic lon Sensors (Step IV).The copoly-
mer 3 is not completely soluble in water, as was indicated by
the turbidity increase (see Figure 2f). For applications to
biomatrices or environmental samples, high solubility of fluo-
rogenic ion sensors in water is advantageous. To increase the
solubility of the sensor in water, an excess amount of i@fic
with respect taC1 was used in the feed for copolyméi[Al/
BL/C1UD1] = [88/0.1/5/7]). Now, the net charge dfis not
neutral even under acidic conditions, since the amount of
protonatedC1 units (5% in feed) is less than that of the anionic
D1 units (7% in feed). As expected,did not exhibit turbidity,
regardless of pH changes (Figure 2h), while the fluorescence
response to Hwas seen at around 7C (i.e., the fluorescence
intensity at pH 5 is 136% higher than that at pH 12, Figure 2
0). These results mean that the copoly#ean be regarded as
a fluorogenic H sensor with high solubility in water, though
it is not highly sensitive to change of pH. Such a microscopic
response of a stimulus-responsive polymer without a turbidity
increase has been little explored. The incorporation of a polarity-
sensitive fluorophore into a stimulus-responsive polymer enables
us to visualize a microscopic response without any turbidity

was observed at both pH 5 and pH 12. The enhancement at pHincrease.
5 was larger than that at pH 12, which was the opposite response A similar strategy can be applied to obtain a fluorogenic OH

to that found in2. The turbidity of3 increased only at pH 5
(Figure 2f), which was also opposite to the respons@. it
pH 12, the copolymeB is negatively charged overall, due to
the presence of the electrically neut@L unit under basic
conditions and the anionid1 units. On the other hand, at pH
5, the net charge &is almost neutral owing to the electrostatic
attraction between the anionizl units and the protonatedl
units (the ratios ofD1 and C1 in feed were equal, 5%).
Therefore 3 becomes more hydrophobic under acidic conditions,
favoring a globular form. In this cas® showed 1.5 times
stronger fluorescence at pH 5 than that at pH 12, &Z0The
incorporation of the anioniD1 unit is, thus, an important step
toward developing the desired fluorogenic¢ Kensor.

sensor based on the copolym@r A cationic monomer,
(3-acrylamidopropyl)trimethylammoniumD@) chloride, was
added to the feed for copolym@rto obtain copolymeb ([Al/
BLUC1UD2] = [85/0.1/10/5]). The cationicD2 units in 5
improved the solubility under basic conditions. The responses
of fluorescence intensity and turbidity to pH change (Figure
2i,j) showed that the copolyméris a fluorogenic OH sensor
functioning with high aqueous solubility.

Replacement of theN-Isopropylacrylamide (A1) Unit with
Other N-Alkylacrylamide Units, Regulating Functional
Temperature (Step V).Finally, we examined regulation of the
functional temperature of fluorogenic ion sensors. We replaced
N-isopropylacrylamideA1) with N-tert-butylacrylamide £2),
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Figure 6. Synthesis ofl2.

bearing a more hydrophobic alkyl grodp,and obtained
copolymer6 ([A2/B1/C1/D1] = [57/0.1/20/23]). As shown in
Figure 2k, the functional temperature ®@fs a fluorogenic H
sensor was 50C, which was lower than that of 7¢€C for
copolymer4. The fluorescence responsettio H™ at 50°C is
shown in Figure 3b. Similarly, whe-tert-amylacrylamide
(A3), a more hydrophobic unit thak2,13 was used, the resultant
copolymer7 ([A3/BL/C1/D1] = [47/0.1/25/28]) worked as a
fluorogenic H sensor with a functional temperature of 37,

Fluorogenic lon Sensing Systen®655

«[CHZ QHﬁCHZ ?HT—[CHZ QHT

SO,NMe,

TCHZ gHﬁCHZ qHﬁCHz ﬁ:HJJ—[CH2 (EHT
=0 . )

_N, N N
< ° Y \/\NHZ
SO,NMe, NH,

copolymer 12

the absence of K(Figure 5a), whereas the fluorescence intensity
of 11 was unchanged regardless of the éoncentration (Figure
5b). These results clearly indicate that the copolyd@is a
fluorogenic K sensor functioning in water through interaction
of K+ with the C2 units. These results suggested that our buildup
design concept is applicable to the development of a new
fluorogenic K" sensor.

Development of a Fluorogenic SG*~ Sensor.

Finally, we developed a new fluorogenic sulfate (3Q

close to the human physiological temperature (Figure 2m). The sensor in order to confirm the applicability of our concept to

order of the functional temperatu&(70 °C) > 6 (50°C) > 7
(37 °C) is consistent with the order of hydrophilicity of the
N-alkylacrylamide units in the copolymerdl > A2 > A3.

This trend is consistent with that seen for general thermore-

sponsive polymer!

This method for regulating functional temperature can also
be applied to the fluorogenic OHsensoib. The Al unit in the
sensor5 was replaced with theA2 or A3 unit to afford
copolymer8 ([A2/BL/C1L/D2] = [65/0.1/30/5]) or copolyme®
([A3/B1/C1/D2] = [58/0.1/35/7]), respectively. The functional
temperatures oB and 9 as fluorogenic OH sensors were
lowered to 50°C (Figure 20) and 30C (Figure 2q), respec-
tively, as compared with that & (70 °C, Figure 2i).

Reversibility of the Fluorescence Response of Fluorogenic
lon Sensors.Since we had succeeded in developing fluorogenic
H* ion sensors (copolymef 4, 6, and7), the reversibility of

fluorogenic anion sensing in water, which is an area of interest
to many researchets. The determination of Sg~ is very
important for environmental studies, since it provides informa-
tion on pollution levels, the purity of drinking water, and so
onl8 It is worth noting that there is little information available
about fluorogenic sensing of S8 in water!® We chose the
C3 unit as an SG¥ -binding moiety for a fluorogenic SP"
sensor, since the protonated form of the related tris(3-amino-
propyl)amino structure can bind SO in water (the binding
constant for SGF~ is 1.6 (logarithm) at pH 63° Then, we
prepared copolymet2 (corresponding monomer ratio in feed
[A2/B1/C3] = [90/0.1/10]) as a new fluorogenic SO sensor,

as shown in Figure 6. Th€3 unit was introduced into the
polymer, while some of the tris(3-aminopropyl)amino groups
were further acylated. In the case of the copolyr@r the
incorporation of ionic unit91 or D2 was not necessary, since

the fluorescence response was investigated. Figure 4 shows théhe binding of the protonate@3 units with SQ2~ decreases

result for the fluorogenic H sensor6 as a representative; it

the net charge of the copolymer, promoting the structural change

was confirmed that our fluorogenic sensing system has revers-from an open form (swelling) to a globular form (shrinkage),

ibility and longevity.

Development of a Fluorogenic K Sensor.

Next, we developed a new fluorogenic Kensor functioning
in watef® in order to demonstrate the generality of our design
concept. For this purpose, copolyni€y([A2/B1/C2/D1] = [68/
0.1/12/20]) incorporating the &binding C2 unit'°@ was pre-
pared. TheC2 unit possesses a benzo-18-crown-6 moiety, and
the binding constant of this crown ether for" Kn water was
reported to be 1.74 (logarithmj.Copolymer11 ([A2/B1/C4/
D1]
which contained theC4 unit with low affinity for K*. The
fluorescence responsest¥ and11to K* at 40°C are shown
in Figure 5. The fluorescence intensity Hd was significantly
higher (413%) in the presence of K2 x 1073 M) than that in

= [68/0.1/12/20]) was also prepared as a negative control,

and since the positive charges3) of the triprotonate3 units
are not neutralized by one-to-one binding with 30 In this
context, this sensor only works under acidic conditions.

The fluorescence responseifto SQZ~ at 25°C is shown
in Figure 7. The fluorescence intensity b2 was significantly
higher (420%) in the presence of $Othan that in the absence
of SO2~. For fluorescent Sg3~ sensing, 0.01 M hydrochloric
acid solution was used as the medium to keepdBenits fully
protonated and to obtain a solution df2. Under these
conditions, other tested anions (acetate, chloride, nitrate, and
phosphate) did not induce such a fluorescence enhancement (the
maximum was 155% for oxalate), because they exist in the
neutral form or have weak affinity for the protonat€g units.
In the presence of 0.01 M hydrochloric acid solution (ap-
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105 MILSO other reagents and solvents were commercial products and were
or NaSO, used as supplied.
Monomer Synthesis.N-tert-Amylacrylamide A3) was synthe-
[50427]1 sized as previously describédl.
N-{3-[{ 7-(Dimethylaminosulfonyl)-2,1,3-benzoxadiazol-4-y+

(methyl)amino]propy!}-N-methylacrylamide (B1). DBD—F (100
mg, 0.41 mmol) was dissolved in acetonitrile (5 mL), and the
solution was added tN,N'-dimethyl-1,3-propanediamine (1.5 mL,
12 mmol). The mixture was stirred at room temperature for 2 h,
then evaporated to dryness under reduced pressure, and the residue

Wavelength / nm was chromatographed on silica gel with dichloromethanethanol
Figure 7. Fluorescence response &2 (0.01 w/v%) to S@ at (10: 1to5: 1to4: 1) to afford an orange oil (115 mg, 0.35
25°Cin 0.01 M hydrochloric acid solution. The turbidity of the solution  mmol). This oil (110 mg, 0.34 mmol) was dissolved in acetonitrile
was unchanged during the measurement. The excitation wavelength(10 mL). To this solution were added triethylamine (4618 0.34

R.EL

0M SO,

0 1100000100

500 550 600 650

was 450 nm. mmol) and acryloyl chloride (35.5L, 0.44 mmol) at 0°C, and

] N ) the mixture was stirred at 0C for 2 h. Then KCO; (1 g) was
proximately pH 2), sulfate (S£") equilibrates with HS@" added. The reaction mixture was filtered, and the solvent was
because the i of HSQ,~ is 2.0. Thus, S¢~ and HSQ~ evaporated under reduced pressure. The residue was chromato-

coexisted in the present solution. In the previous reffort, graphed on silica gel with dichloromethane-methanol (20 : 1) to
monoanionic dimethyl phosphate exhibited much weaker bind- afford B1 (118 mg, 0.31 mmol, 78% in two steps) as an orange
ing to the tris(3-aminopropyl)amino structure (in the triproto- ©il. *H NMR (CDCL): 6 7.86 (1H, d,J = 8.3), 6.63 (1H, m), 6.35
nated form) compared with phosphate (a mixture of monoanion (tH, m), 6.04 (1H, dJ = 8.3), 5.73 (1H, m), 4.07 (2H, m), 3.56
and dianion). Similarly, it can be reasonably assumed that the (2H. m), 3.29 (3H, m)_' 3.14,3.05 (3H, 5), 2.87 (6H, ), 2'0+2 (2H,
triprotonatedC3 unit prefers binding with Sg3~ rather than ?8)2 1H53;¢]!_MS’ mz_caled for GeHaNsO.S (M + HIY),

b - . S . ; found, 382.1533.
with HSQ4 - Thus, our d?S'gn conpept for f'“°f°9e”'c lon N-(3,4-Dimethoxyphenyl)acrylamide (C4).3,4-Dimethoxya-
sensors, i.e., the cqmblnatlon of a stimulus-responsive polymer ,ijine (1.00 g, 6.5 mmol) was dissolved in acetonitrile (15 mL).
and a polarity-sensitive fluorophore, has enabled us to developTo this solution, triethylamine (906L, 6.5 mmol) and acryloyl

the first fluorogenic SG#~ sensor working in water. chloride (530uL, 6.5 mmol) were added at@C, and the mixture
_ was stirred at 0C for 40 min. To the reaction mixture was added
Conclusion saturated aqueous p2O; (100 mL), and the entire product was

In this work, we describe fluorogenic ion sensors of a new extracted with dichloromethane (100 mt 2). The organic layer

type, based on the combination of a stimulus-responsive polymer‘;"r?j tﬂg?gs?a’fé Vvi%h%ngafgg&%ﬁézdoﬁr‘s‘ﬂiecrargglﬁgxggees_sure'
and a po!aljlty-sensmve fluorophore. In aqueous solution, our ethyl acetate (1:2) to affor@4 (1.11 g, 5.4 mmol, 82%) as colorless
fluorogenic ion sensors change their three-dimensional structures,ggjes. Mp: 106107 °C (recrystallized from ethyl acetatéH
from an open form tp a globular _form at Fhe _functlonal NMR (CDCL): ¢ 7.48 (1H, d,J = 2.0), 6.91 (1H, dd,J = 2.0,
temperature upon binding the target ion, resulting in a fluores- g 4), 6.81 (1H, dJ = 8.4), 6.43 (1H, ddJ = 0.8, 16.8), 6.23 (1H,
cence enhancement of the polarity-sensitive fluorophore via thedd, J = 10.0, 16.8), 5.76 (1H, dd] = 0.8, 10.0), 3.89 (3H, s),
decrease in the local polarity. The function of the sensor can 3.87 (3H, s). Anal. Calcd for GH13NOgz: C, 63.76; H, 6.32; N,
be easily tuned in terms of target ion and functional temperature 6.76. Found: C, 63.71; H, 6.49; N, 6.79.
by selecting suitable combinations of comonomers from some ~ Polymerizations.All units were introduced by means of radical
or all of the four types, in appropriate ratios. Moreover, our Polymerization and the composition was optimized for effective
sensors work without requiring a well-defined alignment of the function. _
various type of comonomer units in the overall structure. We m;%%)g??tgstall_ol;d l\%Il f(gésdocgnn':/gozir:i%r:haes(gﬁg\:vr?ci;y!?;tlallgel)
believe thls. represents a new ge_neral design approach totoge’[her with AIBN-(S.O ﬁ1M), were dissolved in-8.0 mL of 1,4- ,
fluorogenic ion sensors functioning in water. dioxane { and2), DMF (3—5 and8—11) or methanol § and7).
. . The dissolved oxygen was removed bylibbling for 26-30 min.
Experimental Section The solution was heated to 8Q for at least 12 h and then cooled
General Data. Proton nuclear magnetic resonanéd NMR) to room temperature. The reaction mixture was poured into diethyl
spectra were obtained with a JEOL JNM-GX270 spectrometer or ether, and the precipitate was purified by reprecipitation and/or
a BRUKER AVANCE 400 spectrometer. Thievalues are given dialysis. The yields are listed in Table 1.
in hertz. Mass spectra were measured using VG Autospec-X Copolymer 12. A2(0.45 M), B1 (0.50 mM), ASE (0.050 M),
spectrometers. High-resolution mass spectra (HRMS) were obtainedand AIBN (5.0 mM) were dissolved in 1,4-dioxane (10 mL). The
by a peak-matching method using perfluorokerosene as a standarddissolved oxygen was removed by Hubbling for 50 min. The
UV —vis absorption spectra and transmittance were measured usingsolution was heated to 60C for 5 h and then cooled to room
a JASCO V-550 UV/vis spectrophotometer with a JASCO ETC- temperature. The reaction mixture was poured into diethyl ether,
505 temperature controller. Fluorescence spectra were measure@nd the precipitate was purified by reprecipitation using 1,4-dioxane
using a JASCO FP-6500 spectrofluorometer with a JASCO ETC- and diethyl ether to afford copolymerA2/B1/ASE] = [90/0.1/
273 temperature controller. The gel permeation chromatography 10]) (42%,M,, = 1.17 x 10° andM, = 7.12 x 10%). The obtained
(GPC) equipment consisted of a JASCO DG-2683 degasser,a  copolymer (150 mg) was dissolved in 1,4-dioxane (4 mL). The
JASCO PU-2080 pump, a JASCO CO-2060 column oven, a JASCO solution was gradually added to tris(2-aminopropyl)amine (TAPA,
RI-2031 refractive index detector, and a Shodex GPC KD-806M 2 mL) in 1,4-dioxane (2 mL) and the mixture was stirred at room
column.N-IsopropylacrylamideA1) and 2,2-azobis(isobutyroni- temperature for 3 days. It was then poured into diethyl ether, and
trile) (AIBN) were purchased from Wako Pure Chemicals and the precipitate was purified by reprecipitation using acetone and
purified by recrystallization fronm-hexane and methanol, respec- n-hexane to afford copolymet?2 (15%). ThelH NMR spectrum
tively. 4-N,N-Dimethylaminosulfonyl-7-fluoro-2,1,3-benzoxadiazole  of copolymer12 indicated that 74% of the ASE units of the
(DBD—F) was purchased from TCI. 4-Acrylamidobenzo-18- copolymer (A2/B1/ASE] = [90/0.1/10]) reacted with TAPA at
crown-6 C2) was purchased from Acros Organics. Acrylic acid 2 : 1 ratio (i.e., cross-linking), and 26% of the ASE units reacted
N-hydroxysuccinimide ester (ASE) was purchased from Sigma. All with TAPA at 1 : 1 ratio to afford the desire@d3 units.



Macromolecules, Vol. 40, No. 26, 2007

Characterization of the Synthesized CopolymersThe contents
of the monomer units except for thel unit in copolymersl—12
were determined from th&H NMR spectra. The proportions of

the B1 unit were determined from the measured absorbance in

methanol, based on that ofMN-dimethylamino-7N,N-dimethy-
laminosulfonyl-2,1,3-benzoxadiazole 10 600 M-icm* at 442

nméd as a reference compound. The actual compositions of
copolymersl—12 are listed in Table 1. The molecular weights of

the copolymers were determined by GPC with 1-methyl-2-pyrro-
lidinone containing LiBr (5 mM) as an eluent. The weight-average

molecular weightl¢,) and number-average molecular weighit,X
values of copolymerd—12 are also listed in Table 1.
Fluorescence and Turbidity MeasurementsThe concentration

of the copolymers was 0.01 w/v% in aqueous solution during all

Fluorogenic lon Sensing Systen®657

(10) For examples of ion-responsive polymers, see: (a) Irie, M.; Misumi,

(11)

measurements. The fluorescence spectra were measured with ) )
(12) It should also be noted that the fluorescence intensity of copolgmer

excitation at 450 nm. Turbidity was obtained by using the following

equation: turbidity= 1 — [transmittance at 600 nm]. The

temperature of the sample solution was monitored with a thermo-

couple.
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