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A Novel Benzoxazole-Containing
Poly(N-isopropylacrylamide) Copolymer as a
Multifunctional Sensing Material®

Chang-Chung Yang, Yanging Tian, Ching-Yi Chen, Alex K.-Y. Jen,*

Wen-Chang Chen*

We report a novel multifunctional material, poly(N-isopropylacrylamide) (PNIPAAm) contain-
ing 2-(2-hydroxyphenyl)benzoxazole (HPBO), for sensing pH, zinc ion concentration, or
temperature. By titration with zinc ions, a clear blue-shifted emission with a high quantum
efficiency was detected since the zinc complex prevented the nonradiative decay pathways of

the HPBO moiety. The fluorescence characteristics of
the copolymer were similar at various acidic or neu-
tral conditions. However, a large blue shift on the
emission maximum was exhibited under the basic
condition, due to the disruption of the ESIPT pro-
cess by the phenolate anion. The LCST affected the
fluorescence properties significantly at the basic
condition because the incompatibility between the
PNIPAAmM chain and phenolated HPBO moieties
resulted in aggregation formation. The present study
demonstrates that the new benzoxazole-containing
PINPAAmM copolymer could be potentially used as
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multifunctional sensing material.
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Introduction

The development of functional polymers as metal ion(s),
temperature, sugar, oxygen, and/or DNA sensors is impor-
tant and challenging for not only academic interest but
also for real applications in environmental or biotechnol-
ogy.[*?! 2-(2-Hydroxyphenyl)benzoxazole (HPBO) based
functional materials can undergo excited-state intramo-
lecular proton transfer (ESIPT, as shown in Figure 1) by the
structural transformation between the enol and keto
tautomers.!* The ESIPT of the HPBO could result in a large
Stokes shift on the fluorescence emission ranging from 100
to 500nm, which is of significant interest as sensing
materials for metal ions or pH. Furthermore, the HPBO
moiety can also chelate with zinc ion,!*) which is the
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procedure.”) All the reactions were con-
ducted using oven-dried glassware under a
nitrogen atmosphere and were stirred mag-
netically. The Briton-Robinson buffer ¥ was
used.

keto tautomer (K)

Synthesis

B Figure 1. The excited-state intramolecular proton transfer of HPBO and its zinc complex.

second most abundant transition metal ion found in the
body and may lead to neutron disorders, prostate cancer,
and diabetes.l®! During the coordination of zinc ion, the
phenol group in the HPBO is deprotonated and the
generated phenolate anion acts as a donor atom in the zinc
complex (Figure 1).! Through the complexation with zinc
ion, the ESIPT process is efficiently disrupted and a blue
shifted emission is detected from the zinc complex. [P
On the other hand, under basic condition, the phenol group
of the HPBO moiety could be easily deprotonated to form a
free phenolate anion[*"*“! (the HPBO moiety with the free
phenolate anion is called phenolated HPBO in the
following text) resulting in the disruption of the ESIPT.

Polymers based on the HPBO moiety as metal ion
sensors!“d were previously reported. However, the water
solubility and selectivity are limited in their applications
in biological environments. Herein, we report a new
HPBO-containing PNIPAAm copolymer as pH, zinc ion, and
temperature sensors. To the best of our knowledge, it is the
first time that zinc ion and pH sensors based on water-
soluble HPBO-containing polymers are being reported.
Furthermore, PNIPAAm is also a temperature-sensitive
polymer with a reversible phase-transition (lower critical
solution temperature, LCST) at about 32 °C in pure water.[®!
Copolymerization of NIPAAm with a fluorescent monomer
could produce novel sensory materials in the body temp-
erature range, in which the fluorescent characteristics may
possibly be influenced by the microenvironmental varia-
tions due to the LCST.[?%%¢ In addition, the zinc ion and pH
stimulated fluorescence, the temperature-stimulated
emission properties of the HPBO-containing PNIPAAmM
are also reported.

Experimental Part

Materials

11-Bromo-1-undecanol, chloromethyl methyl ether, 2,4-dihy-
droxybenzaldehyde, 2-hydroxyaniline, 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), and 2,2'-
azoisobutyronitrile (AIBN) were purchased from Aldrich and used
as received. NIPAAm was purified by twice repeated recrystal-
lization from hexane. Tetrahydrofuran (THF) was distillated from
sodium/benzophenone under nitrogen. 4-(11- Hydroxyundecyl)-2-
hydroxylbenzaldehyde (1) was prepared according to a known
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The precursors of 2—4; the new monomer

2-{2-hydroxy-4-[11-(acryloxy)undecyloxy]-
phenylibenzoxazole (5), and the HPBO-containing PNIPAAm
copolymer (6) were synthesized according to Scheme 1 and
detailed as below.

2-(Methoxymethoxy)-4-[(11-methoxymethoxy)undecyloxy]
benzaldehyde (2)

10g (32 mmol) of compound 1 was dissolved into 100 mL of dry
methylene chloride and 20 mL of isopropylamine (115 mmol). At
0-5°C, 6 mL (79 mmol) of chloromethyl methyl ether was added.
And then, the mixture was stirred at room temperature for
overnight. After washing with 5% NaHCO; and brine, dried
over Na,S0,, the solvent was removed under vacuum. 12.5 g of oil
(vield 98%) was obtained and used for next step without further
purification.

'HNMR (CDCls, 300 MHz): §=10.4 (s, H', CHO), 7.85 (d, HY,
phenyl), 6.75 (s, H', phenyl), 6, 64 (d, H', phenyl), 5.34
(s, H°, CH;OCH,OPh), 4.62 (s, H?>, CH;OCH,OCH,), 4.04 (t, H?,
PhOCH,CH,), 3.56 (s, H’, CH30), 3.52 (t, H?, CH30CH,0OCH,), 3.38
(s, H®, CH;0CH,O0Ph), 1.8-1.2 [m, H'®, (CH,)).

2-{2-(Methoxymethoxy)-4-[(11-methoxymethoxy)
undecyloxy]phenyl}benzoxazole (3)

12.5g of the compound 2 (31 mmol), 3.4g of 2-hydroxyaniline
(31 mmol) in 200 mL of benzene was refluxed azeotropically for
15 h. Then 20 g of BaMnO, was added into the mixture and kept
at refluxing for 24 h. The inorganic salt was removed through the
filtration of Celite. Then the organic solvent was removed under
vacuum, and passed through a silica gel column with methylene
chloride/ethyl acetate as eluent. 8.0g of a white powder was
obtained in 54% yield.

"HNMR (CDCls, 300 MHz): §=8.11 (d, H', phenyl), 7.80 (m,
H?, phenyl), 7.57 (m, H', phenyl), 7.35 (m, H? phenyl), 6.84 (d,
H', phenyl), 6.72 (dd, 1H, phenyl), 5.38 (s, H> CH;OCH,OPh),
462 (s, H?, CHsOCH,OCH,), 4.04 (t, H? PhOCH,CH,), 3.56
(s, H? CH30), 3.52 (t, H?, CH;0CH,0CH,), 3.38 (s, H?, CH;0CH,Oph),
1.8-1.2 [m, H*® (CH,)s].

2-[2-Hydroxy-4-(11-hydroxyundecyloxy)
phenyl]benzoxazole (4)

300mg of compound 3 (0.62 mmol) was dissolved into 15 mL
methanol. 300 mg of p-toluene sulfonic acid was added into the
solution, and then the mixture was stirred at room temperature
for 2 d. After removing the solvent, the remaining material
was dissolved in 20 mL of diethyl ether, and then the ether was
washed with 5% NaHCOs, and dried over Na,SO,. After column
chromatography with methylene chloride/methanol (20:1 by
volume), 200 mg of white powder was obtained in 81% yield.
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Scheme 1. Synthesis of the poly(N-isopropylacrylamide) (PNIPAAm) copolymer containing 2-(2-

hydroxyphenyl)benzoxazole (HPBO) (6).

'"HNMR (CDCl;, 300 MHz): §=11.60 (s, H', phenyl-OH),
7.91 (d, H, phenyl), 7.70 (m, H', phenyl), 7.59 (m, H', phenyl),
7.39 (m, H?, phenyl), 6.59 (m, H? phenyl), 4.04 (t, H?, PhOCH,),
3.67 (t, H?, CH,OH), 1.8-1.2 [m, H*® (CH,)s].

2-{2-Hydroxy-4-[11-(acryloxy)undecyloxy]phenyl}
benzoxazole (5)

1.0 g of compound 4 (2.5 mmol), 180 mg of acrylic acid (2.5 mmol),
EDC (600mg, 3 mmol), and 4-dimethylaminopyridine (30 mg)
were suspended in 10 mL of dry methylene chloride. The mixture
was stirred at room temperature for 24 h. After removing the
solvent, the mixture was purified through column chromatogra-
phy with hexane/ethyl acetate (5:1 by volume) to get 500 mg
of the monomer (5) in 44% yield. The "H NMR spectrum is shown
in Figure S2.

'HNMR (CDCl;, 300 MHz): §=11.60 (s, H', phenyl-OH),
7.91 (d, HY, phenyl), 7.70 (m, HY, phenyl), 7.59 (m, HY, phenyl),
7.39 (m, H? phenyl), 6.59 (m, H? phenyl), 6.46 (d, H', CH,=),
6.10 (m, HY, CH), 5.82 (d, H', CH,=), 416 (t, H? CH,0CO),
4.0 (t, H? CH,OPh), 1.8-1.2 [m, H*®, (CH,)s].

Mass: calcd. for C,7H33NOs 451.6; found (EI): 451.5.

HPBO-containing PNIPAAm Copolymer (6)

In order to not affect the LCST transition temperature of the
PNIPAAm copolymer, the feed molar fraction of the HPBO unit
to NIPAAm was set as low as 0.125%.2%°1 10.0mg of monomer
5 (0.021 mmol), 1.91g of NIPAAm (16.9 mmol), and 14.5mg of
AIBN (0.088 mmol) were added into 7 mL of THF solution and
degassed by the freeze-pump-thaw method. The polymerization
reaction was carried out in a Schlenk tube under nitrogen at
65 °C. The reaction was allowed to proceed for 2 d for complete

Macromol. Rapid Commun. 2007, 28, 894—899
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CH30CH,CI
HOC 11Hy,0 CHO ——— 3  H;COH,COC;Hz0 CHO

—  »  HOCHxO

OH
T
4
O
4

Macromolecular

C.-C. Yang, Y. Tian, C.-Y. Chen, A. K.-Y. Jen, W.-C. Chen

PCHOCHs polymerization. A small amount of

the polymerization mixture was
2 taken for the determination of the
conversion. The H NMR result
showed that the conversion was
greater than 95%. The reaction
mixture was poured into diethyl
ether and filtrated. The obtained
polymer 6 was purified by repre-
cipitation from THF into diethyl
ether to get 1.69 g of final product

OH - N
O N . X r
— T oc 0 d } :@ jLCHrCH) { ) with a yield of 88%. My =39 500,
EDC/CH,Cl, e} ¥‘ y M, /My =2.96. The molar percen-
e} o

V"

N tage of the HPBO unit in polymer 6

was determined to be 0.111% by

C:311H22 .
Io) the concentration standard curve
Xt (x+y) = 0.411: 100 through the UV-vis absorption
spectra.
OH
Q"N
6 Characterizations
'H NMR spectra were mea-

sured with a Bruker 300 instru-

ment spectrometer operating at

300 MHz with the internal standard
tetramethylsilane as a reference for chemical shifts. The molecular
weight of the polymers were determined with a Waters 1515 gel
permeation chromatograph coupled with UV and refractive-index
detectors, with reference to a series of standard polystyrenes
for calibration with dimethylformamide as an eluent. UV-vis
absorption spectra were recorded with a Hewlett Packard 8452A
diode-array UV-vis spectrophotometer. Fluorescence spectra were
measured using a Perkin-Elmer LS-50B Luminescence Spectro-
photometer. For fluorescence titrations, a sample solution in a
quartz cuvette was excited at the isosbestic points determined by
UV titrations. Polymer concentration in aqueous solution used in
this study is mg- mL ™" corresponding to the HPBO concentration of
9.8x107° m.

Results and Discussion

Though the monomer 5 is completely insoluble in water,
the polymer 6 has a good solubility (>10 mg-mL ™) in
aqueous solution after incorporating the PNIPAAm moiety.
The LCST (32 °C) of the polymer 6 was same as that of pure
PNIPAAM due to the low molar ratio (0.111%) of the HPBO
moiety in the copolymer, as shown in Figure S3
(see Supporting Information). The photoluminescence
quantum yield of polymer 6 in aqueous solution was
0.15 as determined by using 9,10-diphenylanthracene in
cyclohexane as a standard.’®! The low quantum yield is
normal for the HPBO-containing materials, which is
possibly due to the low HPBO content, significant
nonradiative decay from the ESIPT or torsion angle
between the phenyl ring and benzoxazole moiety.!>#P4c]
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Figure 2. Variation of the UV-Vis absorption (a) and fluorescence
(b) spectra of polymer 6 in aqueous solution along with the
titration of zinc acetate. The excitation wavelength for (b) is at
341 nm of the isosbestic point. The inset figure of (b) gives the zinc
concentration dependent fluorescence enhancement during the
titration process. F, is the integration emission intensity before
titration, F is the integration emission intensity after titration.

Figure 2(a) and 2(b) show the UV-vis and fluorescence
spectra of polymer 6 in aqueous solution with a
concentration of 1 mg-mL™* titrated using zinc ion. With
the titration of zinc ion, the absorption maximum at
321 nm decreased and a broad band from ~350 to 400 nm
increased progressively. The absorption band at the longer
wavelength indicated the formation of the zinc complex,
as shown in Figure 1. The observation of an isosbestic point
at 341nm in Figure 2(a) indicates a simple complex
formation process.“®*? During the titration process, clear
blue-shifted emissions were detected and suggested the
interruption of the ESIPT process by the zinc complexation,
as exhibited in Figure 1. Because the zinc complex prevents
the nonradiative decay pathways of the HPBO moiety, the
fluorescence quantum yield at zinc equilibrium state
enhanced to 0.34.

Curve fitting of the fluorescence intensity according to
the Benesi—Hildebrand plot!*Y supported the formation of
a 1:1 complex of HPBO moiety in polymer 6 with zinc ions.
Its binding constant (K) is estimated to be 1.87 x 10°> m™ .
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The calculated binding constant of polymer 6 is in between
the reported K values of 2.0 x 10° M~ (in methanol)!*
and 85x10° m ' (in water)*® using various HPBO
derivatives. However, the fluorescence enhancement of
the zinc complex of polymer 6 [1.25-fold, inset figure of
Figure 2(b)] is much smaller than the reported values
(6—50-folds) using other low molecular weight HPBO
materials.* It is probably only 0.111 mol-% of fluorescence
HPBO moiety incorporated into the polymer 6.

The effects of various metal ions on the emissions
of polymer 6 on the fluorescence intensity at their
equilibrium states are summarized in Figure S4 of the
Supporting Information. Polymer 6 recognizes zinc ions,
thus bringing about a large enhancement of fluorescence,
which is necessary and important for an effective chemical
sensor. This shows its good selectivity for zinc ions. Other
physiologically important ions, such as Mg”", Ca®", Na™,
and K", gave much less enhancement in fluorescence
emissions. Several heavy metal ions (Fe*", Cu®", and Ni?*")
quenched the fluorescence. Similar quenching effect of
HPBO molecules by heavy metal ions was reported by
Iwata et al.l*

The effect of pH on the fluorescence spectra along with
absorption spectra was investigated and shown in
Figure 3. The fluorescence intensity of polymer 6 under
acidic conditions is almost the same as that in neutral
solutions, but it is quite sensitive to basic conditions
[Figure 3(b)], especially in the pH range of 9-11. It is
notable that the absorbance at longer wavelength
(~360 nm) increases [Figure 3(a)] and the emission maxi-
mum shifts towards blue under basic conditions
[Figure 3(b)]. The fluorescence quantum yield was deter-
mined to be 0.49 at pH of 11.6. In the basic aqueous
solution, the phenolate anion coming from the intermole-
cular proton transfer to the hydroxyl anion thus disrupted
the ESIPT process!®>? similar to the case of the zinc cation.
The formation of phenolate anion under basic conditions
explains the above variation of absorption and fluores-
cence.

The temperature-responsive fluorescence properties
using the polymer 6 at pH 2.0, 7.0, and 11.6 and at the
zinc equilibrium condition were investigated. Clear
fluorescence spectra and intensity changes were observed
under basic condition [Figure 3(c)] when the temperature
approaches 32°C. The emission has no further change
when temperature is higher than 40°C. When the
temperature was higher than 32°C, the emission peak
at 425 nm decreased and a new peak centered at 500 nm,
possibly due to the aggregation of the free phenolated
HPBO, was observed. However, there is no change of
fluorescence intensity with varying temperature (in the
range of 28-50 °C) for polymer 6 at pH=2.0 or 7.0, and the
results for the equilibrium zinc aqueous solution is shown
in Figure S5 and S6. These observations indicate that the
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Figure 3. Variation on the fluorescence characteristics of polymer
6 with pH and temperature. The UV-Vis absorption spectra (a),
fluorescence spectra (b) and fluorescence enhancements [inset
figure of (b)] of polymer 6 in aqueous solution at various pH
values. (c) The fluorescence spectra variation of polymer 6 along
with temperature from 28.4 t0 39.7°C at pH =11.6. The excitation
wavelength for Figure 2(b) and 2(c) is 341nm at the isosbestic
point.

HPBO itself and the HPBO-zinc complex are not sensitive to
the change from hydrophilic and hydrophobic environ-
ments at the LCST. But the phenolated HPBO is sensitive to
the microenvironmental condition. At a temperature
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higher than the LCST, the PNIPAAm chain becomes hydro-
phobic and is significantly incompatible to the hydrophilic
phenolated HPBO. Such an environmental change forces
the phenolated HPBO moieties in aqueous solution to form
significant aggregations and results in the red-shifted
fluorescence.

Conclusion

A new HPBO-containing poly(N-isopropylacrylamide) was
developed for multifunctional sensing materials. It was
demonstrated that the polymer was a selective zinc ion
sensor in aqueous solution since the zinc complex pre-
vented the nonradiative decay pathways of the HPBO
moiety. Besides, a large blue shift on the emission maxi-
mum under the basic condition was exhibited since the
phenolate anion disrupted the ESIPT process. The LCST
transition temperature affected the fluorescence proper-
ties significantly under basic conditions due to the
incompatibility between the PNIPAAm chain and the
phenolated HPBO moieties. The present study demon-
strates that the new benzoxazole-containing PINPAAmM
copolymer can be potentially used as multisensory
functional materials.
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