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Three new two-photon-absorbing (2PA) chromophores derived from 2-(2'-hydroxyphenyl)benzoxazole
(HPBO), having two-photon absorption cross sections up to 530 GM (9, expressed in GM; 1 GM = 1
x 107°° cm* s photon™' molecule '), were synthesized and investigated as metal ion and pH sensors.
These chromophores were designed with an increasing number (0, 1, and 2) of HPBO(s) groups as binding
sites for metal ions. Such variations provide a systematic approach to correlate structures with their
linear photophysical, sensing, and two-photon absorption properties. The HPBO-containing sensors show
unique response for zinc ion. Significant zinc ion stimulated photophysical properties with evident
enhancements in fluorescence intensities from both one- and two-photon processes were detected.
Moreover, one chromophore having HPBO groups in both terminal ends exhibits significant modulation
of fluorescence intensities in response to the phenol group deprotonation in the HPBO moiety. A very
large two-photon absorption cross section of 4120 GM, the highest reported for bisphenolate-containing
2PA materials, was measured for the chromophore under basic conditions. The molecular structures have
a significant influence on the 2PA properties, which follows a trend of the substitution groups on the
HPBO moiety in the order of O~ > —0Zn > —OCH;R. The present study provides a protocol for

1977

elucidating the relationship between the photophysical properties and molecular structures.

1. Introduction

The development of novel two-photon-absorbing (2PA)
materials, which can be excited by near-infrared (NIR) light
(700—1100 nm), is an area of intensive research because of
their potential applications for frequency up-conversion
lasing, high-density optical storage, holographic data storage,
3-D microfabrication, two-photon fluorescence microscopy,
and photodynamic therapy.' Environmental sensing materials
based on 2PA materials for detecting various metal ions, the
fluoride ion, and pH values have been reported recently.”°
2PA sensing materials with two-photon fluorescence (2PF)
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have many advantages over the commonly used one-photon
fluorescence (1PF) materials (excited with the light in the
range 300—600 nm in wavelength). These include exclusive
confinement of the excitation to the focal volume with high
3D resolution and reduced photobleaching and phototoxicity
by virtue of the low-energy NIR excitation with greater
depths of penetration in living tissues for biological applica-
tions.” Although the advantages of using 2PA sensing
materials are clear, only a few 2PA metal ion sensors have
been reported.”*® The selectivity and sensitivity demon-
strated in these sensing materials still need to be improved.

The selective detection of zinc ion is extremely important
in environmental or biological systems.® Various 1PF-based
sensing materials for Zn*", including fluorescein, quinoline,
and 2-(2'-hydroxyphenyl)benzoxazole (HPBO) derivatives,
have been developed for this purpose.”' However, inves-
tigation on the 2PF-based zinc sensor is quite limited.®

The HPBO-based functional materials can undergo excited-
state intramolecular proton transfer (ESIPT, as shown in
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Figure 1. Chemical structures related with tautomer, rotamer, complex, and phenolate ion of the HPBO moiety.

Figure 1) by the structural transformation between the enol
(X1) and keto tautomers (X2).'! The ESIPT of the HPBO
could result in a large Stokes shift ranging from 100 to 500
nm. Furthermore, the HPBO moiety can also chelate with
the zinc ions (X3). And during the process of the coordination
with zinc ion, the phenol group in the HPBO is deprotonated,
and the generated phenolate anion acts as a donor in the zinc
complex (Figure 1).'%¢ Through the complexation with zinc
ions, the ESIPT process is efficiently disrupted, and a blue-
shifted emission is detected from the zinc complex.'® On
the other hand, under basic conditions, the phenol group of
the HPBO moiety could be easily deprotonated to form a
free phenolate anion (X5)'? (the HPBO moiety with the free
phenolate anion is called phenolated HPBO), resulting in the
disruption of the ESIPT.
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Because of these specific characteristics, HPBO-containing
materials are cons1dered to be a promising class of functional
materials for sensors (mcludmg zinc 1on sensors'%* ¢ and
pH sensors'%%), light-emitting diodes,'® and photolithogra-
phy.'* Although many HPBO derivatives have been inves-
tigated so far, 'O 13715 t6 the best of our knowledge, metal
ions and pH sensors based on 2PA chromophores with HPBO
groups have never been reported. Herein, we report a series
of new 2PA HPBO-containing chromophores as zinc ion and
pH sensors by modulating the ESIPT properties of the HPBO
groups via metal complex formation and base stimulation.

The chemical structures of the novel 2PA chromophores
(1, 2, and 3) shown in Figure 2 have the fluorene vinylene
moiety in the structural center and HPBO derivatives as the
end group. The new 2PA chromophores have the same
conjugation length but different donor end groups (OH and
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Figure 2. Chemical structures of the new HPBO derivatives, 1, 2, and 3.

OCH;R, where R = OCHj; for 1 and CsHy; for 2). Therefore,
the materials reported here are a series of compounds which
could provide the systematic correlations among the chemical
structures, selectivity, and sensitivity for ions and 1PF/2PF
properties.

2. Experimental Section

2.1. Materials. 2,7-Dibromo-9,9-dihexylfluorene (4), methyl-
triphenylphosphonium bromide, sodium hydride, 2-aminophenol,
chloromethyl methyl ether, diisopropylethylamine, tributylvinyltin,
1-bromohexane, tributylamine, palladium acetate, tri(o-tolyl)phos-
phine, ZH(OOCCHg)z, ZH(C104)2, Zl’lClz, Mg(ClO4)2, KOOCCH3,
NaOOCCHs, LiCl, Ca(OOCCHj3),, Fe(NOs)3+H,O, Cu(OOCCH3),*
H,0, and NiCl, were used as received from Aldrich. 2,7-Diformyl-
9,9-di-n-hexylfluorene (5) and 2,7-divinyl-9,9-di-n-hexylfluorene (6)
were prepared according to previously described procedures.'®

2.2. Synthesis. The chromophores were synthesized by using
common organic reactions including the Heck reaction,'” Wittig
reaction,'® and Stille coupling, '® as shown in Schemes 1 and 2.

2.2.1. Synthesis of 1 and 3. 2-Benzoxazol-2-yl-4-bromo-
phenol (8). 5-Bromo-2-hydroxybenzaldehyde (7, 1.50 g, 8.0 mmol)
and 2-aminophenol (1.92 g, 9.6 mmol) were added to 40 mL of
acetic acid. After stirring for 10 min at room temperature, lead(IV)
acetate (3.89 g, 8.8 mmol) was added to the mixture. The reaction
mixture was stirred for 30 min and then gently boiled at 110 °C
for an additional 30 min. The mixture was cooled down, poured
into cold water, and neutralized with aqueous NaOH solution. The
precipitate was filtered, extracted in ethyl acetate, and dried with
MgSO,. After the solvent was removed, the crude product was
purified by using silica gel column chromatography with hexane/
methylene chloride (5/1 by volume) as an eluent to afford 0.72 g
of white powder with a yield of 25%; mp 174—176 °C. Ry (hexane/

(16) (a) See the two recent reviews: Li, C. J. Chem. Rev. 2005, 105, 3095.
(b) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed.
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103, 2945.
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methylene chloride, 5/1 by volume): 0.33. 'H NMR (300 MHz,
CDCls, 25 °C, TMS): 0 = 11.46 (s, 1H), 8.18 (s, 1H), 7.78 (m,
1H), 7.64 (m, 1H), 7.56 (dd, J = 9 Hz, 1H,), 7.45 (m, 2H), 7.03
(dd, 1H, J = 9 Hz)."*C NMR (125 MHz, CDCls, 25 °C): 0 =161.8,
157.9, 149.4, 140.0, 136.4, 129.6, 126.1, 125.5, 119.7, 119.6, 112.4,
111.6, 111.0.

2-(5-Bromo-2-methoxymethoxyphenyl)benzoxazole (9). 8 (1.6 g,
5.5 mmol) and diisopropylethylamine (13.5 mL, 27.6 mmol) were
dissolved in CH,Cl, (20 mL), and the mixture was cooled to 0 °C
in an ice bath. Chloromethyl methyl ether (2.1 mL, 19.7 mmol)
was added to the mixture. The reaction was kept at room
temperature for 12 h, then washed with 5% NaHCO; aqueous
solution, and dried over MgSO,. After the solvent was removed,
the crude product was purified by column chromatography using
hexane/methylene chloride (5:1 by volume) as the eluent to afford
a white powder of 1.8 g with the yield of 98%. Ry (methylene
chloride): 0.49. '"H NMR (300 MHz, CDCls, 25 °C, TMS): 6 =
8.29 (s, 1H), 7.78 (d, J = 7 Hz, 1H), 7.61 (m, 2H), 7.40 (d, J =7
Hz, 2H), 7.23 (m, 1H), 5.35 (s, 2H), 3.54 (s, 3H). '*C NMR (125
MHz, CDCl;, 25 °C): 6 =160.4, 155.3, 150.8, 142.0, 135.3, 133.9,
125.5, 124.7, 120.5, 119.5, 118.5, 114.6, 110.8, 95.5, 56.7.

3,3'-Bis(2-benzoxazol-2-yl)-(4,4'-[(9,9-dihexylfluorene-2,7-diyl)di-
(1E)-2,1-ethenediyl Jbisphenol (3). 9 (0.30 g, 0.91 mmol), 6 (0.16
g, 0.41 mmol), Pd(OAc), (4.5 mg, 0.02 mmol), and tri-o-
tolylphosphine (31.0 mg, 0.01 mmol) were dissolved in 6 mL of a
DMF/(C4Hy)sN mixture (12:1 by volume). The mixture was
degassed with N, for 15 min and then heated at 130 °C for 16 h.
After cooling down, the mixture was poured into water and
extracted with ethyl acetate. The organic layer was washed with
water and brine and dried over Na,SO,. After the solvent was
removed, the residue was purified by column chromatography using
hexane/ethyl acetate (20:1 by volume) as an eluent to afford 0.16 g
of yellow solid with the yield of 49%; mp 181—183 °C. R; (hexane/
ethyl acetate, 20/1 by volume): 0.11. "H NMR (300 MHz, CDCl;,
25 °C, TMS): 0 = 11.50 (s, 2H), 8.20 (s, 2H), 7.75 (m, 2H), 7.66
(m, 6H), 7.52 (m, 4H), 7.42 (m, 4H), 7.16 (m, 4H), 7.14 (d, J =9
Hz, 2H), 2.04 (m, 4H), 1.11 (m, 12H), 0.79 (t and m, 10H). '*C
NMR (125 MHz, CDCls, 25 °C, TMS): 6 =158.3, 151.6, 149.2,
140.6, 140.1, 136.3, 131.5, 129.6, 128.2, 126.7, 125.5, 125.1, 125.0,
120.7, 119.9, 119.3, 117.9, 110.7, 110.6, 55.0, 40.7, 31.6, 29.8,
23.9, 22.6, 14.0. EI-HRMS m/e calculated for CssHs3sN,O4 (M +
H) 805.4005; found 805.4018.

3,3"-Bis(2-benzoxazol-2-yl)-(4,4'-[(9,9-dihexyl-fluorene-2,7-di-
yl)di-(1E)-2, 1-ethenediyl [bisphenyl Methoxymethyl Ether (1). 3 (40
mg, 0.05 mmol) and diisopropylethylamine (0.14 mL, 0.28 mmol)
were dissolved in CH,Cl, (5 mL), and the mixture was cooled to
0 °C in an ice bath. Chloromethyl methyl ether (0.2 mL, 2 mmol)
was added into the mixture. The reaction was kept at room
temperature for 12 h, then washed with 5% NaHCO; aqueous
solution, and dried over MgSO,. After the solvent was removed,
the crude product was purified by column chromatography using
hexane/methylene chloride (5:1 by volume) as an eluent to afford
a pale yellow powder of 38 mg with the yield of 85%. Ry (CH,Cl,):
0.38. "H NMR (300 MHz, CDCl;, 25 °C, TMS): 8.37 (s, 2H), 7.84
(m, 2H), 7.68 (m, 6H), 7.55 (m, 4H), 7.45 (m, 4H), 7.34 (d, 2H, J
= 9.0 Hz), 7.24 (m, 4H), 5.42 (s, 4H), 3.60 (s, 6H), 2.04 (m, 4H),
1.14 (m, 12H), 0.76 (t and m, 10H). '*C NMR (125 MHz, CDCl;,
25 °C, TMS): 6 =161.9, 155.6, 151.8, 150.9, 142.2, 140.9, 136.4,
132.1, 130.6, 129.4, 129.3, 126.5, 125.8, 125.3, 124.6, 120.9, 120.4,
120.2, 118.0, 117.1, 110.8, 95.5, 56.7, 55.2, 40.8, 31.7, 30.0, 24.0,
22.8, 14.2. EI-HRMS m/e calculated for CsoHgN>Og (M + H)
893.4530; found 893.4524.
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2.3.2. Synthesis of 2. 2-Formyl-7-bromo-9,9-dihexylfluorene
(10). 8.0 g (16 mmol) of compound 4was dissolved into 200 mL
of dry ether and cooled to —78 °C under stirring. n-Butyllithium
(8.2 mL, 2.5 M) in hexane (20 mmol) was added into the solution.
The solution was warmed to room temperature for 30 min and then
cooled down to =78 °C. DMF (6 mL, 70 mmol) was added into
the mixture. The mixture was then warmed to room temperature

PhsPCHgBr
B —
NaH/THF

and kept under stirring for 16 h. The mixture was poured in to 200
mL of water; the organic layer was separated and dried over
Na,SO.. The solvent was removed, and the residue was purified
through column chromatography with hexane/ethyl acetate (10:1
by volume). A colorless oil with the yield of 70% (5.0 g) was
obtained. The oil solidified after standing at room temperature for
3 days. R; (hexane/ethyl acetate, 10/1 by volume): 0.14. '"H NMR
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(300 MHz, CDCls, 25 °C, TMS): 10.08 (s, 1H), 7.88 (s and d,
3H), 7.64 (d, J = 7.8 Hz, 1H), 7.53 (s and d, 2H), 2.04 (m, 4H),
1.22 (m, 12H), 0.82 (t, J = 7.2 Hz, 6H), 0.58 (m, 4H). '*C NMR
(125 MHz, CDCl3, 25 °C): 6 =192.4, 154.4, 151.3, 146.5, 138.7,
135.7, 130.8, 130.6, 126.6, 123.3, 123.2, 122.4, 120.3, 55.7, 40.3,
31.6,29.7, 23.8, 22.7, 14.2. MS (EI): 441.3 (M™), 442.3 M+ +
1), 4432 (M" + 2), 4442 (M™" + 3).
2-(2-Methoxymethoxyphenyl-5-vinyl)benzoxazole (11). 9 (300
mg, 0.90 mmol), tributylvinyltin (400 mg, 1.2 mmol), and tetrakis
(triphenylphosphine)palladium(0) (40 mg, 0.034 mmol) were dis-
solved in toluene (5 mL) and heated at refluxing under nitrogen
for 16 h. The mixture was cooled down, and then the solvent
was removed under reduced pressure. The residue was passed
through a column chromatography with hexane/ethyl acetate
(10:1 by volume) to produce 170 mg of a white solid with the
yield of 67%. Ry (hexane/ethyl acetate, 3/1 by volume): 0.40.
'"H NMR (300 MHz, CDCl3, 25 °C, TMS): 8.18 (s, 1H), 7.84
(m, 1H), 7.62 (m, 1H), 7.57 (dd, J = 7.8 Hz, 1H), 7.38 (m,
2H), 7.30 (s, 1H), 6.77 (m, 1H), 5.78 (d, J = 17.1 Hz, 1H),
5.37 (s, 2H), 5.28 (d, J = 10.8 Hz, 1H), 3.56 (s, 3H). '°C NMR
(125 MHz, CDCl3, 25 °C): 6 = 161.7, 155.7, 150.8, 142.1, 135 .4,
132.0, 130.2, 129.3, 125.2, 124.5, 120.3, 117.7, 116.8, 113.8,
110.7, 95.3, 56.6. MS (EI): 282.4 (M™).
2-Formyl-7-{2-[3-(benzoxazol-2-yl)-4-methoxymethoxyphenyl -
vinyl}-9,9-dihexylfluorene (12). 10 (1.7 g, 3.9 mmol), 11 (1.1 g,
3.9 mmol), palladium acetate (24 mg, 0.10 mmol), tri-o-tolylphos-
phine (120 mg, 0.39 mmol), and tributylamine (4 mL) were
dissolved in DMF (20 mL) and heated at 130 °C for 24 h under
nitrogen. The mixture was cooled down and poured into 300 mL
of water. The organic materials were extracted into ethyl acetate
and dried over Na,SO,. After the solvent was removed under
vacuum, the residue was dissolved in 30 mL of dry methylene
chloride. Diisopropylethylamine (2.8 mL, 5.6 mmol) and chlorom-
ethyl methyl ether (0.6 mL, 6 mmol) were added to the mixture.
The reaction was kept at room temperature for 12 h, then was
washed with 5% NaHCOj aqueous solution, and dried over MgSOs.
After the solvent was removed, the crude product was purified by
column chromatography using hexane/methylene chloride (5:1 by
volume) as eluent to afford a yellow powder of 1.2 g with the yield
of 50%. R; (methylene chloride): 0.33. "H NMR (300 MHz, CDCls,
25 °C, TMS): 10.08 (s, 1H), 8.27 (s, 1H), 7.87 (m, 4H), 7.67 (m,
4H), 7.41 (m, 4H), 7.25 (m, 2H), 5.42 (s, 2H), 3.59 (s, 3H), 2.04
(m, 4H), 1.07 (m, 12H), 0.78 (t, J/ = 6.6 Hz, 6H), 0.72 (m, 4H).
'3C NMR (125 MHz, CDCls, 25 °C) 6 = 192.5, 161.8, 155.7,
153.0, 151.9, 150.8, 147.4, 142.1, 139.4, 138.1, 135.4, 131.7, 130.8,
130.6, 129.5, 128.8, 127.6, 126.0, 125.2, 124.6, 123.2, 121.4, 121.1,
120.3, 120.1, 118.0, 117.0, 110.7, 95.4, 56.7, 55.4, 40.4, 31.6, 29.8,
23.9,22.7, 14.1. MS (ED): 642.6 (M™* + 1).
2-Vinyl-7-{2-[3-(benzoxazol-2-yl)-4-methoxymethoxyphenyl ]-
vinyl}-9,9-dihexylfluorene (13). 12 (1.2 g, 1.9 mmol) and methyl-
triphenylphosphonium bromide (1.0 g, 2.82 mmol) were suspended
in dry THF (50 mL), and NaH (100 mg, 4.2 mmol) was added into
the mixture. The mixture was stirred at room temperature under
nitrogen overnight, and then 100 mL of water was added into the
mixture. The organic layer was extracted with ethyl acetate and
dried over Na,SOy. The solvent was removed, and the residue was
purified through column chromatography with hexane/ethyl acetate
(20:1 by volume). 0.80 g of yellow solid was obtained. Yield: 67%.
Ry (hexane/ethyl acetate, 20/1 by volume): 0.08. Yield: 67%. 'H
NMR (300 MHz, CDCls, 25 °C, TMS): 8.36 (s, 1H), 7.86 (m, 1H),
7.68 (m, 3H), 7.54 (m, 1H), 7.40 (m, 8H), 7.22 (s, 1H), 6.88 (m,
1H), 5.84 (d, J = 17.5 Hz, 1H), 5.42 (s, 2H), 5.29 (d, J = 10.8 Hz,
1H), 3.59 (s, 3H), 2.04 (m, 4H), 1.07 (m, 12H), 0.78 (t, J = 7.2
Hz, 6H), 0.72 (m, 4H). '>*C NMR (125 MHz, CDCl;, 25 °C): 6 =
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161.8, 155.5, 151.7, 151.6, 150.8, 142.1, 140.9, 140.8, 137.6, 136.7,
136.3, 132.1, 130.5, 129.4, 129.3, 126.4, 125.7, 125.5, 125.2, 124.6,
120.9, 120.7, 120.4, 120.1, 119.9, 117.9, 117.0, 113.2, 110.7, 95 .4,
56.7,55.1, 40.7, 31.7, 29.9, 23.9, 22.8, 14.2. MS (EI): 640.9 M™*
+ D).

2-(5-Bromo-2-hexyloxyphenyl)benzoxazole (14). Compound 8
(580 mg, 2 mmol), 1-bromohexane (400 mg, 2.4 mmol), potassium
carbonate (276 mg, 2 mmol), and potassium iodide (100 mg) were
suspended in acetone (10 mL) and heated at refluxing for 16 h.
The solid was filtered off, and the solvent was removed. The residue
was passed through column chromatography with hexane/ethyl
acetate (20:1 by volume) as the eluent to produce 380 mg of product
with the yield of 51%. R; (hexane/ethyl acetate, 5/1 by volume):
0.44. "H NMR (300 MHz, CDCl;, 25 °C, TMS): 8.28 (s, 1H), 7.77
(m, 1H), 7.58 (m, 2H), 7.36 (m, 2H), 6.92 (d, J = 9.0 Hz, 1H),
4.12 (t, 2H), 1.96 (m, 2H), 1.62 (m, 2H), 1.20 (m, 4H), 0.96 (t, J
= 6.6 Hz, 3H). >*C NMR (125 MHz, CDCls, 25 °C): 6 =160.9,
157.2,150.8, 141.8, 135.3, 133.8, 125.3, 124.6, 120.2, 118.3, 115.0,
112.7, 110.6, 69.5, 31.6, 29.1, 25.7, 22.8, 14.2. MS (EI): 374.2
M™), 375.1 M* + 1), 376.1 M+ + 2).

3,3'-Bis(2-benzoxazol-2-yl)-(4,4'-[(9,9-dihexylfluorene-2,7-diyl )di-
(IE)-2,1-ethenediyl Jbisphenol Monohexyl Ether (2). 14 (75 mg, 0.2
mmol), 13 (150 mg, 0.24 mmol), palladium acetate (4 mg, 0.016
mmol), tri-o-tolylphosphine (20 mg, 0.065 mmol), and tributylamine
(0.4 mL) were dissolved in DMF (5 mL) and heated at 130 °C for
24 h under nitrogen. The mixture was cooled down and poured
into water (50 mL), and the organic materials were extracted into
ethyl acetate and dried over Na,SO,. After the solvent was removed
under vacuum, the residue was purified by column chromatography
using hexane/methylene chloride (20:1 by volume) as the eluent
to afford a yellow solid of 80 mg with the yield of 45%; mp 75
°C. R; (hexane/methylene chloride, 5/1 by volume): 0.12. "H NMR
(300 MHz, CDCl3, 25 °C, TMS): 11.58 (s, 1H), 8.38 (s, 1H), 8.24
(s, 1H), 7.85 (m, 1H), 7.79 (m, 1H), 7.67 (m, 6H), 7.55 (m, 4H),
7.38 (m, 4H), 7.22 (m, 4H), 7.11 (m, 2H), 4.20 (t, 2H), 2.07 (m,
4H), 1.91 (m, 2H), 1.62 (m, 2H), 1.11 (m, 16H), 0.96 (t, 3H), 0.78
(t, 6H), 0.72 (m, 4H). '>*C NMR (125 MHz, CDCl3, 25 °C, TMS):
0 162.8, 162.3, 158.3, 157.5, 151.7, 151.5, 150.8, 149.2, 141.9,
140.6, 140.5, 140.0, 135.4, 135.3, 131.5, 130.6, 130.4, 129.6, 129.4,
127.5,127.2,125.7, 125.5, 125.6, 125.5, 125.1, 125.0, 124.9, 124.4,
120.7, 120.6, 120.0, 119.9, 119.3, 117.9, 116.8, 113.7, 110.7, 110.6,
110.5, 69.3, 55.0, 40.7, 31.6, 29.9, 29.8, 29.2, 25.7, 23.9, 22.7, 14.1,
14.1. EI-HRMS m/e calculated for C¢;HesN2O4 (M + H) 889.4944;
found 889.4958.

2.3. Characterizations. 2.3.1. General Information. "H NMR
spectra were measured using a Bruker 300 instrument spectrometer
operating at 300 MHz with TMS internal standard as a reference
for chemical shifts. '*C NMR spectra were measured using a
Bruker 500 instrument spectrometer operating at 125 MHz. High-
resolution mass spectrometry (HRMS) was performed by the
UW Bio Mass Spectrometry Laboratory. Thermal transitions
were measured on a TA Instruments differential scanning
calorimeter (DSC) 2010 with heating and cooling rates of 10
°C min~'. UV-vis spectra were recorded with a Hewlett-Packard
8452A diode array UV-vis spectrophotometer. One-photon
fluorescence spectra were recorded with a Perkin-Elmer lumi-
nescence spectrometer LS 50B using a xenon lamp as a light
source with the emission and excitation slit of 5 nm. The silica
gel for column chromatography was purchased from MP SiliTech
(Solon, OH) with a 60 A mean pore size and particle size of
32-63 um. Baker-flex silica gel IB2-F (Krackeler Scientific Inc.,
New York) with a thickness of 0.25 mm was used for thin layer
chromatography (TLC) analysis. Dimethylformamide (DMF)
(UV-vis spectroscopy grade) was purchased from Aldrich. All
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of the solutions were prepared in air.

2.3.2. Determination of Quantum Yields. Fluorescence quantum
yield measurement was carried out on a Perkin-Elmer LS 50B
luminescence spectrometer. The fluorescence quantum yields of
samples (s) in solutions were recorded by using 9,10-diphenylan-
thracene (7 = 0.90)* excited at 390 nm.  was calculated according
to the following equation:*'

_ Ar Is n52

r T

where 7, and 7, are the respective fluorescence quantum yields
of standard and samples, A, and A, are the respective absorbances
of standard and the measured samples at the excitation wave-
length, I, and I, are the respective integrated emission intensities
of standards and the samples, and n, and ny are the respective
refractive indices of the corresponding solvents of the solutions.
The quantum yields were measured using three different
concentrations. Optical densities of all of the solutions at the
excitation wavelength were set about 0.03, 0.05, and 0.08. An
error of £10% is estimated for the fluorescence quantum yield
measurement.

2.3.3. Determination of Two-Photon Cross Sections. Two-
photon excitation spectra were measured using a two-photon
induced fluorescence technique®? using a mode-locked Ti:sapphire
laser excitation source (Coherent, Mira 900). The laser provides a
pulse of ~160 fs pulse width at a pulse repetition frequency of 76
MHz in the wavelength range of 710—1000 nm. The pumping
wavelengths were determined by a monochromator—CCD system.
Fluorescein in basic water (pH 11), which has been well character-
ized in the literature,?” was used as a reference (r). The two-photon
absorption cross section of a sample compound (s) can be calculated
at each wavelength according to

S1:4:C
o=3 =0, @)
R/RNCR
where S is the integrated two-photon induced fluorescence signal,
1 is the fluorescence quantum yield, C is the concentration of
the chromophore, and ¢ is the overall fluorescence collection
efficiency of the experimental apparatus. By measuring the
reference and then the sample with minimal delay, ¢, and ¢;
can be taken as equal. The concentrations of the solutions were
in the range of 5 x 107°—6 x 10~ % M. The measurements were
conducted in an intensity regime where the fluorescence signal
showed a quadratic dependence on the intensity of the excitation
beam. The uncertainty in the measured cross sections is about
15%.

2.3.4. Calculation of the Binding Constants. The binding
constants K were determined by the fluorescence spectra change
using the Benesi—Hildebrand equation.*

The equation for the 1:2 complex formation is given by

FO/(FO_F):FO/(FO_Fcomplex)+
Fo/ (Fy = Fogmpie) X I/K X 1/IMP - (3)

where K is the binding constant, Fj is the integrated fluorescence

(21) Joshi, H. S.; Jamshidi, R.; Tor, Y. Angew. Chem., Int. Ed. 1999, 38,
2721.

(22) (a) Xu, C.; Webb, W. W. J. Opt. Soc. Am. B 1996, 13, 481. (b) Albota,
M. A.; Xu, C.; Webb, W. W. Appl. Opt. 1998, 37, 7352.

(23) (a) Benesi, H. A.; Hildebrand, J. H. J. Am. Chem. Soc. 1949, 71, 2703.
(b) Fery-Forgues, S.; Le Bris, M.-T.; Guetté, J.-P.; Valeur, B. J. Phys.
Chem. 1988, 92, 6233. (c) Varghese, R.; George, S. J.; Ajayaghosh,
A. Chem. Commun. 2005, 593.
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Figure 3. Normalized UV-vis absorbance (A) and emission spectra (B) of
1, 2, and 3 in hexane and DMF.

intensity of free ligand, F is the observed integrated fluorescence
intensity, F,, .. is the emission of the ligand-metal complex, and
[M] is the concentration of added metal. When Fo/(Fy — F) is
plotted against the 1/[M]?, the binding constant is given by the
ratio intercept/slope.

Similarly, the equation for the 1:1 complex formation is given

by

Fo/(Fy—F)=Fy/(Fy = Fompiex) T
Fo/(Fy = Fogpie) X /KX 1/IM1 - (4)

When Fy/(Fy — F) is plotted against the 1/[M], the binding constant
is given by the ratio intercept/slope.

2.3.5. Titration Procedure. To 3.0 mL of 5.6 x 107° M solution
of the corresponding ligand in DMF was added 3 uL aliquots of
metal ions stock solutions (concentration 5 x 1074, 5 x 1073, 5
x 1072, and 0.5 M) or NaOH stock solution (concentration 0.01,
0.1, and 1 M). Upon each addition, the solution was stirred for 5
min to reach equilibrium, and the UV-vis as well as fluorescence
spectra were subsequently monitored. A blank experiment was
carried out using the same procedure, without metal ions or base
to check the effects of added water on photophysical properties.
No obvious influence on both the UV-vis and emission spectra
was found due to the limited water volume (total added water
volume is less than 50 uL).

3. Results and Discussion

3.1. Linear Photophysical Properties. Figure 3 shows
the absorption and emission spectra of 1, 2, and 3 in hexane
and DMF, respectively. In nonpolar hexane, the absorption
spectra of 1, 2, and 3 (Figure 3A) were analogous to show
their similar ground-state properties. However, different
absorption spectra were observed in polar DMF. Significant
bathochromic shifted absorption spectrum of 3 was observed
in DMF as compared to that in hexane, showing its positive
solvatochromism. Moreover, dramatically different emission
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Table 1. Some Photophysical Data of 1, 2, and 3, Their Zinc Complexes, and the Deprotonated 3
one-photon absorption one-photon fluorescence two-photon absorption
symbol condition Amax (nm) Amax (nm) nt Amax (nm) 70 (GM) 0 (GM)
1 DMF 382 442 091 740 110 120
2 DMF 381 494 0.12 740 52 430
2-Zn* DMF + Zn(OAc), 394 500 0.32 740 85 270
3 DMF 384, 404 499, 559¢ 0.09 740 48 530
3-Zn“ DMF + Zn(OAc), 403, 430¢ 500 0.46 740 215 470
3-0°* DMF + NaOH 441 540 0.32 780 1320 4120

“ The concentrations of 2 and 3 are 5.6 x 107 mol L' in DMF. The concentration of added zinc ion is 5.6 x 107> mol L™'. # The concentrations
of 3is 5.6 x 107° mol L™' in DMF. The concentration of added NaOH is 9.1 x 10~* mol L™". ¢ Shoulder. ¢ Quantum yield.

spectra (Figure 3B) were observed among the three com-
pounds in nonpolar hexane and polar DMF, showing their
different excited states. In hexane, compound 1 exhibits
emission bands at 411, 435, and 462 nm, while compound
2 with one HPBO group shows not only slightly bathochro-
mic shifted emissions at 412, 436, and 463 nm but also a
broad and featureless emission at 556 nm. Compound 3 with
two HPBO groups also shows emission peaks at 413, 436,
463 (very weak), and 559 nm (strong). In comparison with
the emission properties of 1 and 2, the weak high-energy
emission bands of 3 at 413, 436, and 463 nm (the normal
emission) may be attributed to the excited-state of the
rotamers (X4 in Figure 1),'%%"%< which do not undergo
ESIPT. The lower energy band centered at 559 nm, called
abnormal emission, results from the ESIPT emission of the
keto tautomer (X2). Because of the ESIPT characteristic, a
large Stokes shift (187 nm in hexane) is observed for 3 . In
DMF, besides the shoulder emission band at ~559 nm
(shown in compounds 2 and 3, Figure 3B) caused by the
ESIPT, a strong emission band centered at 499 nm is also
observed. On the basis of earlier reports from HPBO-related
compoundsin polar solvents,'**''¢™* such as DMSO and
DMF, the emission band at the intermediate wavelength (499
nm) might be due to the excited-state phenolate anion
(X6).'0411e7k A more detailed discussion of the excited-state
anion is given in the Supporting Information. Comparing the
emission spectra between 2 and 3, a larger fraction of the
normal emission bands is observed in 2, but a much smaller
X6 fraction of 2 in DMF than in 3 because of only a single
HPBO unit in 2. Similarly, the UV—vis absorption spectrum
of 2 in DMF shown in Figure 3A was much narrower, and
even hypsochromic shifted, compared to that of 3 in DMF,
suggesting the structural influence on their linear photo-
physical properties.

In polar DMF solvent, compound 1 shows strong blue
fluorescence with a high quantum yield of 0.91. However,
compounds 2 and 3 show weak yellowish fluorescence in
DMEF with respective quantum yields of 0.12 and 0.09 (Table
1). The low quantum yields of 2 and 3 are possibly due to
the nonradiative loss of energy such as the barrierless excited-
state intramolecular proton transfer (ESIPT) process of the
HPBO moieties or solute—solvent interactions.'**

3.2. Sensing Properties. 3.2.1. Response with Metal
Ions. Sensing studies were performed in DMF. Compound 1
has no response to the metal ions (not shown here) due to the

(24) (a) Grellmann, K. H.; Mordzinski, A.; Heinrich, A. Chem. Phys. 1989,
136, 201. (b) Yang, G.; Morlet-Savary, F.; Peng, Z.; Wu, S.; Fouassier,
J. P. Chem. Phys. Lett. 1996, 256, 536. (¢) Mordzinski, A.; Grellmann,
K. H. J. Phys. Chem. 1986, 90, 5503.

lack of HPBO moieties. Titration with aqueous Zn(OOCCHz),
of solutions of 2 and 3 in DMF induced red shifts in their
absorption spectra and a gradual increase of their fluorescence
intensities (Figure 4).*>This indicates the formation of zinc
complexes. A single set of isosbestic points were observed
from their absorption spectra during the titration, suggesting
a simple equilibrium reached in complexation. During the
complexation process, the nonradiative loss of energy (as
described above) was disrupted, resulting in an enhancement
of quantum yield. Quantum yields of 0.46 and 0.32 were
obtained at the equilibrium states of 3 and 2 with Zn>" ion,
which are 5.2 and 2.7 times greater than those of 3 and 2
before titration. Curve fitting of the fluorescence intensity
of 2 against the reciprocal of the Zn>* concentration (1/[M]),
the Benesi—Hildebrand plot,23 gives a linear fit characteristic
of a 1:1 complexation behavior from which the association
constant is estimated to be 1.0 x 10> M~'. The formation
of a 1:1 complex is in accordance with the results of other
HPBO materials,'° whereas the Benesi—Hildebrand plot
of the change in emission intensity of 3 against the reciprocal
of the square of Zn** concentration (1/[M]?) gives a linear
fit, characteristic of a 1:2 stoichiometry, and yields the
binding constant (K) of 3.8 x 10° M2

By comparing the fluorescence enhancements against zinc
concentration, we found that compound 2 (with one HPBO
binding site) is more sensitive than that of 3 (with two
binding sites), when the concentration of zinc ion is lower
than 1.2 x 107> M (point a, shown in Figure 4E). Compound
3 can continue to respond to zinc ion at higher concentrations
up to 5.1 x 107> M (point b, shown in Figure 4E) because
it needs two zinc ions to reach its equilibrium. Since the
physical properties of 2 and 3 were altered significantly after
the HPBO moiety binds with zinc ion(s), at the equilibrium
state, a larger fluorescence enhancement from 3 to 3-Zn than
that from 2 to 2-Zn was observed. This character also affects
their 2PF properties.

The 1PF responses of the three compounds to various
metal ions were investigated. The fluorescent response for a
certain metal of compounds 2 and 3 is given in Figure 5. At
the equilibrium states, 2 and 3 recognize zinc ion(s) to bring
about a large fluorescence enhancement, showing their

(25) Although the main emission band is the excited state phenolate ion,
a blue-shifted emission from the keto tautomer (X2) to the zinc
complex (X3) was still observed, which is in generally in accordance
with model study.'®

Although there were two binding sites in compound 3, we did not
figure out the two-step complexation processes or try to calculate the
two binding affinities K, (binding constant with only one Zn>*) and
K> (binding constant from the complex with one Zn>" to that with
two Zn>™).

(26)
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Figure 4. UV-vis spectra (A and C) and fluorescence emission spectra (B and D) of 2 and 3 in 5.6 x 107® mol L' DMF at 25 °C as a function of added
Zn(OOCCH3), predissolved in H,O with various concentrations from 0.0005 to 0.5 M. The emission spectra were excited at the isosbestic point of 387 nm.
(A) and (B) are for 2; (C) and (D) are for 3. (E) is the sigmoidal plots of the titration processes. (F) gives the zinc complex structures.

unique responses for Zn®" ion, which is necessary and
important for an effective chemosensor. Other physiologi-
cally important ions, such as Mg®", Ca®**, Na*, and K*,
gave much less enhancement in fluorescence emissions.
Lithium ion induced a significant fluorescence enhancement
compared to sodium and potassium ions, which may possibly
be due to the fact that Li* can also bind with HPBO
moiety.?” The titration of Zn** in the presence of other
metals ions (Mg2+, Ca’", K", Na', and Li+) shows its
high selectivity against the other non-Zn>" metal ions (see
Supporting Information). However, several heavy metal ions,
such as Cu’', Ni**, and Fe’™, quench the fluorescence
similar to those reported in the literature.'%*¢

3.2.2. Response with Base. The base (NaOH aqueous
solution) stimulated UV—-vis and fluorescence properties

(27) (a) Obare, S. O.; Murphy, C. J. New J. Chem. 2001, 25, 1600. (b)
Qin, W.; Obare, S. O.; Murphy, C. J.; Angel, S. M. Analyst 2001,
126, 1499.

of compound 3 are shown in Figure 6. Significant red
shifts of both its absorption and emission were observed.
Furthermore, there is a notable enhancement of its 1PF
intensities under basic conditions. These results indicate
the deprotonation of the two hydroxyl groups and the
formation of the free phenolates (3-O~ with two XS5,
Figure 6C) at the equilibrium state. It should be noted
that the emission maximum of 3-O~ with free phenolates
(X5, ~540 nm) is much more bathochromic shifted than
that of 3 with the excited-state phenolate (X6, 499 nm)
moieties due to their different ground states. A quantum
yield of 0.32 was obtained at the equilibrium state under
the basic conditions, which is 3.6 times higher than that
of compound 3 (0.09) before titration.

3.3. 2PA Properties. 3.3.1. Response with Zinc lons. The
two-photon action cross sections (79, 1: quantum yield, o:
two-photon absorption cross section expressed in GM = 1
x 107% cm* s photon_1 molecule_l) of compounds 1, 2,
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Figure 5. IPF selectivity of 2 (A) and 3 (B) via various metal ions.
Concentrations of 2 and 3 in DMF are 5.6 x 107° mol L™". Concentration
of added zinc ion is 5.6 x 107> mol L™'. Concentrations of added other
metal ions are 5.6 x 107* mol L™'. All of the measurements were carried
out at the equilibrium states.

and 3 with and without zinc ions were investigated by using
a ratiometric two-photon-induced fluorescence measurement
technique.*? Typical results of 3 and its zinc ion equilibrated
solution are given in Figure 7. Significant enhancement of
the 70 value was observed after the full complexation with
Zn>" ion, which may be attributed to the much higher
quantum yields of the complexes with zinc ion than those
of the free ligands. The titration of 3 and 2 with Zn** also
demonstrated the respective 1:2 and 1:1 complexation, when
examined using the 2PF process at 800 nm. The calculated
binding constants of 3 and 2 are 3.4 x 10° M2 and 0.94
x 10° M ™!, respectively, in accordance with those from 1PF
processes. The above results unequivocally prove the pos-
sibility of quantitative measurement of the concentration of
Zn>" ion from the enhancement of 2PF upon addition of
zinc ion to the chromophore-containing solution. On the other
hand, similar to the trends of 1PF studies, a unique response
for zinc ion in the 2PF process is clearly observed.
Compounds 2 and 3 are useful zinc ion sensors using the
2PF process.

3.3.2. Response with Base. When the 70 values of 3 with
and without the presence of the NaOH are compared (Figure
8), dramatic enhancement can be observed under basic
conditions, indicated by a significant magnification of the
maximum 2PA cross sections (& values) from 530 GM of 3
at 740 nm to 4120 GM of 3-O~ at 780 nm (Table 1). This
is the largest 2PA cross section value reported for the bisphe-
nolate-containing 2PA materials. The value is even bigger than
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Figure 6. UV-vis spectra (A) and 1PF spectra (B) of 3 during the titration
of NaOH aqua. Excitation wavelength for (B) is 414 nm. The structure of
the deprotonated 3 (3-O7) is given in (C).

those of some typical 2PA materials (with high 6 values of
larger than 1000 GM) having substituted dialkylamino groups
as the donors.?® This finding may provide additional information
for further optimization of molecular structures of efficient 2PA
materials and pH sensors.

3.4. Effect of Molecular Structures on 2PA Cross
Sections. The 2PA process is a third-order nonlinear optical
property with a strong dependence on the intramolecular
charge transfer (ICT) process.?®*?° The two-photon cross
sections of linear or quasi-linear conjugated molecules with
a D—z—D motif strongly depend on the donating strength

(28) (a) Albota, M.; Beljonne, D.; Brédas, J. L.; Ehrlich, J. E.; Fu, J. Y.;
Heikal, A. A.; Hess, S. E.; Kogej, T.; Levin, M. D.; Marder, S. R;
McCord-Maughon, D.; Perry, J. W.; Rockel, H.; Rumi, M.; Subra-
maniam, G.; Webb, W. W.; Wu, X. L.; Xu, C. Science 1998, 281,
1653. (b) Pond, S. J. K.; Rumi, M.; Levin, M. D.; Parker, T. C.;
Beljonne, D.; Day, J. M. W.; Brédas, L.; Marder, S. R.; Perry, J. W.
J. Phys. Chem. A 2002, 106, 11470. (c) Mongin, O.; Porres, L.;
Moreaux, L.; Mertz, J.; Blanchard-Desce, M. Org. Lett. 2002, 4, 719.
(d) Woo, H. Y.; Korystov, D.; Mikhailovsky, A.; Nguyen, T.-Q.;
Bazan, G. C. J. Am. Chem. Soc. 2005, 127, 13794. (e) Ventelon, L.;
Charier, S.; Moreaux, L.; Mertz, J.; Blanchard-Desce, M. Angew.
Chem., Int. Ed. 2001, 40, 2098.

(29) Rumi, M.; Ehrlich, J. E.; Heikal, A. A.; Perry, J. W.; Barlow, S.; Hu,
Z.; McCord-Maughton, D.; Parker, T. C.; Rockel, H.; Thayumanavan,
S.; Marder, S. R.; Beljonne, D.; Brédas, J. L. J. Am. Chem. Soc. 2000,
122, 9500.
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Figure 7. Two-photon action spectra of compound 3 with and without Zn>* ions (A) and the selectivity via various metal ions (B). Concentrations of 3 are
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L', The selectivity related to two-photon-induced fluorescence process was carried out at 800 nm. Fy is the integrated fluorescence of free ligand, and F
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Figure 8. Two-photon action cross-section spectra of 3 with the addition
of NaOH aqua (the concentration of added NaOH is 9.1 x 10~* mol L'
corresponding to 162 equiv of 3).

and conjugation length. For a given conjugation length, a
stronger donor will increase the charge transfer from the ends
of molecules to the middle through the reduction of the
detuning energy and enhancement of the transition dipole
moments, which contributes to a larger 6 value due to its
stronger ICT process.?**%

The three compounds 1, 2, and 3, their zinc complexes
2-7Zn and 3-Zn (Figure 4F), and 3-O~ (Figure 6C) have the
same conjugation length but different donor end groups (OH,
OZn, and OCH;,R; where R = OCH,OCHj5 for 3 and CsHy;
for 1). Therefore, the materials reported here are a series of
compounds used to systematically understand the influence
of electron-donating ability on 0 values. Note that each
compound investigated here has two benzoxazole units,
which can act as an electron acceptor to affect the transition
dipole moments and modulate the energy differences between
transitions. However, since the benzoxazole unit is at the
meta-substituted position along the long axis of the D—z—D
or D—7—D"° conjugate, it is not directly conjugated with
the rest of chromophore; the contribution of this benzoxazole
moiety to the 0 values stimulated by zinc ion and base is
quite limited.

As for 3-O, both the absorbance and emission maxima
are significantly red-shifted compared to 3-Zn, 3, and 1 (see

(30) 1, 3, 3-Zn, and 3-O" can be concerned as the symmetrical D—z—D
2PA conjugates. 2 and 2-Zn can be concerned as the asymmetrical
D—n—D" 2PA conjugates. The 2PA behavior of the asymmetrical
D—n—D' 2PA conjugate may be more complicated than the D—z—D
motif because the D—w—D' structure has more chance to absorb the
two individual photons with different energy.

Table 1), indicating the phenolated (O ) form is a much
stronger donor than O—Zn, OH, and OCH,R.?' Therefore,
the strongest donating ability of the free phenolate unit
contributes significantly to its large 2PA cross section.

As given in Table 1, the maximum absorbance of 3-Zn,
2-Zn, and 1 follows the trend of A3.z4 > A2.zn > 41, indicating
the donating ability of the O—Zn is larger than OCH,R. As
a result, the 0 values of the 3-Zn, 2-Zn, and 1 also follow
the similar trend of 03.zn > 02.7za > O1.

It was found that the 0 values of 1, 2, and 3 follow the
trend of 03 > 02 > 01. The phenol group is a slightly stronger
donating group than the OCH,R,*! and 3 also contains a
much larger fraction of the excited-state phenonate anion
(X6) than that of 2. All of these factors may contribute
significantly to the larger ¢ value of 3 over 2 and 1.

Another interesting finding is that the 2PA cross sections
of zinc complexes (3-Zn and 2-Zn) are smaller than their
corresponding free ligands (3 and 2). The free ligand contains
a phenol group, which is a weaker donor than the O—Zn.
According to above discussion, the 0 values of the free
ligands might be smaller than those of their metal complexes.
However, the significant amount of excited-state phenolate
ion(s) and ESIPT processes exhibited in 2 and 3 at their
excited states may possibly play a significant role in reducing
their detuning energy and enhancing their transition dipole
moments. As a result, the ligands 2 and 3 exhibit larger 0
values than their corresponding zinc complexes.

4. Conclusion

Three novel 2-(2'-hydroxyphenyl)benzoxazole-containing
2PA molecules with 2PA cross sections up to 530 GM were
successfully synthesized and characterized. The influence of
molecular structures on sensing ability and selectivity for
metal ions were investigated by using one- and two-photon-
induced fluorescence processes. The sensor 2 with one
binding site is more sensitive to a low concentration of zinc
ions than the sensor 3 with two binding sites. However,
because the binding with zinc ion significantly alter the
optical properties, sensor 3, at its equilibrium state, exhibits

(31) The sigma plus values (¢") are —2.3, —0.91, and —0.79 for para-
substituted O, OH, and OCH3, respectively, indicating the donating
ability follows an order of O~ > OH > OCHs;. See: Hine, J. In
Structural Effects on Equilibria in Organic Chemistry; John Wiley:
New York, 1975; p 72.
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a larger fluorescence enhancement than 2. The two com-
pounds 2 and 3 show a good selectivity for zinc ion in both
1PF and 2PF processes. It was also found that both the 1PF
and 2PF properties of compound 3 were affected dramatically
by base, indicating the compound may also possibly act as
a pH sensor. Interestingly, when stimulated by base, the
deprotonated compound 3 (3-O ) exhibits a very large two-
photon absorption cross section of 4120 GM at 780 nm in
DMF. This is the largest 0 value reported so far for a
bisphenolate-containing 2PA material. Through an analysis
of the photophysical properties and molecular structures, it
was found that the donating groups in these molecules,
including the ligands, zinc complexes, and phenolate an-
ion(s), play a significant role in determining the 2PA cross
sections. The trend of two-photon cross sections of the
chromophores demonstrated the electron-donating ability of
substitution group in the sequence of O~ > —OZn >
—OCH;R. The limitation of the compounds studied in this
paper for bioapplication is their hydrophobic properties. In
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order to make them really applicable in biological environ-
ments, the materials should be water-soluble and cell-
permeable for the intracellular sensing. We are modifying
the compounds with poly(ethylene glycol) and sugar to
improve their biocompatibility and cell permeability. Results
will be reported in the coming publications.
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