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Abstract New ecthynylated triphenylamine boronic acid
sensors 1 and 2 were designed and the photophysical
properties, as well as the binding with tartaric acid and
mandelic acid were studied. We found the emission
intensity of the sensors is sensitive to the polarity of the
solvents and the emission of sensor 2 is sensitive to protic
solvents. Theoretical calculations on the low-lying excited
states of these sensors predicted d-PET effect. Experimental
observations show either a-PET effect or no significant PET
effect for the sensors. The sensitivity of the emission of the
sensors toward solvent polarity is used to rationalize the
observed emission intensity-pH profiles.
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Introduction

Among the fluorescent chemosensors, fluorescent boronic
acid sensors are unique, due to their covalent binding nature
with analytes [1-19], conversely most of the chemosensors
for organic analytes are based on hydrogen bondings [20—
24]. The binding and sensing of analytes with boronic acid
sensors can be accomplished in aqueous media, thus
boronic acid sensors paved way for in vivo applications,
such as monitoring blood glucose level for patients with
diabetes [25-29].

Besides the unique covalent binding motif of boronic
acid chemosensors, the photophysical properties of the
fluorophores as well as the fluorescence transduction
mechanism have to be considered for a successful sensor
design [1-3, 30]. The most popular fluorophores for
boronic acid sensors are anthracene [31-34], naphthalimide
[10, 35, 36], naphthalene [37,38], etc. Furthermore,
sensing mechanisms of photo-induced electron transfer
(PET, usually the fluorophore as the electron acceptor of
the PET process, thus a-PET is used to describe these
sensors) and intramolecular charge transfer (ICT) have
been extensively used in fluorescent boronic acid sensors
[38]. However, the existing fluorophores of boronic acid
sensors suffer from short excitation/emission wavelength,
small Stokes shifts, etc [31, 32]. The a-PET mechanism
gives poor fluorescence transduction efficiency at acidic
pH (the intrinsic drawbacks of a-PET sensors) [30]. The
diversity of the fluorophores as well as the sensing
mechanisms of the boronic acid sensors needs to be
explored to improve the molecular sensing performance of
the sensors.
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Recently we have embarked on synthesis of boronic acid
sensors [32-34, 39-43]. We found that d-PET sensors
(fluorophore as the electron donor of the PET) can be
developed with the carbazole fluorophore, which show
reduced background fluorescence emission at acidic pH
[42, 43]. Thus, enhanced fluorescence transduction effi-
ciency at acidic pH was observed in the presence of
analytes, such as tartaric acid [42, 43]. Normal a-PET
sensors give poor response in this acidic pH range, due to
the strong background emission, caused by the protonation
of the nitrogen atom in the sensor [30, 32, 44]. We
envisioned that with electron-donating fluorophores, such
as triphenylamines, new d-PET sensors can be designed and
recognition of tartaric acid can be realized in acidic pH
range, with which the binding is much stronger than that at
neutral or basic pH ranges.

DFT/TDDFT calculations have been successfully used
for study of fluorophores [42, 43, 45-49]. However, very
few DFT/TDDFT calculations were used for rational design
of fluorescent chemosensors and study of the photophysical
properties of fluorescent chemosensors. We have applied
DFT/TDDFT calculations in the rational design of the
fluorescent chemosensors and some promising results have
been obtained [42, 43, 45]. For example, the d-PET effect
of carbazole based boronic acid sensors has been rational-
ized with DFT/TDDFT calculations [42, 43]. Furthermore,
OFF-ON fluorescence thiol probes were successfully
designed with the guide of DFT/TDDFT calculations [45].

Herein we designed new boronic acid sensors 1 and 2
based on ethynylated triphenylamines (TPA) (Scheme 1),
which is known as a strong electron donor. Large 7-
conjugation frameworks were established by incorporating
ethynyl phenyl groups in the molecules with Sonogashira
cross coupling reactions (Scheme 1). We found the ICT
effect imposes drastic influence on the photophysical
properties of the sensors, such as the excitation/emission
wavelength, the Stokes shifts and the sensitivity of
emission to polarity of the solvents and to protic solvents.
DFT/TDDEFT calculations predicted d-PET effect for sen-
sors 1 and 2, i.e. the emission is predicted to be weak at
acidic pH but stronger at neutral pH. However, no d-PET
effect was observed for these sensors. Instead, normal a-
PET effect was observed for sensor 1 and no significant
PET effect was observed for sensor 2. For sensor 2, a
molecule with extra electron donating group of dimethyla-
mino groups, the lack of PET effect is proposed to be due to
the elevated energy level of the HOMO of the sensors,
which is supposed to be higher than the energy level of the
lone electron pair on the nitrogen atom (alkylamine). The
structure of the binding complex of sensor 1 was studied
with DFT optimization and the optimized zwitterionic
structure (methanol-inserted, intramolecular hydrogen bond
form) is in agreement with single crystal structure of similar
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complexes. Thus we demonstrated the promise as well as
the limitations of the DFT/TDDFT calculation in the study
of the photophysical properties of chemosensors. These
systematic investigations on the photophysical properties of
the triphenylamine based boronic acid sensors are of great
interest for future development of new fluorophores and
fluorescent chemosensors, as well as for study of photo-
physics of fluorophores and chemosensors.

Experimental
Materials and general methods

NMR spectra were recorded on a Bruker 400 MHz spectro-
photometer (CDCl; or CDCl;/CD3;0D as solvents, tetrame-
thylsilane as the standard, TMS, §=0.00 ppm). Mass
spectrometric data were obtained on a HP1100LC/MSD
mass spectrometry and a LC/Q-TOF MS spectrometry.
Fluorescence spectra were measured on a F4500 fluorospec-
trometer (Hitachi) or a CRT 970 fluorescence spectrometer.
Absorption spectra were recorded on a Perkin-Elmer-
Lambda-35 UV/VIS spectrophotometer. Quartz cuvettes
were used in all fluorescence studies. A 0.05 M NaCl
(52.1% methanol in water, w/w) ionic buffer was used in the
experiment. All pH measurements were recorded on a Delta
320 Microprocessor pH meter (Mettler Toledo), which was
calibrated using standard buffer solutions. The pH was
controlled using minimum volumes of sodium hydroxide
and hydrochloric acid solutions. The fluorescence spectra of
the sensors in the presence of the analytes were recorded as
increasing amounts of the analytes were added to the
solution. Titration curves were generated using the Origin
5.0 (Microcal software). For the measuring of the binding
constants, the sensor solution was equilibrated over night
before measurement. The binding constants were calculated
using SigmaPlot 2000 (SPSS Inc.).

4-formyl triphenylamine (compound 3)

To a solution of triphenylamine (5.0 g, 40.8 mmol) in
15 mL dry DMF, POCl; (3.0 g, 19 mmol) was added
dropwise with stirring, and the temperature was kept below
20°C. The reaction mixture was maintained at room
temperature for 0.5 h, and then heated at 100°C for 1.5 h.
Then the reaction solution was poured into ice water, and
the precipitated solid was filtered and washed with water.
The crude product was purified by column chromatogra-
phy (silica gel, dichloromethane as eluent) to afford a
yellow solid. 4.6 g. yield: 83.0%. 'H NMR (400 MHz,
CDClI; TMS) §: 9.81 (s, H, CHO), 7.69 (d, 2H, J=8.4 Hz,
ArH), 7.34 (m, 4H, ArH), 7.18 (m, 6H, ArH), 7.03 (d, 2H,
J=8.8 Hz, ArH).
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Scheme 1 Synthesis of sensors
1 and 2
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4-(bis(4-iodophenyl)amino)benzaldehyde (compound 4)

To a solution of 4-formyl triphenylamine (3) (4.6 g,
16.8 mmol) and KI (3.91 g, 24.6 mmol) in acetic acid
(60 mL) and water (6 mL), potassium iodate (3.84 g,
18.2 mmol) was added and the mixture was stirred and
heated at 80°C for 4 h. The solvent was removed under
reduced pressure, the black residue was dissolved in
ethyl acetate and washed several times with water and
sodium bicarbonate solution. The organic phase was
dried over anhydrous Na,SO,, filtered, and evaporated to
give the product as a yellow solid. 4.8 g, yield 54.4%. 'H
NMR (400 MHz, CDCl; TMS) 6: 9.84 (s, H, CHO), 7.70
(d, 2H, J=8.0 Hz, ArH), 7.61 (d, 4H, J=7.6 Hz, ArH),
7.04 (d, 2H, J=8.0 Hz, ArH), 6.88 (d, 4H, J=8.0 Hz,
ArH).

4-(bis(4-(2-phenylethynyl)phenyl)amino)benzaldehyde
( compound 5a)

Under argon atmosphere, to a solution of 4-(bis(4-iodophenyl)
amino)benzaldehyde (4) (1.19 g, 2.86 mmol) in 16 mL
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triethylamine, palladium acetate (10.9 mg, 0.05 mmol),
triphenylphosphine (15.0 mg, 0.06 mmol), Cul (10.9 mg,
0.06 mmol) and phenylacetylene (700 mg, 6.86 mmol) were
added and the resulting mixture was heated at 80°C for 10 h.
Then the solvent was removed in vacuum, the black residue
was dissolved in CH,Cl, and washed several times with
water. The organic phase was dried over anhydrous Na,SOy,,
filtered, and concentrated. The crude product was purified by
column chromatography (silica gel, dichloromethane/ petro-
leum ether, 1:1, V/V) to afford a green solid, 0.575 g. Yield:
53.5%. '"H NMR (400 MHz, CDCl; TMS) §: 9.86 (s, H,
CHO), 7.75-7.73 (d, 2H, J=8.4 Hz, ArH), 7.54—7.48 (m,
8H, ArH), 7.35-7.34 (d, 6H, J=4.8 Hz, ArH), 7.14-7.11 (m,
6H, ArH). TOF EI-MS: m/z (positive ion mode): calcd
473.1780, found 473.1788.

N-(4-((4-fluorobenzylamino)methyl)phenyl)
-4-(2-phenylethynyl)-N-(4-(2-phenylethynyl)phenyl)

benzenamine (compound 6a)

Under argon atmosphere, to a stirred solution of 4-(bis
(4-(2-phenylethynyl)phenyl) amino) benzaldehyde (5a)
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(500 mg, 0.89 mmol) in 27 mL ethanol/THF (3:2, V/V), 4-
fluorobenzylamine (132 mg, 1.05 mmol) was added and the
resulting mixture was heated at 80°C for 24 h. Then NaBH,
(151 mg, 3.99 mmol) was added. The mixture was stirred at
room temperature for an additional 1 h. The solvent was
removed under reduced pressure, and the resulting solid
was mixed with 20 mL of water and the aqueous phase was
extracted with CH,Cl, (3%30 mL). Remaining particulate
sodium salts were vacuum filtered, and the filtrate was
collected and dried over anhydrous Na,SO,4. The solvent
was removed under vacuum and the crude product was
purified with column chromatography (silica gel, ethyl
acetate/ petroleum ether, 5:1, V/V) to afford yellow oil.
290 mg, yield: 47.2%. "HNMR (400 MHz, CDCl; TMS) §:
7.51-7.48 (m, 4H, ArH), 7.40-7.38 (d, 4H, J=8 Hz, ArH),
7.31-7.28 (m, 8H, ArH), 7.25-6.23 (d, 2H, J=8 Hz, ArH),
7.08-7.05 (d, 2H, J=8.0 Hz, ArH), 7.03-6.97 (m, 6H,
ArH), 3.74-3.73 (m, 4H), 3.78-3.77 (m, 4H). ESI-mass:
m/z (positive ion mode): [M + H]" calcd 583.2, found 583.5.

Sensor 1

To a stirred solution of (6a) (290 mg, 0.61 mmol) in 20 mL
acetonitrile, 2-(2-bromomethylphenyl)-1,3,2-dioxaborinane
(234 mg, 0.9 mmol) and K,COj5 (338 mg, 2.4 mmol) were
added and the mixture was refluxed at 90°C for 24 h. After
the reaction, the solvent was removed in vacuum, and
the resulting solid was mixed with 20 mL of water and the
aqueous phase was extracted with CH,Cl, (3x30 mL). The
organic phase was dried over Na,SO,4. The solvent was
removed under vacuum and the crude product was purified
with column chromatography (silica gel, dichloromethane/
MeOH, 50:1, V/V) to afford a yellow solid 250 mg. Yield:
70.1%. Mp 151.4-153.7°C. '"HNMR (400 MHz, CDCl;
TMS) 6: 7.53-7.50 (m, 4H, ArH), 7.42-7.40 (d, 4H, J=
8 Hz, ArH), 7.36-7.29 (m, 10H, ArH), 7.26-6.23(m, 2H,
ArH), 7.21-7.17 (m, 2H, ArH), 7.15-7.13 (m, 2H, J=8 Hz,
ArH), 7.04-7.01 (m, 2H, ArH), 3.69-3.55 (m, 6H).
BCNMR (100 MHZ, CDCly) 161.31, 147.27, 146.33,
140.99, 136.86, 136.50, 133.77, 132.91, 132.00, 131.72,
131.11, 130.62, 130.56, 130.35, 129.84, 128.51, 128.39,
128.24, 127.82, 126.99, 126.30, 125.04, 124.64, 123.99,
123.73, 117.70, 115.69, 115.48, 89.58, 89.29, 62.20, 57.62,
57.52. HR-MS: m/z (positive ion mode): [M + H]" calcd
717.3071, found 717.3089.

4-(bis(4-(2-(4-(dimethylamino)phenyl)ethynyl) phenyl)
amino)benzaldehyde (compound 5b)

Under argon atmosphere, to a stirred solution of 4-(bis(4-
iodophenyl)amino)benzaldehyde (4) (979 mg, 1.96 mmol)
in 20 mL triethylamine, palladium acetate (4.16 mg,
0.019 mmol), triphenyl phosphine (9.7 mg, 0.03 mmol),
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Cul (7.03 mg, 0.037 mmol) and 4-Ethynyl-N,N-dimethyla-
niline (647 mg, 4.46 mmol) were added and the mixture
was heated at 80°C for 10 h. The solvent was removed in
vacuum, the black residue was dissolved in CH,Cl, and
washed several times with water. The organic phase was
dried over anhydrous Na,SO,, filtered, and concentrated.
The crude product was purified by column chromatography
(silica gel, dichloromethane/ petroleum ether as eluent, 1:1,
V/V) to afford a green solid. 520 mg, yield: 49.9%.
"HNMR (400 MHz, CDCl; TMS) §: 9.84 (s, H, CHO),
7.73-7.71 (d, 2H, J=8.0 Hz, ArH), 7.46-7.44 (d, 4H, J=
8 Hz, ArH), 7.41-7.39 (d, 4H, J=8.0 Hz, ArH), 7.10-7.08
(d, 6H, J=8.0 Hz, ArH), 6.67-6.65 (d, 4H, J=8.0 Hz,
ArH), 2.99 (d, 12H, J=8.0 Hz). ESI-mass: m/z (positive ion
mode): [M + H]" caled 560.3, found 560.5.

N-(4-((4-fluorobenzylamino)methyl)
phenyl)-4-(2-phenylethynyl)-N-(4-(2-phenyl-ethynyl)
phenyl)benzenamine (compound 6b)

Under argon atmosphere, to a stirred solution of 5b
(450.0 mg, 0.82 mmol) in 27 mL ethanol/THF (3:2, V/V),
was added 4-fluorobenzylamine (1.0 mmol, 125.0 mg) and
the mixture was heated at 80°C for 24 h. Then NaBH,4
(4.0 mmol, 69.0 mg) was added. The mixture was stirred
for an additional 1 h. The solvent was removed in vacuum,
and the resulting solid was mixed with 20 mL of water and
the aqueous phase was extracted with CH,Cl, (3%x30 mL).
The organic phase was dried over anhydrous Na,SO,. The
solvent was removed under vacuum and the crude product
was purified with column chromatography (silica gel, ethyl
acetate/ petroleum ether, 5:1, V/V) to afford yellow oil.
270 mg, yield: 50%. "HNMR (400 MHz, CDCl; TMS) §:
7.40-7.32 (m, 8H, ArH), 7.25-7.23 (d, 4H, J=8 Hz, ArH),
7.08-7.06 (d, 2H, J=8.0 Hz, ArH), 7.02-6.99 (d, 6H, J=
12.0 Hz, ArH), 6.66-6.64 (d, 4H, J=8.0 Hz, ArH), 3.81 (m,
4H), 3.76 (m, 4H), 2.99 (d, 12H, J=8.0 Hz). HRMS: m/z
(positive ion mode): [M + H]" caled 669.3394, found
669.3384.

Sensor 2

To a stirred solution of (6b) (250.0 mg, 0.39 mmol) in
20 mL acetonitrile, 2-(2-bromomethylphenyl)-1,3,2-dioxa-
borinane (119 mg, 0.468 mmol)and K,CO3 (1.56 mmol,
215.28 mg) were added and refluxed at 90°C for 24 h. After
the reaction, the solvent was removed in vacuum, and
the resulting solid was mixed with 20 mL of water and the
aqueous phase was extracted with CH,Cl, (3x30 mL). The
organic phase was dried over sodium sulfate. The solvent
was removed under vacuum and the crude product was
purified with column chromatography (silica gel, dichloro-
methane/ MeOH, 50:1, V/V) to afford a yellow solid



J Fluoresc (2010) 20:1255-1265

1259

150 mg. Yield: 47.6%. Mp 155.9-157.8°C. 'HNMR
(400 MHz, CDCly TMS) 6: 7.40-7.36 (m, 9H, ArH), 7.3—
7.28 (d, 4H, J=8.0 Hz, ArH), 7.12-7.10 (d, 2H, J=8.0 Hz,
ArH), 7.03-6.98 (m, 6H, ArH), 3.74 (s, 2H), 3.62 (s, 2H),
3.55 (s, 2H), 2.98 (d, 12H, J=8.0 Hz). '*C NMR:
(100 MHz, CDCl; TMS) 162.11, 150.26, 146.60, 136.84,
132.82, 132,54, 131.73, 131.64, 131.46, 131.03, 130.58,
127.79, 124.63, 123.85, 118.64, 115.66, 115.45, 112.13,
110.67, 90.39, 87.48, 62.13, 57.45, 40.42. HRMS: m/z
(positive ion mode): [M + H]" caled 803.3933, found
803.3912.

Theoretical calculations

The ground state structure of sensors 1 and 2 were
optimized using density functional theory (DFT) with
B3LYP functional and 6-31G (d) basis set. The excited
state related calculations were carried out with the time
dependent density functional theory (TD-DFT) with the
optimized structure of the ground state (DFT/6-31G(d)).
There are no imaginary frequencies in frequency analysis of
all calculated structures, therefore each calculated structure
is a local energy minimum. All these calculations were
carried out with Gaussian 03 [50].

Results and discussions

The design rational of the sensor 1 and 2 lies in the notion
that triphenylamine (TPA) is a strong electron donor, which
is a prerequisite for the d-PET effect [42, 43, 51]. However,
the fluorescence of TPA is weak, therefore 7t-conjugation is
introduced to enhance the emission and extend the emission
to longer wavelength. First 4-formyltriphenylamine was
prepared with Vilsmeier reaction. Then the aldehyde was
iodized [52]. Sonogashira cross coupling reaction was
employed to connect the ethynylated phenyl group to TPA
moiety. With reductive amination, the amine 6 was obtained
(Scheme 1). Finally boronic acid group was introduced. F
substitution and para-dimethylamino group were used to
improve the possible d-PET effect. All the compounds were
obtained in satisfying yields (Scheme 1).

The excitation and emission spectra of sensor 1 and
sensor 2 were studied (Fig. 1). The excitation and emission
maxima of sensor 1 are 392 nm and 474 nm, respectively.
Compared to the emission of anthracene, a popular
fluorophore used in boronic acid sensor [32], the emission
of sensor 1 is red-shifted by ca. 50 nm. For sensor 2,
however, the excitation/emission bands are centered at
390 nm and 412 nm, respectively. The Stokes shift of
sensor 1 is 82 nm, vs. sensor 2 with Stokes shift of only
22 nm. Based on these observations, we propose that the

o
o]
1

o
(o]
1

o
»~
1

Fluorescent intensity / a.u.

o
N
1

0.0 ~ ;
— 71 . r 1 T 1 T 1 Tt T 7
250 300 350 400 450 500 550 600
Wavelength/ nm

Fig. 1 Normalized excitation and emission spectra of sensor 1 and
sensor 2. For sensor 1, Aex=392 nm, Aem=474 nm. For sensor 2, Aex
=390 nm, Aem=412 nm. 1.0x10"® mol dm > of sensors in 0.05 mold
dm™ NaCl ionic buffer (52.1% methanol and 4.0% THF in water).
pH 7.20, 20°C

ICT feature of sensor 1 is more significant than that of
sensor 2, thus the ethynylated phenyl moiety can be
considered as electron deficient group. This is important
for future design of fluorophores with ethynylene groups.
Longer excitation/emission wavelength and larger Stokes
shifts are desired for fluorescent chemosensors, because the
background or the auto-fluorescence of bio-sample can be
suppressed with longer excitation wavelength, which is
beneficial for analytical purpose, especially in vivo fluo-
rescence bioimaging [45].

The emission intensity-pH profile of the sensors without
and in the presence of analytes was studied (Fig. 2). For
sensor 1, the emission band centered at 460 nm (at basic pH)
and the spectra red-shifted slightly with increasing the pH of
the media. This is probably due to the deprotonation of the
Ar;N amine moiety. We demonstrated that ethynyl group is
electron-withdrawing [43], protonation of the Ar;N amine
will reduce the ICT feature of the fluorophore, and thus
emission appears at relatively shorter wavelength.

Normal a-PET effect was observed, i.e. enhanced
fluorescence emission was observed in the acidic pH range
but diminished fluorescence emission intensity was ob-
served in the neutral and basic pH range (Fig. 2) [1-3, 30—
33, 39-43]. This emission intensity-pH profile is due to the
protonation of the nitrogen atom at acidic pH range, thus
the a-PET effect is suppressed, as a result the fluorescence
emission is enhanced [1-3, 10, 30]. Apparent pK, values of
4.63+0.06 was determined and this value is in agreement
with the similar Wulff type of boronic acid sensors [1-3,
30-33, 39-43].

The emission intensity-pH profile of sensor 1 was also
studied in the presence of analytes, such as mandelic acid
and tartaric acid (Fig. 2b). The emission of the sensor 1 was
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Fig. 2 Fluorescent intensity-pH profile of sensor 1. (a) the emission
spectral changes vs. pH of the solution. (b) the pH titration curves of
the sensor 1 with and without analytes (0.025 mol dm ™). Aex=
375 nm. 1x107° mol dm™> of sensor 1 in 0.05 mol dm > NaCl ionic
buffer (52.1% methanol in water, containing 4% THF). pK, for the

enhanced at pH 4.0—pH 8.0 in the presence of analytes, and
apparent pK, values of 6.79+0.10 and 6.71+0.06 were
observed in the presence of mandelic acid and tartaric acid,
respectively. pH 5.5 was selected for the measurement of
the binding constant of sensor 1 with mandelic acid and
tartaric acid, and (1.05+0.20)x10* M' (+*=0.97) and
(5.74+1.08)x10°> M' (+*=0.98) were observed, respec-
tively. Thus the sensor 1 shows good chemoselectivity
toward mandelic acid over tartaric acid (Fig. 3).

The emission intensity-pH profile of the sensor 1 in the
presence of monosaccharide was also studied but only
minor enhancement was observed (see Supplementary
data). This poor fluorescence transduction maybe due to
weak binding of the sensor with monosaccharides.

The emission spectra of sensor 2 with variation of the
pH were also studied and different profile was observed

2.2 T T T T T T

2.0

1.8 1

1.6 1

e/

1.4 1

1.2 ®  mandelic acid

O tartaric acid
1.0 1 i

0.00 0.01 0.02 0.03 0.04 0.05
[analytes] / mol dm™®

Fig. 3 Binding curves of sensor 1 with mandelic acid and tartaric
acid. 1.0x107° mol dm > of sensor 1 in 0.05 mol dm > NaCl ionic
buffer (52.1% methanol in water, containing 4.0% THF). Aex=
390 nm, Aem=474 nm
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blank sensor and in the presence of analytes. Blank, 4.63+0.06;
mandelic acid: 6.79+0.10; tartaric acid: 6.71+0.06; sodium gluco-
heptonate: 6.38+0.04; xylitol: 5.16+0.11; gluconic acid: 5.88+0.08;
malic acid: 6.88+0.05

(Fig. 4). First, the emission spectra show blue-shift with
increasing the pH (from pH 2.0). This blue-shift is in
contrast to the property of sensor 1, which show red-shifted
emission band with increasing the pH (Fig. 2). We attribute
the blue-shifting of the emission of sensor 2 to the
decreased ICT feature of the fluorophore with increasing
the pH (thus deprotonation of the dimethylamino group).
Second, the fluorescence emission of sensor 2 shows sharp
decrease by increasing the pH from pH 2.0 to pH 3.0.
Third, the emission intensity of sensor 2 is weak and almost
unaffected by variation of the pH in the range of pH 4.0—
pH 11.0. The emission intensity-pH profile of the sensor 2
in the presence of analytes was also studied and no
significant enhancement was observed. This insensitivity
of the emission to pH infers that the a-PET effect of sensor
2 is not significant. The fluorescence enhancement by
decreasing the pH is due to the protonation of the nitrogen
atom of the dimethylamino group [45, 46, 53]. We attribute
the lack of the a-PET effect is probably due to the high
energy level of the HOMO energy level of the sensor,
caused by the strong electron donating nature of the
triphenylamine moiety and the dimethylamino groups (vide
infra).

The low emission intensity of sensor 2 in the buffer
solution maybe due to the quenching effect of the protic
solvents on the emission of the fluorophores [46, 54]. The
possible interaction responsible for the quenching of the
fluorescence maybe the solute-solvent hydrogen binding
(H-bond, the dimethylamino moiety as the H-bond accep-
tor), which is known to be able to quench the emission of
fluorophores [46, 54].

In order to investigate the dependence of the emission of
sensors 1 and 2 on the polarity of solvents, the emission
spectra of sensor 1 and sensor 2 in selected solvents were
studied (Fig. 5). The results show that the emission of
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sensor 1 is more sensitive to the polarity of the solvents
than sensor 2. For example, with switch the solvent from
hexane to methanol, the emission of sensor 1 red-shifted by
31 nm (from 389 nm to 420 nm). For sensor 2, however,
the emission red-shifted by only 13 nm (from 393 nm to
406 nm). Furthermore, the results show that the emission of
sensor 1 in methanol is comparable to that in acetonitrile
(Imeon/Imecn = 1.43). For sensor 2, however, the emission
in MeOH is much weaker than that in MeCN
(Imeon/Imecn = 0.37). The solvent polarity of MeOH and
MeCN is similar, thus the more significant quenching effect
of MeOH on the emission of sensor 2 is most probably due
to the solute-solvent hydrogen bonding. With the MeOH/
H,O buffer used, the emission of sensor 1 is diminished but
the emission of sensor 2 was completely quenched (Fig. 5).
Thus the weak emission of sensor 2 in protic solvents is due
to the quenching effect of the solute-solvent H-bonding.

Inspired by the recent applications of DFT /TDDFT
calculations in chemosensor research [42, 43, 45-49], we
carried out DFT/TDDFT calculations on the photophysical
properties of the sensors 1 and 2 prior to their synthesis. d-
PET effect was predicted for sensor 1 and sensor 2 (Fig. 6
and Table 1).

The molecular orbitals involved in the low-lying electronic
transitions of sensor 1 and 2 are summarized in Fig. 6 and

Fig. 5 Emission spectra of (a)

Table 1. It was found the lowest-lying excited state (S;) of
the protonated sensor 1 is characterized with small oscillator
strength (f), for example, the f values of protonated sensor 1
is 0.0892. Inspection of the MOs involved in this transition
show that there is no overlap between the HOMO and the
LUMO orbital (Fig. 6). Thus, we concluded that the
transition S;«—S; is basically a forbidden transition and S,
state of the protonated sensor 1 is dark state, i.e. the
protonated sensor 1 should show weak emission [45, 46,
54]. For the neutral sensor 1, however, much higher
oscillator strength was found for the S; state. Correspond-
ingly overlap was found for the MOs.

Thus the S; state of the neutral sensor 1 is an allowed
transition, infers that neutral sensor 1 is probably strongly
fluorescent. Same calculation results were obtained for
sensor 2 (see Supplementary data). These calculations
predicted d-PET effect for sensor 1 and sensor 2, i.e. the
sensors will show diminished fluorescence in the acidic pH
range, but enhanced emission intensity at neutral and basic
pH [42, 43, 55]. This kind of fluorescence transduction is in
contrast to the widely reported a-PET sensors [1-3]. The
calculated UV-Vis absorption of sensor 1 and sensor 2 are
in good agreement with the experimental observations. For
example, the predicted absorption wavelength 403 nm of
sensor 1 is close to the experimental observation of 392 nm

sensor 1, Aex=375 nm and a . . . b 700 . . .
(b) sensor 2, Aex=350 nm in hexane diethyl ether
different solvents. 1.0x 5 5 6001 hexane 1
107 mol dm™> of sensors in T 300+ methanol 18 500 ]
different solvents. Buffer: = dichloromethane = dichloromethane
0.05 mol dm ™ NaCl ionic buff- e diethyl ether £ 400 | ]
er (52.1% methanol in water). £ 200+ acetonitrile 1 = w
pH 7.0. 20°C g g 300 A acetonitrile 1
é 100+ buffer g 200 - methanol 1
g g
i i 100+
017 . h - ! 0- |
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Protonated sensor 1 Neutral sensor 1

S4, £=0.0892 S1, f=1.2766

Arex =436 nm rex =403 nm

Fig. 6 Prediction of the d-PET effect for sensor 1 by DFT/TDDFT
calculations. (a) The main transitions of the singlet excited state of the
protonated sensor 1. S;«—S, (LUMO«—HOMO). Note S; is a dark
state with no overlap between the HOMO and LUMO MOs and the
oscillator strength f=0.0892, featured with ICT character. (b) The
main transitions of the singlet excited state of the neutral sensor 1,
S1<Sy (LUMO « HOMO). Note S;«S, of neutral sensor 1 is an
allowed electronic transition with oscillator strength f=1.2766 and
basically recognized as a LE state

Fig. 7 View of the binding
complex of sensor 1 with
ethylene glycol showing the
zwitterionic structure with intra-
molecular hydrogen binding.
A MeOH molecular is inserted
in the B-N interaction. The
dotted line is indicative of the
H-bonding interaction with
geometry: N1-HI---Ol, N---O
2.649 A, H--0 1.572 A, N-H
1.082 A , N-H---O 173°

(Fig. 1). For sensor 2, the calculated excitation energy is
409 nm, which is in good agreement with the observed
412 nm (see Supplementary Material).

The DFT/TDDFT calculations predict d-PET effect for
both sensor 1 and sensor 2. However, a-PET effect was
observed for sensor 1 and no significant PET effect was
observed for sensor 2 (Fig. 2 and Fig. 4). The discrepancy
between the theoretical predictions and the experimental
observations inspired us to rationalize the photophysics of
the sensors from a different point of view.

For sensor 2, no significant PET effect was observed, we
envision that the energy level of the HOMO orbital of this
molecule maybe higher than the energy level of the lone
pair electron of the nitrogen atom, thus the fluorescence

Table 1 Selected electronic excitation energies (eV) and corresponding oscillator strengths (f), main configurations and CI coefficients of the
low-lying electronically excited states of the protonated sensor 1 ([1-H]") and neutral sensor 1. Calculated by TDDFT//B3LYP/6-31G(d), Based

on the DFT//B3LYP/6-31G(d) optimized ground state geometries

Sensor Electronic transitions TDDFT//B3LYP/6-31G(d)
Energy® /eV(nm) N Composition® cr
[1+H]" So—S; 2.84 (436) 0.0892 H—-L 0.7000
So—S, 3.14 (394) 0.1536 H-1-L+1 0.6072
So—S;3 3.25 (381) 0.1513 H—-L+2 0.1513
So—Ss 3.37 (368) 0.8526 H—-L+4 0.5710
H—-L+3 0.2966
1 So—S: 3.08 (403) 1.2766 H—-L 0.6713
So—S, 3.40 (365) 0.4735 H—L+1 0.6656
So—S;3 0.78 (330) 0.4735 H—L+2 0.1454
0.6630 H—L+3 0.6630
So—S4 3.99 (310) 0.2122 H-1-L 0.3972
H—L+2 0.5078
H-L+4 0.2315

#Only the low-lying excited states and some allowed transitions were presented

® Oscillator strength

€ Only the main configurations are presented. H stands for HOMO and L stands for LUMO

9The CI coefficients are in absolute values
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emission of the fluorophore cannot be modulated by the N
atom [30, 44]. The DFT calculation shows the HOMO
energy level of sensor 2 (—3.59 eV) is significantly
increased compared to sensor 1 (with HOMO energy level
of —4.82 eV). Thus we propose the high HOMO energy
level of sensor 2 is responsible for its lack of PET effect
[30].

It was known that the PET effect of boronic acid sensors
is modulated by the B-N interaction, which can be
strengthened upon binding analyte molecules, thus the
PET (with N as the electron donor and the fluorophore as
the electron acceptor) was suppressed and as a result, the
fluorescence emission intensity was enhanced [1-3, 30].
However, single crystal structures demonstrated that a
solvent inserted structured formed for the complex, at least
in protic solvents [6, 9, 32]. We used DFT methods to study
the proposed intramolecular hydrogen bond of the binding
complex (Fig. 7).

The optimized structure is zwitterionic form, which is in
agreement with the single crystal structures of the boronic
acid-analyte binding complexes. The hydrogen bond length
is (N-H----0) 2.649 A, which is close to the reported value
of 2.64-2.73 A for the boronate complexes [9, 16, 32]. The
optimized O---B distance is 1.546 A, also close to the
reported 1.477 A [9, 32]. These results demonstrate that the
binding complex of the boronic acid sensor can be studied
with the DFT calculations. To our knowledge, this is first
time the structure of the bonded boronic acid sensor with
solvent-inserted, zwitterionic structure with intramolecular
hydrogen bonding was studied with the DFT optimization
method.

In summary, new ethynylated triphenylamine boronic
acid sensor 1 and 2 were designed and the photophysical
properties, as well as the binding with tartaric acid and
mandelic acid were studied. DFT/TDDFT calculations on
the low-lying excited states of these sensors predicted d-
PET effect. But experimental observations show a-PET
effect for sensor 1 and no significant PET effect was found
for sensor 2. The discrepancy between the theoretical
prediction and the experimental results can be rational-
ized by considering the energy levels of the HOMO of
sensors 2. The much higher energy level of the HOMO
orbital of sensor 2 (—3.59 eV) than sensor 1 (—4.82 eV)
infer that the N atom cannot modulate the fluorescence,
thus eliminate the PET effect of sensor 2. Our results
demonstrated the promising applications of DFT/TDDFT
calculation on prediction the photophysical properties of
the fluorescent sensors. These systematic studies on the
photophysics of the fluorescent sensors and the application
of theoretical calculation in the study of the fluorescent
sensors are of great interest for development of new
fluorescent sensors and fluorophores with predetermined
photophysical properties.
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