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The tripodal probe L was readily prepared via introducing rhodamine and azobenzene groups in a two-step procedure.
Studies of the recognition properties indicated that probe L exhibited high sensitivity and selectivity towards F, AcO" and
H2PO4 through a ratiometric colorimetric response with low detection limits of the order of 107 M. The complexation
behaviour was fully investigated by spectral titration, *H NMR spectroscopic titration and mass spectrometry. Probe L not
only recognizes F, AcO- and H2POu4", but can also distinguish between these three anions via the different ratiometric
behaviour in their UV-vis spectra (387/505 nm for L-H2P04’, 387/530 nm for L-AcO" and 387/575 nm for L-F complex) or via
different colour changes (light coral for L-H2PO4, light pink for L-AcO" and violet for the L-F complex). Additionally,
given the presence of NH and OH groups in probe L, which can be protonated and deprotonated, probe L further
exhibited an excellent pH response over a wide pH range (pH 3 to pH 12).

Introduction

Developing the recognition of anions via the use of artificial probes is of current interest in
supramolecular chemistry, given their vital roles in many biological and environmental systems.*
For example, fluoride ion is useful in the prevention of dental problems and for the treatment of
osteoporosis.” However, extreme levels of fluoride can cause fluoride toxicity, leading to skeletal
fluorosis, nephrotoxic changes, urolithiasis in humans and also contamination can occur in drinking
water; the U.S. Environmental Protection Agency (EPA) has set a maximum contaminant level of
4mg/L.° Also of interest is the acetate ion, which is an important metabolite in metabolism and cell
signaling.* Furthermore, in living organisms, phosphorylated species are critical to the storage and
transcription of genetic information, energy transduction, and membrane transport.® In view of the
importance of the F-, AcO", H2PO4™ anions, there is an urgent need to develop suitable probes via a
convenient method for the selective detection of these anions.

Many conventional detection methods, including the electrode method and
ion chromatography have been developed for the detection of various anions,
however, the colorimetric method is emerging as a more promising alternative
given its simplicity, high sensitivity, high selectivity, and rapid implementation.®
The colour change can easily be observed with the naked eye, thus requiring less
labor and circumventing the need for advanced instrumentation.” In addition,
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ratiometric colorimetric probes allow for the measurement of absorption
intensities at two different wavelengths, providing a built-in correction for
environmental effects and also increasing the dynamic range of absorption
measurements possible. This leads to higher accuracy in quantitative
determinations,®® and as a consequence, the ratiometric colorimetric method has

been employed herein.

Although numerous colorimetric probes have been reported that selectively detect F1%, AcO*?
or H2PO4",*® the focus has been mainly on the design of probes with the ability to selectively bind
only one specific anion. Reports of single molecular probes that can selectively detect and
distinguish between more than two anions are rare. Moreover, the design of multifunctional probes
with varying responses towards different analytes is cost effective and convenient for real
applications, however the design of probes with multiple analyte recognition capability is a
challenging task.

Herein, we introduce a tripodal tris(2-aminoethyl)amine—based colorimetric probe (L) which is

armed with two azobenzene groups and one rhodamine moiety. The presence of a rhodamine group usually
imparts an enhanced response towards Hg?*, and similar phenomenon have been observed for probe L.
However, we will discuss the recognition properties of L towards Hg?* elsewhere. In this work, we have
focused on the unique properties associated with the azobenzene moiety. In particular, we have employed
an electron withdrawing nitro group and an electron-donating hydroxyl group at the azobenzene, which
gives rise to a ‘*push-pull’” m-electron system for probe L. A study of the recognition properties revealed
that probe L exhibited high selectivity towards F-, AcO- and H2POa"via intramolecular charge transfer
(ICT) and a ratio/colorimetric response. To the best of our knowledge, such multi-functional probes, which
are capable of the recognition and discrimination of F, AcO" and H2PO4 via an ICT mechanism and a

ratiometric response are limited in the literature. 14a
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Scheme 1 The synthetic route to probe L.

Results and discussion
Synthesis

Compound 1 was previously obtained in a reasonable yield but on a small scale (mg) as reported by
kaewtong et al.*> We have further optimized this reaction on a larger scale (g) and in a higher yield
(87%). Thanks to the facile preparation and numerous possibilities for the functionalization of
compound 1, there are many possible avenues to explore.’'¢ In view of the high importance of
anion recognition and the interesting properties of azobenzene compounds,*’ we have introduced the
(E)-2-hydroxy-5-((4-nitrophenyl)diazenyl)benzaldehyde group to compound 1 and constructed a
tripodal structure. Schiff base groups can be unstable for certain applications, so. we have further
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treated the system with NaBH4 to afford the reduced product probe L bearing extra anion binding
sites, namely NH groups. The structure of L was fully elucidated by *H and 3C NMR spectroscopy
as well as by mass spectrometry (Figs. S1-S3).

Recognition properties of probe L towards anions

The recognition properties of probe L were investigated by UV-Vis absorption spectra. It is
well-known that hydrogen bonding interactions of anions with a host molecule generally diminish in
protic solvents. Hence, most of the anion recognition processes were observed in non-aqueous and
aprotic solvents. Herein, we investigated the effect of anions towards probe L (10 uM ) in CH3CN
solution. The absorption spectra of probe L exhibited solvatochromism. As depicted in Fig. S4 and
Table S1, the absorption wavelength was red-shifted on increasing the solvent polarity, implying that
the absorption originated from the ICT state.’® As shown in Fig. 1 & Fig. S5, probe L exhibited a
light orange colour with an intense absorption band at wavelength 274 nm (¢ = 5.0 x 10* Mt cm™?)
and a lower-energy band with a peak at 387 nm (¢ = 4.3 x 10* M1 cm™). These bands can be
assigned respectively to a n—n* transition and an intramolecular charge transfer (ICT) band from
the hydroxyl group to the nitro group. 171820

Upon addition of the H2PO4™ anion, the absorption band at 387 nm
decreased greatly and a new absorption band appeared at 505 nm (Fig. 1). While
in the presence of the AcO™ anion, the absorption band at 387 nm decreased
slightly, but with a greater red shift absorption to 530 nm. More surprisingly,
upon the addition of F, the original max absorption peak at 387 nm almost
disappeared and an acute absorption band was observed at 575 nm. The different
ratiometric response maybe ascribed to the different steric structures of the F
(spherical), AcO" (Y-shaped) and H2PO4~ (tetrahedral) anions, which resulted in
different interactions. The different absorption bands resulted in obvious colour
changes (from light orange to light coral (H2PO4"), light pink (AcO") and violet
(F)), which means that we can directly detect these three anions by the naked
eye. The visible colour changes are mainly because of the detection of anions by
the receptor molecules through hydrogen bonding.?* On the other hand, no
significant signal changes can be observed in the presence of any other anions
(CI', Br,, I, NO3s7, HSO4", PF¢") indicating the high selectivity of probe L.

(a)

L/L+ Other anions
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Figure 1. (a) Absorption spectra of probe L (10 uM, CH3CN) with or without 20 equiv. of the various anions.
(b) The colour changes of the probe L in the absence and the presence of H,PO,", F" or AcO" under sunlight.
Other anions include CI-, Br, I, NO3", HSO4", PF¢".

In order to investigate the detailed recognition processes, absorption titration experiments were
carried out. Upon increasing the concentration of H2PO4, the absorption at 387 nm gradually decreased,
whilst the absorption at 505nm dramatically increased with an isobestic point at 425 nm (Fig. 2a). The
ratiometric absorption change indicated that probe L can serve as a ratiometric probe for H2PO4™. It is
well-known that ratiometric response probes are better than any of other type of probe given their built-in
correction for environmental effects and self-correcting capability.®2? Similar phenomena can be observed
upon the addition of AcO" (Fig. 2b) and F (Fig. 2c) except for the degree of the ratiometric change and red
shift. The presence of the AcO- anion only resulted in a limited ratiometric change at 387/530 nm.
However, increasing the F~ anion concentration resulted in a dramatic ratiometric change at 387/575 nm. It
should be noted that the degree of red shift is obviously different, viz 387 nm red shifted to 505 nm
(@H2PO4), 530 nm (@ACO") and 575 nm (@F-) which results in the different colour changes (Fig. 1b),
and enabled us to discriminate between them. This behavior is attributed to the differing complexation
ability and binding modes of probe L towards the different steric structures and the size of guests.
According to the molar ratio method, equilibrium was reached upon addition of about 2.0 equivalent of
H2PO4 or AcO" or F, which suggested a 1:2 complex stoichiometry for these complexes (Fig. S6).
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Figure 2. Absorption spectral changes of probe L (10 uM, CH3CN) solution upon addition of (a) H,PO4 (0 ~ 20 equiv.);

(b) AcO" (0 ~ 4 equiv.); (c) F (0 ~ 15 equiv.).

The practical applicability of probe L (10 uM) as a selective ratio/colormetric probe for the F- or
AcO" or H2PO4™ anions has been investigated using the UV-vis method. For example, in the
presence of F-mixed with 20 equiv. of other interferential anions Cl-, Br-, I, NO3s", ClO4", HSO4",
PFe, AcO™ and H2PO4  in CH3CN solution, no significant interference was observed except for
AcO or H2PO4™ (Fig. 3). However, as mentioned previously, we can further discriminate these three
anions based on their different max absorption peak (505 nm/ 530 nm/ 575nm). In other words, the
presence of these three anions did not interfere with the detection of each of them individually.
Similar phenomena have been observed for the co-existing experiments of AcO- and H2POa4 (Fig.
S7), viz probe L exhibited a high selectivity towards these three anions. Consequently, this data
suggests that probe L can serve as a selective probe for H2PO47, AcO" or Fin the presence of the
above mentioned anions in real life applications.

Absorbance(375nm)

2, . . , 4 4 . 4 . . O
$ S F Lo O@ e Pd

Figure 3. Absorption response of probe L + F* with competing anions. Black bars: The absorbance of probe L at 575 nm
on addition of the respective anions (20 equiv.). Red bars: The absorbance of L + F complex on addition of the respective
competing anions (20 equiv.).

Under optimal conditions, the detection of linear relationships and limits of detection of probe L
for F, AcO or H2PO4™ are summarized in Table 1. The detection limit (LOD = 3o /slope, Fig. S8)
of probe L towards F, AcO™ or H2PO4~ were calculated to be of the order of 107 M. These results
strongly suggest that the probe L is a sensitive multi-functional probe for the detection of F-, AcO or
H2PO4 . The association constants (Ka) for L+F, L+AcO" or L+H2PO4" complexes were calculated
by nonlinear fitting according to the method of Thodarson (Fig. S9).2 The high association
constants suggested that the L+F or L+AcO" or L+H2PO4" complexes were very stable.

Table 1 Analysis parameters for probe L and detection of F', AcO or H,PO,".
The linear range

Anions of the Correlation LOD Association
(Xmax) calibration coefficient (X107 M) constants K,
curve (uM)
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Ky =912.0
E

1.0~20 0.9987 4.65 K, =3.382 x
(575 nm) 5
10
K, =93.83
AcO
1.0~20 0.9899 9.77 K, =2.964 x
(530 nm) ,
10
K. =632.7
H,PO,
1.0~20 0.9976 8.29 K, =1.559 x
(505 nm) 10°

Optical response of probe L towards pH

The pH-dependent absorption characteristics of probe L (10 uM) were evaluated.
As expected, probe L can operate as a sensor over a wide pH range, namely from
pH 3 to pH 12 (Fig. 4). The pH response process seems be divided into two parts
(Fig. S10). When the pH value was increased from pH 3 to pH 10, the max
absorption band of probe L (387 nm) gradually diminished and then disappeared.
Furthermore, a new peak appeared which gradually enhanced and was
accompanied by a large red shift (from 500 nm to 550 nm, Fig. 4a). On
continuously increasing the pH from 10 to 12, only the max absorption band
underwent a further red shift to 595 nm (Fig. 4c). Good linearity (R? = 0.9947)
can be observed for both of these two processes (pH 3 ~ 10 & pH 11 ~ 12, Fig.
S11& S12) which means probe L can be used to accurately measure pH values
from pH 3 ~ 12. In particular, for the process at pH 11~12, probe L can further
serve as a precise pH sensor based on the big absorption intensity change over a
small pH range (only 1).
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Figure 4.(a) Absorption spectra of probe L (10 uM, DMSO/H,0, 95/5, v/v) at different pH values (pH = 2.0 ~
11.0); (b, d) The plot of max absorbance intensity of probe L as a function of different pH;(c) Absorption spectra
of probe L (10 uM, DMSO/H,0, 95/5, v/v) at different pH values (pH = 10.0 ~ 13.0); (e) Colour changes of
probe L (10 uM, DMSO/H,0, 95/5, v/v) at different pH under sunlight.

Obvious colour changes are observed for probe L in solution, where on gradually increasing the
pH value from pH 2 to pH 13, the colour changes from light yellow to pink and then to violet (Fig.
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4e). These distinct colour changes are attributed to the changes in the maximum wavelength of
probe L in the absorption spectra. Inspired by these colour changes, we further explored probe L as
a “naked-eye” indicator of pH from pH 3 to pH 12. A pH test strip was prepared by dip coating a
solution of probe L onto a filter paper and then subsequently drying in air. The colour of the test
strips immediately changed as the newly prepared pH test strips were immersed in solutions of
different pH (Fig. 5).

pH 2 4 6 8 10 15 12

Figure 5. Photographs of the colour change of probe L on test strips after contact with various pH values (pH = 2,
4,6, 8, 10, 11.5, 12) under sunlight.

The recognition mechanism of probe L towards F-, AcO" and H2POg4anions

In order to understanding the recognition mechanism of probe L towards F-, AcO- and H2PO4", *H NMR
titration experiments have been carried out in DMSO-ds using the TBA salts of the F-, AcO" and H2PO4
anions (given the limited solubility of probe L in CH3CN, studies cannot be conducted in CH3CN
solution). Upon increasing the concentration of F, the chemical shifts of the azobenzene moiety were
shifted up-field (Fig.6a), especially the protons Hs and H2 adjacent to the phenol OH, A8 =0.13 & 0.16
ppm respectively. Moreover, the proton H1 which is adjacent to the imine NH group also exhibited a large
up-field shift (A8 =0.21 ppm). No obvious chemical shift changes have been observed for the other
protons, and these results favor the presence of H-bonding between the -NH and -OH groups of probe L and
F-. The peaks for the NH & OH groups were greatly decreased in the IR spectra, which further confirmed
that the NH & OH were participating in the complexation (Fig. S15a). The observed significant red shift in
the photophysical behavior and above observations for probe L upon interaction with anions is attributed to
the enhanced intramolecular charge transfer encountered on formation of the hydrogen bonding

.24 In addition, we note that after the addition of two equivalents of F-
ion, the complex reached an equilibrium, which suggested a 1:2 stoichiometry for the probe-fluoride
interaction. This 1:2 stoichiometry was unambiguously confirmed by HRMS mass spectrometry (complex
[L+2F] m/z 1118.3157, Fig. 6b). The possible binding model for the probe L with Fion is shown in Fig.
6¢. Similar phenomena have been observed in the presence of AcO- and H2PO4" by *H NMR spectroscopic
titrations, IR spectroscopy and mass spectrometry (Fig. S13~S15), and suggests a similar binding model
for them. The only difference between these anions is the slight chemical shift changes, which may be
attributed to the different steric structures and sizes of the F- (spherical), AcO" (Y-shaped) and H2PO4-
(tetrahedral) anions.
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Figure 6. (a) Partial *H NMR spectra of probe L and increasing concentrations of F~ in DMSO-ds at 298 K; (b)
The HRMS spectra of L-F complex; (c) Plausible recognition mechanism of the probe L towards F". — denotes
an up-field shift.

Conclusions

In summary, a multifunctional/colormetric tripodal probe L has been conveniently armed with
azobenzene and rhodamine groups. The probe L exhibited a high selectivity and sensitive
recognition for the anions F-, AcO- and H2PO4  with ratio/colorimetric behaviour. Due to the
different ratiometric response behaviour, probe L can further discriminated between these three
anions. Furthermore, the probe contains multiple NH and OH groups, which can be protonated and
deprotonated. Probe L exhibited an excellent pH response over a wide range from pH 3 to pH 12.
These responses induced obvious colour changes, which enabled us to readily detect the anions F,
AcO and H2PO4 by the naked eye and conveniently monitor the pH via test strips over a wide pH
range.

Experimental

Materials and equipment

All solvents used were dried and distilled by standard procedures prior to use. Unless otherwise
stated, all reagents used were purchased from commercial sources and were used without further
purification. All the anions used were tetra-n-butylammonium salts (Sigma-Aldrich Chemical Co.,
Ltd.), and were stored in a desiccator under vacuum containing self-indicating silica. Double
distilled water was used throughout. Compound 1 was prepared by following the reported
procedures. 16

UV-Vis absorption spectra were conducted on a UV-1800 spectrophotometer (Shimadzu) in a 1
cm quartz cell. *H and 3C NMR spectra were measured on a JEOL JNM-ECZ400S 400 MHz NMR
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spectrometer (JEOL) at room temperature using TMS as an internal standard. MALDI-TOF mass
spectra were measured on an AB SCIEX TripleTOFAM 5600 system. Microelectrode layers used the
sputtering and lift-off process with the standard photo-lithography (EVG 610, Austria). Various pH
solutions were measured using a pH meter (Orion). Melting points are uncorrected.

Synthesis of probe L

A mixture of compound 1 (570 mg, 1 mol) and
(E)-2-hydroxy-5-((4-nitrophenyl)diazenyl)benzaldehyde (740 mg, 4.00 mmol) in dry CH2Cl2 (50
mL) was reacted at room temperature under an N2 atmosphere. After 12h, 10 mL dry methanol
solvent was added followed by 320 mg NaBH4 in batches. The mixture was reacted for another 5 h.,
after which the solvent was removed by evaporation. The residue was extracted with CHCI3 (60 mL)
three times, washed with water and dried with anhydrous MgSO4. The CHCI3 solvent was removed
by evaporation to afford a crimson oil product. The crude product was further purified by silica gel
chromatography using CH2Cl2/MeOH/NEts (100/2/1, viviv) as eluent to give 470 mg of a crimson
solid L in 43.4 % yield. m.p. 147.3 ~ 148.5°C. 'H NMR (400 MHz, CDCls, ppm) &: 8.34 (d, J = 8.8
Hz, 4 H, ArH), 7.94 (d, J = 8.8 Hz, 4 H, ArH), 7.84 ~ 7.82 (m, 3 H, ArH), 7.70 (s, 2 H, ArH), 7.52 ~
7.44 (m, 2 H, ArH), 7.14 (d, J = 6.8 Hz, 1 H, ArH), 6.86 (d, J = 8.8 Hz, 2 H, ArH), 6.43 ~ 6.41 (m, 4
H, ArH), 6.30 (dd, J = 8.8 Hz, 2.5 Hz, 2 H, ArH), 4.08 (s, 4 H, ArCH2NH x 2), 3.32 (q, J = 7.0 Hz,
8 H, CH2CH3 x 4), 3.16 (t, J = 7.0 Hz, 2 H, Rhd-NCH2CH32), 2.62 ~ 2.52 (m, 8 H, NCH2CH2-),
2.23(t,J=7.6 Hz, 2 H, NCH2CH2), 1.14 (t, J = 7.0 Hz, 12 H, -CH2CH3s x 4). 13C NMR (100 MHz,
CDCls) & 12.66, 29.80, 38.63, 44.47, 45.90, 51.93, 53.82, 65.51, 97.97, 105.50, 108.30, 117.48,
122.65, 122.84, 122.95, 123.97, 124.06, 126.16, 128.50, 129.10, 131.54, 132.75, 145.48, 147.97,
149.00, 152.77, 153.70, 156.30, 164.39, 168.21 ppm. ESI-HRMS Calcd for [CeoHesN120s]: m/z
1081.5048, Found: m/z 1081.4923[M+H]".

Spectral measurements

The pH-dependent spectral characteristics of probe L were investigated by absorption spectroscopy
in different media. To a 10 mL volumetric flask containing various pH solutions, for pH from 2 to 10,
diluted with DMSO and Tris-HCI (10 mM) buffers to 10 mL; for pH from 11 to 13 diluted with DMSO
and HEPES-NaOH (10 mM) buffers to 10 mL. All samples in experiments were performed in
DMSO/Tris or HEPES (v/v, 95/5) buffer aqueous solution and the pH value was confirmed by use of
a pH meter.

The recognition properties of probe L toward various ions were investigated by absorption
spectroscopy in different media. To a 10 mL volumetric flask containing different ions, the F-, AcO-
and H2PO4~ was added and this was diluted with CH3CN to 10 mL, then the absorption sensing of
the ions was conducted. Absorption spectroscopy were measured after @ min upon addition of ions
at room temperature to equilibrium.
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