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A turn-off fluorescent probe for the detection
of Cu?* based on a tetraphenylethylene-
functionalized salicylaldehyde Schiff-baset
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A non-planar tetraphenylethylene-functionalized salicylaldehyde Schiff-base fluorescent probe (TPE-An-Py)

with aggregation-induced enhanced emission (AIEE) characteristics was synthesized via a classical

Knoevenagel condensation reaction, and exhibited a high sensitivity towards copper ions in agueous media
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with a “turn-off” fluorescence mechanism; the limit of detection is 2.36 x 1077 mol L™, Importantly, the
coordination mode of the probe towards copper was further evaluated by UV-vis and NMR spectroscopy and
a 1:2 stoichiometry was identified. A single crystal X-ray diffraction study confirmed the binding mode. In

addition, the AIEE fluorescent probe can be applied to the detection of Cu?" in practical samples with

rsc.li/frontiers-materials

Introduction

Copper, a group 11 transition element, is an abundant,
inexpensive and naturally occurring metal which has been
widely utilized as a raw material for the preparation of common
tools for over 5000 years." Currently, copper is a major indus-
trial metal, ranking number three in terms of quantities
consumed.” On the other hand, copper is an essential trace
element in the human body, and plays a significant role in
maintaining the central nervous system, cardiovascular system
and hematopoietic function, as well as regulating the physio-
logical activity of enzymes.*™® An excessive or lack of copper in
the body can lead to significant health problems, such as
Alzheimer’s disease, Parkinson’s disease and ALS.”™*°
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satisfactory recoveries in a range of 106-111% in lake water and 97-108% in tap water.

The industrial revolution has led to serious environment
problems, involving atmospheric, water and soil pollution. One
example is copper pollution of water which can lead to risks to
human health."* Thus, the monitoring and selective detection
of copper ions has become a highly relevant research topic for
environmental scientists.

Fluorescent methods are a wonderful tool for Cu>* detection
due to their simplicity, fast response and high detection limits,
and have been applied in the fields of life science, food and
environmental science.’>™*® However, most of the conventional
fluorophores with n-conjugation suffer from aggregation-
caused quenching (ACQ) in condensed media resulting in a
low fluorescence quantum yield, which limits their high-
technological application.'®™® The disadvantages associated
with the ACQ effect were solved by Tang in 2001, who innovatively
designed aggregation-induced emission luminogens (AIEgens)
that exhibited negligible emission in solution, but enhanced
emission in the solid state. A mechanism involving restriction
of intra-molecular motion (RIM) was proposed to clarify the
abnormal photo-physical phenomenon.'® Following on from
this mechanism, a large number of AIEgens have been synthesized
for potential application in organic electronics, chemsensors,
boilable, etc.

On the other hand, excited-state intramolecular proton
transfer (ESIPT)* is a fantastic fluorescence process that exhibits
a uniquely large Stokes shift with AIE characteristics, arising
from the active hydrogen of a phenolic hydroxyl which can
easily transfer from the enol form to the keto form via a photo-
tautomerization process under photoexcitation. Moreover, the
process is very fast on the sub-picosecond time scale in the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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excited state.?'™%*

For example, 4-N,N-dimethylaminoaniline
salicylaldehyde (DAS) displays a typical ESIPT process with an
obvious AIE feature, which exhibits yellow emission (530 nm) in
the aggregation state, but is not emissive in solution.?® Up to
now, few examples of Cu®" detection based on an ESIPT system
have been reported.*®*’

In this contribution, we have developed a novel fluorescence
probe possessing AIE plus ESIPT characteristics (TPE-An-Py),
which exhibits high specificity and selectivity for the detection
of copper(u) in a water environment with a limit of detection as
low as 2.36 x 10~7 mol L™ ". The detection mechanism was
investigated by "H NMR spectroscopic titrations and by single
crystal X-ray diffraction. Furthermore, the probe can be utilized
for the detection of Cu®" in real water samples. This article
provides a new strategy for extending the practical applications
of AlEgens in the environmental field.

Results and discussion

Synthesis and characterization of the target compound
TPE-An-Py

The target compound TPE-An-Py was synthesized as presented
in Scheme 1. A Knoevenagel condensation reaction between
2-hydroxy-5-(1,2,2-triphenylvinyl)-benzaldehyde (1) and pyridine-
2,6-dicarboxamide in methanol afforded the target compound in
60% yield. The molecular structure was characterized by 'H/**C
NMR spectroscopy, HRMS, as well as by single crystal X-ray
diffraction (Fig. S1-S4, ESIY).

X-Ray single crystal diffraction analysis

Fortunately, single crystals of the chromophore TPE-An-Py
suitable for X-ray diffraction were cultivated from a mixture
of CHCl; and methanol by slow evaporation, and the crystal
structure refinement parameters are summarized in Table S1
(ESIt). The crystal belongs to the triclinic system with the space
group P1, and an asymmetric unit containing one molecule
of TPE-An-Py with two CHCI; solvent molecules. As shown
in Fig. 1, the structure of the fluorescence dye TPE-An-Py
possesses a bridging pyridyl unit that adopts a twisted mole-
cular conformation with a twist angle of 29.8°, and the two
terminal TPE units which overlap with each other and formed
a helical conformation;*® several weak O-H---N interactions
(O2-H2A---N4 = 1.882 A, 03-H3---N5 = 1.858 A) and N-H- - -O
interactions (N1-H1.--02 = 2.344 A, N23-H2---03 = 2.394 A)
were observed. Moreover, a crown-like ether ring with a diameter

Methanol
Reflux

TPE-An-Py

Scheme 1 Synthetic route to probe TPE-An-Py.
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Fig. 1 The X-ray structure of TPE-An-Py (A) front view and (B) side view.

of ~4.5 A was formed by the self-assembly of the bridge unit and
two TPE moieties (Fig. 1).

AIE properties

The fluorescent dye TPE-An-Py exhibits good solubility in common
solvents, such as dichloromethane (CH,Cl,), tetrahydrofuran
(THF), N,N-dimethylformamide (DMF) and 1,4-dioxane, but
is insoluble in water. Tetraphenylethylene (TPE) is a typical
AIE luminogen, thus to investigate the AIE properties of the
Schiff-base TPE-An-Py, the emission behaviour in dilute THF
and THF/water mixtures was measured and are listed in Fig. 2.
The TPE-An-Py displays weak red emission in pure THF with a
maximum emission peak (Amaxem) at 598 nm, originating from
the keto peak, while the emission peak with low intensity at
477 nm corresponds to the enol peak. As the water fraction (fy)
gradually increases from 0% to 60%, the fluorescence intensity
is slightly quenched which may arise from a contribution to the
intramolecular charge transfer (ICT) with the increase of the
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Fig. 2 (A) Fluorescence spectra of TPE-An-Py (1.00 x 10™* mol L™ in
THF/water mixtures with different water fractions (lex = 415 nm, slit:
5/5 nm, voltage: 900 V). (B) Plots of /Iy values versus the compositions
of THF/water mixtures, in which /g is the PL intensity in pure THF solution.
(C) photographs in THF/water mixtures with different water fractions taken
under 365 nm UV irradiation.
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polarity of the solvent. On increasing the f,, above 60%, the
emission intensity was enhanced dramatically, and an approxi-
mate 2-fold enhancement at f, = 90% compared to when in
THF was observed. The maximum emission peak was located at
575 nm, corresponding to the keto peak. In addition, the
quantum yield in the solid state (®¢ = 18.1%) is higher than
that compared to when in THF solution (@¢ = 9.5%). Thus, the
fluorescent dye TPE-An-Py is AIEE-active. The fluorescence
spectrum for TPE-An-Py in the solid state was also measured
and possessed a maximum emission peak at 711 nm, which
may be due to the synergistic effect of the classical ESIPT
process and a twisted intramolecular charge transfer process,
and the possible keto-hydroxyl tautomerism structure is
presented in Fig. S6 (ESIt).

Detection experiments

Schiff-based compounds are excellent ligands to coordinate
with metal ions (such as rare-earth metals, transition metals,
alkali metals and alkali earth metals) with potential applica-
tions in organic catalysis,” > and also have been widely
explored as chemisensors for the detection of metal ions, due
to their high binding affinity.>>** Herein, to test the detecting
ability of the TPE-functionalized Schiff-base TPE-An-Py, the
probe (1.00 x 10~* mol L™") with various cations (such as
cd*, cu™, K, Pb*, Li*, Fe’*, Ca®", Mg?*, Co™*, Cr’*, AI**, Ba™,
Ni**, Zn**, Ag", Na*, Hg", [M]"" = 2.00 x 10~* mol L") was
evaluated in mixtures of THF and water (Voyp/Viater = 4/1, pH =
7.00). The UV-vis absorption spectroscopy indicated that the
absorption peak at 439 nm was enhanced on addition of Cu®*" to
the solution containing the probe TPE-An-Py, while other metal
ions only showed a limited effect on the absorption behaviour.
However, the colour of the solution changed from colourless
to yellow in the presence of Cu®* and Fe® under sunlight,
indicating that the probe TPE-An-Py coordinates with copper(u)
and iron(m). On the other hand, the fluorescence spectra revealed
that the fluorescence intensity of the probe (Aem max = 598 nm) was
quenched by ca. 2-fold in the presence of either Cu** and Fe**
compared to a blank solution (Fig. 3). It is noteworthy that other
metal ions had a limited effect on the fluorescence behaviour,
indicating that the TPE-based Schiff-base TPE-An-Py can be used
as a fluorescent probe for sensing Cu*, but that the iron(m) may
be a key interference ion when for probing Cu”".

Optimization of experimental conditions

Schiff-based compounds are known to undergo a hydrolysis
reaction in either strong acid or alkali solution. Thus, the
stability of probe TPE-An-Py was investigated at various pH
values from 2.00-11.00. In the presence of Tris-HCIl buffer,
tetrahydrofuran/water mixtures (Vipp/Viater = 4/1) with pH
values over the range 2.00 to 11.00 were prepared for testing.
As shown in Fig. S7 (ESI{), upon excitation, the fluorescence
behaviour of probe TPE-An-Py remains relatively unchanged
as the pH value increases from 2.00 to 11.00, which indicates
that the Schiff base probe is stable. On the other hand, to
evaluate the coordination reaction time between the probe and
copper(n), as the Cu®** is added, the fluorescence intensity
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Fig. 3 (A) The UV-vis and (B) fluorescence spectra of the fluorescence
probe TPE-An-Py (1.00 x 10™* mol L™, Ve VHZO = 4/1, Tris—HCl buffer
2.00 x 1073 mol L%, pH = 7.00) interacting with different metal ions
(2.00 x 107* mol L™ (Jex/Aem = 415/598 nm, slit: 5/5 nm, voltage: 900 V).
(C) Photograph of TPE-An-Py interacting with metal ions under natural
light and (D) under a 365 nm UV lamp.

gradually decreased until a balance was reached within 15 min
(Fig. S8, ESIt). Thus, in order to simulate a natural water
environment for further experiments, all of the sensing proper-
ties of the probe were carried out at pH = 7.00 using Tris-HCI
buffer solution after 20 min (Fig. S9, ESIT).

Based on the optimized experimental conditions, the
fluorescence titration experiments were performed with pro-
gressive addition of Cu** and are presented in Fig. 4. The
fluorescence intensity of probe TPE-An-Py at Ayaxem = 598 nm
gradually decreased as the Cu®" ion was added. The binding
constant for the Cu®" ion was estimated to be 3.3388 x 10° M~
in THF/water (Vrgp/Viater = 4/1) (Fig. S12, ESIt). Furthermore,
the detection limit was calculated from the fluorescence titra-
tion experiments following the ITUPAC method (Fig. 4). Ten
groups of blank experiments were performed in the absence of
Ccu®" under the same conditions, and the fluorescence value at

o
[=]
=]
~
o
=]

A .

IS

1)

3
N
3
<

—_—y= 425.80789-2.1602x108X
R%=0.99294

0

»

S

IS}
w
&
ind

1cu?y

N
o
3

N

B

ind

U
10 eq.

Q
S

Fluorescence intensity ( a.u.)
Fluorescence intensity ( a.u.)
w
8
o

N
3
2

150 T T
0.00000 0.00003 0.00006 0.00009 0.00012
[CuZ*)(moliL)

0+
500 550 600 650 700 750 800
Wavelength(nm)

Fig. 4 (A) Fluorescence spectra on addition of Cu®* to the probe (1.00 x
107 mol L™, Vg : Via,o = 4/1, ey = 415 nm, slit: 5/5 nm, voltage: 900 V).
(B) Linear fitting of the emission data upon addition of Cu?*.
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the wavelength of 598 nm was taken for the standard deviation
(SD) calculation. The emission intensity of probe TPE-An-Py at
598 nm was then plotted against the concentration of Cu>'.
According to the formula: detection limitation = 3SD/S, a linear
relationship in the range of 5.00 x 10"° mol L™ " to 1.20 x 10™*
was observed with R* = 0.99294, and the limit of detection
(LOD) is 2.36 x 10”7 mol L ". The low LOD indicates that the
probe is an excellent chemisensor for Cu>".

Furthermore, to investigate the selectivity of the probe
toward Cu®", a selection of both cations and anions were added
as potential interfering coexisting ions. Firstly, to the solutions
of TPE-An-Py and Cu”* were added 10 equiv. of various metal
ions (such as Li*, Na*, K", Mg>*, Ca®", Ba*>", AI’*, Fe**, Co**, Ni*",
Zn**, Cr**, Pb**, Cd**, Hg*", Ag") and anions (AcO™, F~, CO;>",
SO;>7, HSO; ™, Cl, SO,>7, NO, ™, Br_, I'). In the presence of
Cu*, the emission intensity of the mixture at Aey, = 598 nm was
quenched, while without Cu®*, the emission barely changed,
which suggested that the coexisting ions and anions had a
limited effect on the detection of Cu?'. Thus, the interference
experiments indicated that the probe displays high specificity
and selectivity for the detection of the Cu®>* ion (Fig. 5 and
Fig. $13, ESIt). By contrast, in the presence of Fe**, the colour of
the solution containing probe@Cu”*@Fe*"* clearly became dark
by naked-eye detection, and this is attributed to the iron(m) as
the main interference ion. Thus, Fe** plays a significant role in
affecting the probes detection of Cu(u) in solution (Fig. S9, ESIT).

In addition, the effect of pH value on the detection of Cu**
ions was also investigated. As shown in Fig. S10 (ESI{), the
fluorescence intensity of the TPE-An-Py@Cu”" at 598 nm show
a limited change over a broad pH range from 2.00-11.00,
indicating that the TPE-An-Py is a stable fluorescent probe for
detecting Cu®* in acid-base environments and is suitable for
practical applications.

A possible mechanism for detecting Cu>*

We previously reported that a similar Schiff-base can coordinate
with Cu®" in a 1:2 stoichiometric ratio, and that the copper centre
was coordinated via the N and O atoms in a dinuclear complex.®*
In order to further analyze the binding mechanism of probe
TPE-An-Py with Cu®", the mole-ratio method and a Job’s plot were
carried out to elucidate the stoichiometry; a 1:2 complexation of
probe@Cu”®* was confirmed (Fig. S11-S13, ESIT). Information on
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Fig. 5 Bar diagram of the competitive experiments of various metal
cations and anions on the fluorescence intensity of the probe/Cu?*
complex in buffer solution (lex/2em = 415/598 nm, slit: 5/5 nm, voltage:
900 V).
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the binding properties of the probe with Cu®>" was obtained from
'H NMR spectroscopic titration experiments in d-DMSO:D,O
solution (5:1, v/v). For the probe, three singlets (6 = 13.43, 10.48
and 7.87 ppm) were observed for -OH, -C-NH-C—O and
—CH—N-, respectively, two doublets (6 = 8.48) and a triplet
(0 = 8.39-8.33) for the pyridine and diphenylamine ring,
respectively. The protons at 6 = 8.06 and 7.07-7.29 ppm are
from the TPE units and the signal at 6 = 5.70 ppm originated
from the diphenylamine ring. Upon gradual addition of Cu**
(0.1 equiv.) to the probe solution, the proton signal at ¢ 13.43
(-OH) disappeared, consistent with initial Cu®>" coordination at
the O atom of the hydroxyl group. On continuously adding Cu®*
(0.3 equiv.), all protons signals in the region of 7.38-13.43 ppm
slowly decreased, and then disappeared, when the [Cu®']
reached 0.4 equiv. This suggested that the N atoms from the
pyridine and diphenylamine units and the -O atom were linked
with the Cu centre. All the resonances of the proton signals in
the region 6 = 6.8-7.2 ppm were somewhat broad and over-
lapped, which could be attributed to the paramagnetism of the
copper centre (Fig. 6). In addition, no significant chemical shift
changes were observed either before or after adding the Cu®".

Fortunately, crystals of the complex probe@Cu”" were culti-
vated by slowly evaporating a solution of methanol/CH,Cl,. The
complex crystallizes in the triclinic space group P1. The X-ray
crystal structure of probe@Cu®* shows that Cul adopts a five-
coordinate geometry with three N atoms (N1, N2 and N3) and
one O (02) from the ligand and one O (O5) from methanol,
while Cu2 is four-coordinate, being bound to two nitrogen
atoms (N4 and N5) and two oxygen (O1 and O1’). Importantly,
the bridge Cu2-O1 bond (1.989 A) plays a significant role in
binding two ligands to form a 3D stacking structure along the
a axis. As expected, the ligand coordinates with two Cu(u) ions
consistent with the mole-ratio method described earlier and in
the experimental (Fig. 7).

To gain insight and evaluate the potential application of
probe TPE-An-Py for detecting Cu®" in environmental water,
water samples containing trace amounts of Cu®" were collected
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Fig. 6 'H NMR spectroscopic titration spectra of probe@Cu?* on
increasing concentrations of Cu?* in d-DMSO solution.
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Fig. 7 The crystal of complex probe@Cu?*, the hydrogen atom are
omitted for clarity.

from both the lake (at Medical University of Guizhou Medical
University) and tap water (laboratory) and were filtered for
further testing. The fluorescence intensity of probe TPE-An-Py
exhibited a remarkable emission intensity quenching at
598 nm accompanied by a colour change from bright to dark
under UV irradiation (lex = 365 nm). The recoveries were
calculated in the range 106-111% for lake water and 97-108%
in tap water for Cu®". Thus, the high selectivity and specificity
of the probe TPE-An-Py means it could be used for monitoring
Cu®" in a water environment.

Conclusions

In conclusion, we present a novel “turn-off” type AIEE fluores-
cence probe containing a pyridine-2,6-dicarboxamide core and
two TPE moieties linked via a phenylenediamine bridge, which
acts as a selective sensor for copper(n) in THF/water mixtures,
as well as in real water samples. Also the probe offers a
convenient “naked-eye” detection method for Cu(u) ion detec-
tion and the detection limit is as low as 2.36 x 10~7 mol L™"
UV-vis and NMR spectra shows that the probe adopts a 1:2
binding mode with the copper centre, with a binding constant
of 3.3388 x 10° mol L™, and the result is agreement with the
single crystal X-ray diffraction analysis. We believe our research
provides an example of an AlEgen probe for Cu(u) detection in
practical applications, and moreover, the basic molecular fra-
mework of the ligand can be further functionalized to make it
specific for other analytes. Such studies are currently on-going
in our laboratory.

Experimental

General

"H and C NMR spectra (400 MHz) were recorded on a Inova-
400 Bruker AV 400 spectrometer using chloroform-d solvent
and tetramethylsilane as the internal reference. J-values are
given in Hz. High-resolution mass spectra (HRMS) were taken
on a GCT premier CAB048 mass spectrometer operating in a
MALDI-TOF mode. UV-vis absorption spectra were obtained on
a UV-2600 Milton Ray Spectrofluorometer. PL spectra were
recorded on a Cary eclipse Hitachi 4500 spectrofluorometer.
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Table 1 Detection of Cu?* in water samples

Measured Added Detected  Recovery RSD

Sample (umol L™ (umol L™) (umol L™ (n =3, %) (%)
Artificial lake  13.33 21 36.68 111 1.2
80 99.05 107 1.4

160 184.08 106 2.4

Running water  8.93 21 29.17 97 1.9
80 91.34 103 3.6

160 180.93 108 2.0

Scanning electron microscopy (SEM) images were obtained
using a Hitachi scanning electron microscope.

X-ray crystallography

Crystallographic data for TPE-An-Py were collected on a Bruker
APEX 2 CCD diffractometer with graphite-monochromated
Mo Ko radiation (4 = 0.71073 A) in the ® scan mode.*® The
structures were solved by a charge flipping algorithm and
refined by full-matrix least-squares methods on F>.>”*® All esds
were estimated using the full covariance matrix. Further details
are presented in Table 1. Data for the structures reported here
have been deposited with the Cambridge Crystallographic Data
Centre with deposition numbers CCDC 1967709 and 1967696,
which contain the supplementary crystallographic data for this
paper.t

Materials

Unless otherwise stated, all reagents were purchased from
commercial sources and used without further purification.
Tetrahydrofuran and demineralized water were distilled prior
to use.

Synthesis of TPE-An-Py

A mixture of N,N’-(2-aminophenyl)-2,6-diformyl iminopyridine®
(78.1 mg, 0.25 mmol) and 2-hydroxy-5-(1,2,2-triphenylethenyl)-
benzaldehyde (188 mg, 0.50 mmol) in 50 mL anhydrous methanol
solution was stirred for 4 h at room temperature. The solution
changed to yellow with formation of a yellow precipitate. Then the
mixture was filtered and washed with methanol three times. The
yellow residue was further crystallized using THF and hexane to
give yellow block crystals (160 mg, yield 60%). "H NMR (400 MHz,
d-DMSO) 6 13.43 (s, 2H), 10.48 (s, 2H), 8.48 (d, J = 7.7 Hz, 2H),
8.39-8.33 (m, 1H), 8.06 (d, J = 7.9 Hz, 2H), 7.87 (s, 2H), 7.38
(t,J = 7.6 Hz, 2H), 7.29-7.07 (m, 26H), 7.05 (d, J = 7.3 Hz, 4H), 6.95
(d,J= 6.6 Hz, 4H), 6.89 (d, J = 6.5 Hz, 4H), 6.84 (d, J = 1.7 Hz, 4H),
6.61 (dd, J = 8.5, 1.9 Hz, 4H), 5.70 (d, J = 8.5 Hz, 4H). *C NMR
(101 MHz, d-DMSO) & 162.09, 161.52, 159.02, 151.64, 149.31,
147.91, 143.75, 143.60, 141.91, 140.95, 139.96, 139.78, 139.62,
135.92, 134.84, 134.22, 133.27, 131.81, 131.28, 131.10, 131.03,
128.64, 128.59, 128.37, 128.23, 127.21, MALDI-TOF-MS: m/z calcu-
lated for C,3H53N50,: 1063.41, obtained 1064.4172 [M + HJ'.

General procedure for fluorescence studies

Stock solutions (2.0 x 10~* mol L") of the metal ion and anion
were prepared in THF. The probe TPE-An-Py (1.0 x 10~ * mol L™
was dissolved in THF. The excitation wavelength was 415 nm.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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The probe TPE-An-Py (1.0 x 10~* mol L™', 500 uL) in THF
solution was added in to the 500 pL real water sample, then
Tris-HCI (2.0 x 10~* mol L™, pH = 7.00) buffer solution and
tetrahydrofuran (3.5 mL) were added, and the mixture was left
standing for 20 min before using.
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