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Abstract: The detection of acid in different solution environments plays a significant role in chemical,
environmental and biological fields. However, reducing the constraints of detecting environment,
such as aqueous, organic solvents and mixed phases of aqueous and organic phases, remains a chal-
lenge. Herein, by combining N, N, N′, N′-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD) and
terephthalaldehyde (TA) via Shiff-base condensation, we constructed a covalent organic framework
(COF) TPBD-TA COF. The COF exhibits color change from red to dark red as well as fluorescence
quenching with the increase of acid contents in either aqueous or organic solvents, or a mixture of
aqueous and organic solvents, due to the weak donor-acceptor interactions within the COF as well as
the weak proton ionization ability of the solutions. Therefore, regardless of the detection environment,
TPBD-TA COF can realize color and fluorescence dual-response to acid with the detection limit as
low as 0.4 µmol/L and 58 nmol/L, respectively, due to the protonation of the nitrogen atoms on
imine bonds of the COF.

Keywords: covalent organic framework; color change; fluorescence quenching; acid detection

1. Introduction

Covalent organic frameworks (COFs), two-dimensional [1–7] or three-dimensional [8–11]
crystalline porous organic polymers, constructed by organic building blocks through
covalent bonds [12–17] have been applied in energy storage [18,19], gas adsorption and
separation [20,21], catalysis [22], chemical separation [23,24] and optoelectronics [25,26] due to
their controllable structure, easy functionalization, excellent crystallinity and porosity [27,28].
The ordered channels formed by periodic pores of COFs provide more space for host-
guest molecules to interact with each other, which is beneficial for sensing and detecting.
Acid detection in solution plays an important part in environmental surveillance, water
quality, chemical reaction control and medical diagnosis [29]. Photofunctional materials,
especially COFs, play a significant role in the field of detection [30–32]. Using COFs as
chemosensors to detect acid in solution via colorimetric and fluorescence methods with the
advantage of the high sensitivity, fast response and easy operation has already achieved
significant progress. For example, Liu et al. constructed the first fluorescent pH sensor
COF-JLU4 [33] to detect pH in aqueous solution. Wang and his co-workers prepared COF-
HQ, whose emission intensity and colour were sensitive to pH in aqueous solution [34].
Auras et al. synthesized star-shaped dual-pore perylene-based 2D COFs and realized acid
vapor detection in nonaqueous solution [35]. Gao et al. achieved the reversible color and
fluorescent response of VCOF-PyrBpy to acids/pH in water [36]. The above examples
show color switching or/and fluorescence decreasing response to acid in either aqueous or
nonaqueous solutions. However, it is generally difficult to realize acid detection in different
kinds of solutions (aqueous solution, organic solvents and mixture of aqueous and organic
solvents) simultaneously. This is because H+ from different solvents will interact with
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the frameworks weakly or strongly, resulting in more or less protonation to change the
intramolecular electronic transitions of the frameworks, and further causing the change of
photophysical properties of the COFs [29,36].

In fact, the protonation of the linkage or linker of COFs will cause the intraframework
charge transfer or change the π-electron conjugation of the framework, thereby altering the
photophysical properties of the COFs; as such, the COFs can be used as chemosensors for
acid detecting. In order to realize acid detection in different kinds of solutions, selecting the
structure of COFs with weak donor-acceptor charge transfer interactions is anticipated. In
this case, different solvents will not induce the obvious charge transfer effect of the COFs,
thereby breaking the detection environmental limitations for acid detection.

Herein, we use N, N, N′, N′-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD)
with rich nitrogen atoms and terephthalaldehyde (TA) to prepare photofunctional TPBD-
TA COF through Schiff-base reaction. The COF exhibits obvious absorption red-shifts in
UV-vis spectra and the fluorescence intensity of the COF decreases with increasing acid
concentration in different kinds of solution (aqueous solutions, organic solvents and mixed
solution of aqueous and organic phases) due to the protonation of nitrogen atoms on imine
bonds. Thus, TPBD-TA COF, which exhibits weak donor-acceptor interactions, can serve as
a versatile chemosensor for detecting acid in different solutions.

2. Materials and Methods
2.1. Materials and Instrumentations

N, N, N′, N′-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD) and terephtha-
laldehyde (TA) were purchased from Leyan. o-Dichlorobenzene, n-BuOH, acetone, tetrahy-
drofuran (THF), ethanol (EtOH), acetonitrile (MeCN), methanol (MeOH), toluene, HCl,
trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TFMS), 4-methylbenzenesulfonic
acid (TsOH) and benzaldehyde were purchased from Titan.

The solid-state 13C cross-polarization/magic-angle spinning (CP/ MAS) NMR spec-
tra were collected using a Bruker AVANCE III 400 WB spectrometer. The time-of-flight
mass spectra were recorded using a Kratos MALDI-TOF mass system (Bruker, Billerica,
MA, USA). Fourier transform infrared (FT-IR) spectra were recorded on a Vertex 80 V
spectrometer (Bruker, Rosenheim, Germany). The sample was grinded into powder and
dried, then mixed with dried KBr (powder) and pressed into piece. UV-Vis spectra were
recorded with a Shimadzu UV-2550 spectrophotometer (Tokyo, Japan). Fluorescence spec-
troscopy was taken using a Shimadzu RF-5301 PC spectrometer. SEM images were recorded
using scanning electron microscopy (Hitachi Regulus 8100, Hitachi, Japan). A drop of
the aqueous solution was dripped directly onto a silicon wafer and air-dried. The TEM
image was recorded using a JEM-2100F instrument (JEOL Ltd., Beijing, China) with an
accelerating voltage of 200 kV. The sample was prepared by placing a drop of the stock
solution on a 300-mesh, carbon-coated copper grid and air-dried before measurement. The
N2 adsorption–desorption isotherms were measured using a Quantachrome Autosorb-iQ2
analyzer (Boynton Beach, FL, USA). Powder X-ray diffraction (PXRD) was performed with
a Riguku D/MAX2550 diffractometer (Rigaku, Tokyo, Japan) using Cu-Kα radiation, 40 kV,
200 mA at room temperature.

2.2. The Solid-State UV-Vis Absorption Test of TPBD-TA COF on Detecting Acid

TPBD-TA COF was dispersed in aqueous solution, organic solvents and mixed solu-
tions of aqueous and organic solvents with different amounts of acid, then the COF powder
was filtered. The filtered powder was used to perform solid-state absorption spectrum tests.

2.3. The Fluorescence Test of TPBD-TA COF on Detecting Acid

TPBD-TA COF was dispersed in aqueous solution, organic solvents and mixed so-
lutions of aqueous and organic solvents, then certain concentrations of the acid were
gradually added to the COF suspension. The COF suspension (0.5 mg mL−1) with different
concentrations of acid was used to perform fluorescence tests.
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2.4. The Recyclability Test of the COF

The PL spectra of TPBD-TA COF in ethanol solution and after adding TFA were
recorded. Then, we washed the COF with water until the pH of the solvent was 7 and then
dried the COF at 120 ◦C under vacuum for 4 h for the measurement of PXRD of the COF.
The COF was used to detect acid for next cycle by repeating the above processes.

2.5. The Preparation of COF Filter Paper

Polystyrene (PS) (300 mg) was dissolved in toluene (2 mL) by stirring overnight. Then,
TPBD-TA COF (10 mg) suspension (2 mL) was added into the toluene solution of PS and
stirred at room temperature for several hours. The mixed solution was filtrated on the filter
paper, thereby forming the COF filter paper.

3. Results and Discussion
3.1. Synthesis and Characterization

TPBD-TA COF (Figure S1) was synthesized by using N, N, N′, N′- tetrakis (4-aminophenyl)-
1,4-phenylenediamine (TPBD) as the knot and terephthalaldehyde (TA) as the linker
through Schiff-base reaction [37]. The COF were characterized by powder X-ray diffrac-
tion (PXRD), Fourier transform infrared spectroscopy (FT-IR), solid state 13C CP/ MAS
NMR, thermogravimetric analysis (TGA), field transmission electron microscopy (TEM)
and scanning electron microscopy (SEM).

FT-IR spectra (Figure S3a) and solid-state 13C CPMAS NMR spectra (Figure S3b)
of TPBD-TA COF confirmed the formation of imine bonds (at 1621 cm−1 and 156 ppm,
respectively). PXRD measurement (Figure S3c) indicated the crystallinity of the COF. As
shown in Figure S3c, the PXRD profile of TPBD-TA COF displays a series of reflection
peaks at 2.47◦, 4.45◦, 4.49◦, 6.49◦, 8.93◦ and 21.13◦, which can be assigned to (100), (110),
(200), (210), (310) and (001) facets of TPBD-TA COF, respectively. The (001) plane at 21.13◦

is attributed to π-π stacking between the adjacent layers of the COF. In order to investigate
the structure and stacking mode of the COF, theoretical simulations were carried out
using Materials Studio software packages. Pawley refinements with the unit cell (P-3,
a = b = 43.35 Å and c = 4.46 Å) producing the Pawley-refined pattern of TPBD-TA COF
matched well with the experimental results (Rwp = 7.7%). By comparing the PXRD patterns
of the simulated TPBD-TA COF with the experimental pattern (red curve), it is indicated
that the COFs adopt the eclipsed AA-stacking mode instead of the staggered AB-stacking
mode. The porosity of the COF was proved by nitrogen adsorption measurements at 77 K.
In Figure S3d, a steep N2 adsorption at low relative pressure indicates that the COF has
micropores; in addition, there was a hysteresis loop in the degassing process, showing that
the COF has mesopores. The Brunauer−Emmett−Teller (BET) surface area was calculated
to be 510.2 m2g−1. The pore size distribution was at 1.73 and 2.94 nm, calculated by using
nonlocal density functional theory (NLDFT). The TEM image (Figure S4a) showed that
TPBD-TA COF manifested a layered stacking structure. The SEM image (Figure S4b)
revealed the COF was microparticles with sheet-like morphologies. In the TGA experiment
(Figure S5), the COF exhibited slight weight loss at about 450 ◦C under an N2 atmosphere,
suggesting high thermostability. To investigate the chemical stability of the COF, we
measured XRD (Figure S6) of the COF immersed in different solvents for 2 days at room
temperature. There was a slight change of the PXRD curves of the COF immersed in
different solvents for 48 h when compared with the original (black curve); however, the
crystallinity of the COF immersed in different solvents was still retained, indicating the
excellent chemical stability of TPBD-TA COF.

We investigated the photophysical properties of TPBD-TA COF by recording UV-vis
absorption spectra and fluorescence emission spectra. The COF was dispersed in various
solvents, such as acetone, tetrahydrofuran (THF), ethanol (EtOH), acetonitrile (MeCN),
methanol (MeOH) and H2O; we then filtered the powders to perform solid-state UV-vis
absorption tests. As shown in Figure S7, the absorption bands of the COF showed slight
red- or blue-shift with the increase of the solvent polarity, and the fluorescence spectra of
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the suspension in acetone, THF, EtOH, MeCN, MeOH and H2O featured emission peaks
at 623, 633, 635, 624, 637 and 629 nm, respectively (Figure S8); this means that there is no
obvious solvatochromic behavior for the COF in solvents with different polarity since the
weak donor-acceptor structure of TPBD-TA COF will not induce apparent intraframework
charge transfer by increasing the polarity of solvents.

3.2. Acid Sensing

Supported by the chemical stability and photophysical properties of TPBD-TA COF,
we investigated the acid-response properties of the COF in various solutions via UV−Vis
absorption and fluorescence spectra.

As shown in Figure 1b, the absorption spectra of TPBD-TA COF in HCl aqueous
solution displayed a gradual increase in the new absorption bands at the range from
600 nm to 850 nm when the concentration of HCl in water increased from 0 µM to 16.67 µM.
Similarly, the new absorption band emerged with the increasing concentration of TFA in
water (Figure S9a). The response of TPBD-TA COF to inorganic acid (HCl) and organic acid
(TFA) in water solution illustrates that COF can detect different kinds of acid in aqueous
solution. When TsOH, an organic acid, was dispersed in MeCN, the absorption bands of
TPBD-TA COF gradually shifted towards longer wavelengths as the concentration of TsOH
increased (Figure S9b). When the COF was scattered in MeOH and the concentration of
TFA increased from 0 mM to 0.5 mM, the additional absorption band of the COF gradually
emerged in the range from 600 nm to 840 nm (Figure S9c). The response of TPBD-TA COF
to TsOH and TFA in organic solvents demonstrates that COF can detect organic acid in
different organic solvents. The reason for the response of TPBD-TA COF to inorganic and
organic acids is that H+ from acid can protonate nitrogen atoms on imine bonds of the COF
(Figure 1a); this will increase the donor-acceptor interaction between TPBD and TA moiety
of the protonated COF, leading to the red-shifted absorption upon successive adding of H+.
Therefore, TPBD-TA COF can be used as an acidochromism sensor to detect both inorganic
and organic acid in aqueous solutions as well as organic acid in organic solvents.
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A pronounced color change of the COF from red to dark red (Figure 1c and Figure S10)
was observed when the COF powders were immersed in various solutions with different
contents of acid.

We attempted to calculate the detection limit of the acid-responsive COF. The re-
lationship between the absorbance change or fluorescence sensing response and acid
concentration was explored using the following equations [38,39]: ∆A = 1 + K[C] (1),
I0/I = 1 + K[C] (2), where ∆A was the absorbance change of the COF before and after acid
addition; I0 was the initial luminescent intensity of the COF suspensions without acid; I was
the luminescent intensity of the COF suspensions with different contents of acid; K was the
absorbance change constant or the quenching constant; and [C] was the concentration of
acid. Then we calculated the limit of detection (LOD) using the following formula [40,41]:
LOD = 3S/K (3), where S was the standard deviation of the absorption or fluorescence
response for TPBD-TA COF without adding acid and K was the absorbance change con-
stant or the quenching constant. Therefore, the LOD values for the COF detecting HCl in
H2O, TFA in H2O, TsOH in MeCN and TFA in MeOH were 0.4 µmol L−1, 14.7 µmol L−1,
3.26 µmol L−1 and 26.7 µmol L−1, respectively.

Figure 2 illustrates the change in fluorescence intensity of TPBD-TA COF in response
to different acid solutions with varying acid concentrations, as well as the corresponding
LOD values. As shown in Figure 2a, with the addition of HCl in aqueous solution, the
fluorescence intensity of the COF decreases gradually. The change in the fluorescence
intensity maintains a good linear fit with the acid concentrations (Figure 2b), to give an
accurate LOD value. Meanwhile, the fluorescence of the COF can be also quenched by TFA
in aqueous solution (Figure S11a), indicating that the COF can detect acid in water. As
revealed in Figure S11b, when TPBD-TA COF was dispersed in an MeCN solution of TsOH,
the fluorescence intensity of the COF can be obviously attenuated with the increase of acid
concentration from 0 µM to 60 µM. Similarly, the fluorescence intensity of TPBD-TA COF
suspension was quenched by increasing the concentration of TFA in MeOH (Figure S11c).
This fluorescence quenching is attributed to the protonated nitrogen atoms on imine bonds,
which destroy the π-electron-conjugated system of TPBD-TA COF upon acid addition [42].
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It can be seen from Figure 2c that the COF can detect inorganic acid in aqueous
solutions and organic acid in either aqueous solutions or organic solvents via fluorescence
approaches with the detection limit of 0.099 µmol L−1, 0.68 µmol L−1, 0.058 µmol L−1 and
0.47 µmol L−1 for detecting HCl in H2O, TFA in H2O, TsOH in MeCN and TFA in MeOH
(Figure 2d), respectively.

The detection ability of the COF toward acid in the mixture of aqueous solution and
organic solvents was further explored by UV−Vis absorption and fluorescence spectra
(Figure 3). As shown in Figure 3a, when the COF was immersed in EtOH solution of TFA
with 5% water, an additional absorption band in the range of 600~800 nm and a red-shift of
the absorption band was observed as the acid concentration increased. When the water
content increased to 10%, 20%, 40%, 60% and 80%, the absorption bands of the COF were
red-shifted gradually to 800 nm (Figures S12a–d and 3b). The red-shifted absorption of the
COF is attributed to the interaction between H+ from acid and nitrogen atoms of imine
bonds of the COF. Of course, different kinds of solvents also released H+, but it is difficult
to induce apparent intraframework charge transfer effects within the COF with weak
donor−acceptor interaction because the concentration of H+ ionized from solvents is very
low. The COF exhibits excellent linear relationships between the absorption change and the
acid content (Figure 3e). The detection limit of the COF to detect TFA in mixed solutions of
EtOH and H2O was in the range of 0.059 mmol L−1 ~ 0.24 mmol L−1 (Figure 3f).
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detecting TFA in EtOH solutions with different amount of water.



Chemosensors 2023, 11, 214 7 of 11

The acid response of the COF to TFA in acetone aqueous solution (Figure S13), TsOH
in MeCN aqueous solution (Figure S14) and trifluoromethanesulfonic acid (TFMS) in EtOH
aqueous solution (Figure S15) indicates that TPBD-TA COF can be used as a colorimetric
sensor to detect acid in different solutions with the LOD ranging from 0.9 µmol L−1 to
0.22 mmol L−1.

The fluorescence spectra of TPBD-TA COF in EtOH solution of TFA with different
water (V/V; 5%, 10%, 20%, 40%, 60% and 80%) and different acid concentrations are shown
in Figures 3c,d and S16. These spectra indicate that no matter the amount of water in ethanol,
the fluorescence intensity of the COF is significantly correlated with the acid content, i.e., the
fluorescence intensity gradually decreases with the increase of the acid concentration. In
addition, the COF exhibits a good linear relationship between the emission ratio and the
acid content (Figure 3e). The LOD value was as low as 0.048 mmol L−1 (Figure 3f). The
fluorescence quenching effect of the COF was demonstrated in the mixed solutions of water
and organic solvents when increasing the acid concentration of TFA, TsOH and TFMS
(Figures S17–S19). Because the protonating ability of H+ from solvents to nitrogen atoms
on imine bonds is weaker than that of H+ from acid, the solvents hardly lead to the change
of π-electron-conjugated system of the COF, thereby facilitating the detection of acid in
different kinds of solution by the COF.

To evaluate the recyclability of TPBD-TA COF as a fluorescent sensor to probe acid,
we recorded acid-dependent fluorescence spectra for five continuous cycles (Figure S20).
The fluorescence was quenched after acid was added, and the color of the COF quickly
turned from red to dark red. The emission can return to similar intensities and the color
of the COF can convert back to red after removing acid from the suspension of the COF
through water washing. Moreover, the crystallinity of the COF remained after five cycles
(Figure S21), demonstrating the responsive reproducibility of TPBD-TA COF to acid.

3.3. Acid Sensing Mechanism

In order to prove the protonated site of the COF, we synthesized the model compound
(1) and tested absorption and fluorescence responses of TPBD and the model compound to
acid, respectively. As shown in Figure S22a, the absorption intensity of TPBD gradually
increases and the absorption bands display an obvious blue-shift with increasing acid
concentration; this is different from the appearance of a new absorption peak of the COF
with the increased acid concentration, illustrating that the acidochromism of the COF does
not originate from the protonation of the free amine. In Figure S22b, a new absorption band
of the model compound gradually emerged from 450 nm to 600 nm as a result of increasing
acid concentration; this is consistent with the acidochromism of the COF, which proves the
acidochromism of the COF is from the protonation of the imine nitrogen of the COF. In
Figure S22c, the fluorescence intensity of TPBD first decreased and then increased with the
increase of acid concentration; this is different from the gradually decreased fluorescence
intensity of the COF with the increase of the acid concentration, indicating the fluorescence
quenching of the COF is not attributed to the protonation of the free amine. Furthermore,
the fluorescence intensity of the model compound gradually decreases when the acid
concentration increases (Figure S22d). This is consistent with the response of the COF to
acid, illustrating that the emission quenching comes from protonation of imine nitrogen of
the COF.

In order to further investigate the acid sensing mechanism of the COF, we calculated
the electronic cloud distribution of the COF before and after protonation by using Density
functional theory (DFT). Before the addition of acid, partly separation of the electronic
cloud density between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) can be observed, where the electronic cloud of the
HOMO was distributed on TPBD and benzene of TA (Figure S23a); meanwhile, the electron
cloud of the LUMO was primarily distributed on TA (Figure S23b). It means that the COF
had a weak intramolecular charge transfer (ICT) property before protonation, which is
consistent with the photophysical property (Figures S7 and S8). After the addition of acid,
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the nitrogen atoms in imine bonds of the COF were protonated, leading to well-separated
electronic cloud density between HOMO and LUMO. As revealed in Figure S23c,d, the
electronic cloud distribution on HOMO was dominated by TPBD units, while that on
LUMO was dominated by TA units, indicating the formation of charge transfer (CT) state
from TPBD moiety to TA moiety with the increase of acid concentration. Compared with
the non-protonated imine, the protonated imine of the COF is a stronger acceptor, leading
to a lower bandgap from 1.27 eV to 0.70 eV, as well as red-shifted absorption. That is why
we can observe color change of the COF from red to dark red when increasing the acidity.

As shown in Figure S23, when compared with the deprotonated COF, the electron
cloud density distribution of the protonated COF has smaller π-electron-conjugated range.
The damaged π-electron-conjugated system of the COF by the protonation of acid is the
reason for the fluorescence quenching. Meanwhile, the weak H+ ionization ability of solvent
can hardly change the π-electron-conjugated system of the COF and the dipole strength of
donor-acceptor pair neither. This is to say that the solvent has little effect on acid-response
fluorescence of the COF. Therefore, TPBD-TA COF can be applied as a fluorescent acid
sensor to detect acid in different solvents via fluorescence method.

In order to further investigate the acid sensing mechanism of the COF, we calculated
the natural transition orbitals (NTOs) of the deprotonated COF and the protonated COF
(Figure S23e). The holes of the deprotonated COF were distributed on TPBD and TA
moieties, while the electrons were distributed on TA moiety; this indicates that the de-
protonated COF had some charge transfer property in the excited state. However, when
the COF was protonated, the holes were distributed on TPBD unit and the electrons were
primarily distributed on the TA moiety, predicting the obvious charge transfer property of
the protonated COF in the excited state. However, the weak transition oscillator strength
(f = 0.0870) led to a low probability of the ICT process, resulting in fluorescence quenching
of the protonated COF.

The electronic cloud distributions of the COF in different solvents (acetone, ethanol
and H2O) were calculated using DFT to prove that different solvents had little effect on
them. As shown in Figure S24a, the electronic cloud between HOMO and LUMO of the
COF in acetone was partly overlapped, illustrating the weak intramolecular charge transfer
interaction within the COF. Meanwhile, the electronic cloud distributions of the COF in
ethanol (Figure S24b) and H2O (Figure S24c) were the same as that in acetone. Moreover,
the electronic cloud distributions of the COF in different kinds of solvents with different
polarity were similar to that of the COF without solvent (Figure S23a), providing more
evidence to prove that the solvents had almost no influence on photophysical properties of
the COF. It endows good properties of TPBD-TA COF in detecting acid in various solutions.

3.4. Acid Sensing Application

The acid detection test paper was prepared by using TPBD-TA COF to detect different
kinds of acids in varied solutions. As revealed in Figure 4a, when different solvents were
dropped on the papers, there was no color change. However, when different solvents with
acid were dropped on the test paper, the color of the paper immediately change from red to
dark-red (Figure 4a).

The acid-responsive properties of TPBD-TA COF endow it with significant application
potential in information encryption. When we wrote a Chinese knot pattern on the COF
filter paper using TFA in EtOH solution, the dark-red Chinese knot pattern was observed,
as shown in Figure 4b. Then, the COF filter paper was exposed to NH3 (20–28%) vapor
and the pattern vanished (encrypt information). After the filter paper was heated for about
two minutes, the dark-red Chinese knot pattern appeared on the paper again. This process
could be repeated at least four times, demonstrating the potential application of the COF in
the field of information encryption.
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4. Conclusions

In summary, we have synthesized a dual-mode acid sensing photofunctional COF
through Schiff-base reaction that can detect acid in aqueous solutions, organic solvents
and mixed solutions of aqueous and organic solvents due to the weak donor-acceptor
interactions within the COF and the weak proton ionization ability of the solvents. The
COF shows obvious color change from red to dark red as acid concentration increases
in different solutions with a good detecting level (LOD = 0.4 µmol L−1). In addition,
different concentrations of acid in various kinds of solvents can also cause the decreased
fluorescence intensity of TPBD-TA COF; the LOD value is as low as 0.058 µmol L−1. TPBD-
TA COF breaks the constraints of the detecting environment; this endows it with significant
prospects in future applications for detecting acid in various solutions.
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