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ABSTRACT: The compound (1E,2E)-1,2-bis((1H-pyrrol-2-yl)-
methylene)hydrazine (1) was investigated for its chemosensor H
application. The colorimetric response of 1 with various ions was N
investigated, and the selective optical change upon mixing with [/)_/
Cu’* was found. The Cu®* binding stoichiometry of 1 derived from N

Job’s plot and the in silico study give us the tentative structural \
detail of the binding mode of 1 and Cu®" being 1:1. The binding
constant between 1 and Cu®" from the Benesi—Hildebrand plot
was 1.49 X 10* M™". The limit of detection of 1 in Cu®" detection
was 0.64 uM (0.040 ppm), which is much lower than the WHO and US EPA maximum allowable Cu®" level in drinking water (2
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and 1.3 ppm, respectively). The custom-built colorimeter demonstrates a good linear relationship between Cu*" concentration and

electrical resistance (€2) upon 1—Cu’" ion binding.

1. INTRODUCTION

Colorimetric chemosensors are a fast-growing topic of study.
There has been a great quantity of compound library that has a
potential use for many various forms of analysis. One of the
factors driving advancement in the sector is the high cost of
analytical methods used to quantify the analytes. The cost
comparison between the real-time polymerase chain reaction
(RT-PCR) method and antigen test kit for some medical
examination is a good example.'™* In a developing nation, the
costly, time-consuming, and inconvenient technique would
prevent many patients from receiving an accurate diagnosis,
resulting in a greater death rate than in first-world countries.
Fast, yet reliable detection procedures at a cheap cost can assist
users with no background in the operation by allowing them to
conduct the detection with limited resources.

The selective detection of Cu’* ions has attracted the
attention of scientists. The copper (II) ion is an important
trace element for humans in low quantities. However, at an
excessive level, it becomes a poisonous and dangerous
substance to organisms and the environment. Furthermore,
Cu®* may accumulate in human and animal livers via
bioaccumulation or biomagnification, causing cell death and
a variety of neurological illnesses such as Alzheimer’s disease,
as well as heart disease, liver and kidney damages, Menkes
syndrome, Wilson’s disease, Huntington disease, and
others.’™"" According to the World Health Organization
(WHO), the maximum acceptable quantity of Cu®" in drinking
water is 2.0 ppm.12

Hydrazone- and azomethine-related functional groups are
widely used in sensor research due to their high modularity
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and ease of production.'” Because of their numerous binding
sites and variable conformation, the dimeric hydrazine Schiff
base structural motifs (Figure la) are excellent for cation
sensing. The nucleophilic nitrogen in both imine and amine in
1 are capable of forming an adduct with Lewis acid such as
cations and metal ions. The presence of pyrrole rings as a
strong nucleophile should also promote metal ion binding. In
2014, Ziegler et al.'* reported the unique BF,-based
fluorophore called bis(difluoroboron)-1,2-bis((1H-pyrrol-2-
yl)methylene)hydrazine or BOPHY (Figure 1b). In the
BOPHY model, boron binding mode adopted a six-
membered-ring chelate formation integrating the BF, group,
N-pyrrole, and N-imine from the hydrazone ligand. The
flexibility of ligand 1 promotes the BF, adduct formation and
results in a very optically stable BOPHY. Since the BOPHY
dye discovery in 2014, it has been functionalized and
sporadically used as a chemical sensor.””™'® To the best of
our knowledge, ligand 1 has never been used in a detailed
chemosensor study so we decided to use it in our work. For
ligand 1, the pyrrole units should bind to the analytes,
expectedly a Lewis acid, forming a rigid dipyrrin-like skeleton
similar to the well-known boron dipyrromethene BODIPY and
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Figure 1. (a) Structure of 1 and its potential factors for ion sensing ability, (b) BOPHY, and (c) BODIPY and aza-BODIPY cores.

aza-BODIPY dyes (Figure 1c). The photophysical properties
of BODIPY derivatives are excellent for this skeleton.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation. Solvents and
starting materials (AR grade) for syntheses were purchased
commercially and used as received. '"H NMR spectra were
recorded on a Bruker DRX-400 NMR spectrometer in CDCly
solution with tetramethylsilane (5 = 0.00 ppm) as an internal
standard. The UV—vis spectra were recorded on Thermo
Scientific Evolution TM 201/220 in the range of 300—800 nm.
FTIR spectra were using a Bruker Tensor 27 FTIR
spectrometer in the range of 4000—500 cm™".

2.2. Synthesis of 1 ((1E,2E)-1,2-Bis((1H-pyrrol-2-yl)-
methylene)hydrazine). Pyrrole-2-carbaldehyde (1.00 g, 10.5
mmol), hydrazine hydrate (0.30 g, 6.0 mmol), and 30 mL of
ethanol were mixed. Catalytic amount of acetic acid was added
into the mixture (Scheme 1). The resulting mixture gradually

Scheme 1. Synthesis of Compound 1
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turned yellow in a few minutes and some yellow precipitate
started to appear. The reaction was monitored using a TLC
technique and was completed in 1 h. The solid was filtered,
washed with 10 mL diethyl ether twice, and air-dried. The
compound was flash-crystalized and washed again to get 0.72 g
of fine yellow crystal (yield 64%).

2.3. Colorimetric Response Study. All spectroscopic
studies were conducted using ethanolic solutions. The sensing
ability of compound 1 was investigated using Cu**, Ba>*, Co*",
K*, Na*, Mn*, Ni**, Zn**, Cr**, Ag®, Ca**, Mg™*, AI**, NH,",
OH~, NO;~, NO, , $O,*~, CIT, PO,*", and CH,COO".
Compound 1 and all metal salts were dissolved in ethanol, and
the concentration was adjusted to 0.013 mM. The mixture of 1
and each ion was shaken, and the corresponding spectral
changes were monitored using a UV—vis spectrometer.

UV—vis spectrophotometric titration upon the addition of
Cu(CO,CHj,),-H,0 solution was conducted directly in a 2 mL
quartz cuvette by successive addition of corresponding ion
solution using a microliter pipette. The solution was well
mixed after each aliquot addition, and the spectrum was
recorded. All experiments were carried out at room temper-
ature.

2.4. Stoichiometric Study. The Job’s plot method was
employed to determine the stoichiometric ratio of the
coordination between 1 and Cu®* ion. The stock solution of
equimolar (27 M) of both 1 and Cu®" was mixed at different

H
N (0]

s,

volume ratios with a total mixed volume of 1 mL. The
absorbance of various 1—Cu mixture at 438 nm was recorded,
and the plot between the absorbance and mole ratio of 1 (y,)
was made. Each y; can be calculated from eq 1."”

mole 1
mole 1 + mole Cu®" (1)

/Yl:

2.5. Detection Limit and Binding Constant Determi-
nation. The detection limit of 1 toward the Cu?** sensing was
calculated by monitoring the change in the absorbance
titration method using various concentrations of Cu®* ions at
438 nm. The detection limit can be calculated using eq 2

4. 3SD
detection limit = ——
m ()

where SD is the standard deviation of the blank measurement
and m is the slope of the plot of the absorbance versus Cu**
concentration.

The binding constant (K,) was calculated according to the
Benesi—Hildebrand plot using eq 3

1 1 1
2+ +
A—-4, K(A A)ICu®™] A, — A, 3)

max

where A, is the absorption of 1 in the absence of Cu**, A is the
absorbance of the mixture of 1 and Cu®
concentrations, A,
presence of highest [Cu?*], and K, is the binding constant in
the unit of M™". The K, can be calculated from the slope of a
straight line plot of 1/(A — Ap) and 1/[Cu*'].

2.6. Computational Study. To estimate the conforma-
tional nature of the dyes 1 and Cu®* in ethanolic solution, we
conducted the in silico study to confirm the propose bonding
mode of 1—Cu. The molecular geometry of 1—Cu was
optimized using Avogadro 1.2.0 software.”” And the molecular
mechanics energy was calculated using universal force field
(UFF).

2.7. Custom-Built Colorimeter. The low-cost colorimeter
was assembled using a light-dependent resistor (LDR) as a
light detector. When exposed to light, the LDR sensor’s
electrical resistance decreases.”' The aim of making this device
is to see whether the linear relationship between the resistances
in ohm (Q) derived from the LDR and the concentration of
Cu®* could be obtained. The idea of the colorimeter is based
on the Beer—Lambert law, in which the solution with pale
color would give a high intense light (I) compared with the
initial input light (I,, see Figure 2). The higher light intensity
would result in a lower current resistance due to a large
amount of current that can flow through the LDR.**™**

at various
is the absorbance of the mixture in the
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Figure 2. Schematic diagram and the homemade colorimeter.

3. RESULTS AND DISCUSSION

The simple one-pot synthesis enables us to generate a high
purity product with a reasonable yield. Our 'H NMR data
(Figure S1) is consistent with the reported compound.' 6y
400 MHz in CDCl; (multiplicity, assign.): 6.99 (m, 2H),
6.18—6.20 (m, 2H), 6.61 (m, 2H), 8.39 (s, 2H), 11.58 (bs,
2H).

3.1. Spectroscopic Studies of Metal Sensing. An
ethanolic solution (0.54 mM) of 1 and different cations and
anions (Cu**, Ba**, Co*", K*, Na*, Mn**, Ni**, Zn*", Cr*", Ag",

Ca’, Mg*, AP**, NH,", OH", NO;~, NO, , SO,*, CI,
PO,*", CH;COO™) were mixed in glass vials. We found that
when we added Cu®" solution, the color of 1 rapidly changed
to a vivid orange that could be seen with the naked eye, but the
other mixture exhibited no color change (Figures 3 and S3).
The results showed that compound 1 could be used as a naked
eye colorimetric sensor with high Cu®" selectivity. With the
progressive increase in absorbance at 438 nm, the spectral data
verifies the naked eye observation (Figure 4). At roughly 405
nm, the isosbestic point was observed (Figure 5). Our findings
are consistent with earlier research.”> The absorption band in
the UV region (357 nm, € = 4.14 X 10* M™! cm™") was caused
by the 7 — 7* transition,”® while the one emerging upon metal
binding in the visible region (438 nm) was attributed to the
charge-transfer transition.”” The observation of a single
isosbestic point implies that the binding between 1 and Cu**
produced only a single absorbing complex.”®

To find the limit of detection (LOD) of 1, the titration
experiment was established (Figure Sa and the detailed
calculation in the SI). The LOD was evaluated and calculated
to be as low as 0.64 uM Cu** on the basis of 3SD m™',*” where
SD is the standard deviation of blank measurement and m is
the slope of the plot between the absorbance at 438 nm (A,3;)
and Cu?* concentration. This LOD result was much lower than
the WHO’s (~30 uM or 2 ppm) and US EPA’s (~20 uM or
1.3 ppm) maximum allowable amount of Cu®" in drinking
water, 1111229

Job’s plot analysis was used to further investigate the binding
mode of 1 with Cu?*. When the molar fraction was 0.5, the
vertical coordinate value was at its highest absorbance (Figure
6), suggesting that the binding stoichiometry between 1 and
Cu** was 1:1. The association constant (K,) could be
determined from the Benesi—Hildebrand plot™~*° of 1/(A
— A,) against 1/[Cu®*] (Figure 7) and is found to be 1.49 X
10* ML

The LOD and binding constant of a selected hydrazone-
based Cu®* probe are compared in Table 1. The LOD range is
in #M, and the K, range is from 10> to larger. Our ligand, like
other reported compounds, had a low LOD and a high K,. The
majority of ligands in the literature contain substituted benzene
rings, with a few compounds containing heterocyclic
components like pyridine, pyran, and imidazole. Fluorophores

1 cu2+ Ba2+ C°2+ K*

~——

Na* Mn?* Ni®* Zn?* Cr?* Ag* Ca? Mg?* AP* NH,*

1 OH NO, NO, SO2 CI PO, CH,CO0-

Figure 3. Ethanolic solution (0.54 mM) of 1 and its mixtures with various ions (1:1 v/v). The color changes were observed for only certain metal

(Cu?").
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Figure 4. (a) UV—vis spectra of 1 and 1 + Cu®* in ethanol (0.013 mM) and (b) its equimolar mixture of various cations.
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Figure 6. Job’s plot showing 1:1 complexation of 1 and Cu?*.

including fluorescein, coumarin, pyrene, and naphthalimide are
also added to the structure to improve the fluorescence
property of the designed compounds. The complex of 1 and
Lewis acid (the cations) is expected to be more rigid and more
closely resemble the BODIPY chromophore, resulting in
intense photophysical changes. However, the discussion of the
binding mode reveals that the 1—Cu complex did not behave
in the same way as BODIPY or BOPHY. Moreover, we have
not seen any reports that incorporate the homemade
colorimeter with the hydrazone probe in the study. However,

44451

10 =
y =9.77381x10-5x + 1.45558
R2=0.99477

8 /
<
< .

4

|
24
(IJ 20600 40600 60600 80600
1/[Cu™]

Figure 7. Benesi—Hildebrand plot (438 nm) from UV/vis titration
data of 1 (0.1603 mM) with Cu** at various concentrations.

using color data (red—green—blue (RGB) input) derived from
the solution color change in a smartphone application is
found,’*™** and it is also a fairly common application for other
types of chemosensors.

FTIR analysis of 1 showed the absorption bands
corresponding to N—H, C=N, and C—N at 3456, 1644,
and 1205 cm™}, respectively (Figure 8). For 1—Cu, the C=N
imine band shifted to the lower wavenumber indicating the
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Table 1. Some Reported Properties of Hydrazone-Based Cu®* Chemosensors

. Limit of Binding
Probe E;ﬁg:fn detection constant Reference
(LOD) (Ka, M)
=
/
ot
Y
o N Fluorometric ~ 021uM  1.8x10° o
OH
e
/
N.N Fluorometric 0.108 uM N/A 32
4
OCgH13
HO
O
H
AN \N/NYQ
JOOAR: Fluorometric ~ 0.1uM  N/A 33
N 0o
J
SNt Fluorometric ~ 0.439uM  N/A 34
~, CN
Y
OH
O N._O
OO ( Fluorometric 0.039 uM 5.55x10* 35
0O N
o
99 HS)D Fluorometric ~ 0.0686 uM  6.579x10* 36
Ny
T
NO,
o . .
Colorimetric 0.20 uM N/A 37
\O/Q\/N\N)ko
OH H
OCHj;3 OCH3
Jonancl
,\} ,\} Colorimetric 1.871 yM 3.30x10"° 38
NO, "f N| NO,
O OHHO
< N O Fluorometric 0.9 uM 1.03x102 39
SARAS
[e) 7
N AN I
Z "N N . .
O O H Colorimetric 0.0825 uM  5.72x108 40
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Table 1. continued

. Limit of Binding
Probe 2::?:‘?:10" detection constant Reference
(LOD) (Ka, M)
Fluorometric 0.251 yM N/A 41
Colorimetric 28.4 uM 1.87x10* 42
AN \NfNJijv’:_‘\/N Colorimetric 0.080 pM  N/A 43
N_J ci
OH
KL o
N ‘ HO ™ Fluorometric 1514 M 1.26x10° 44
N o
o NS
O H o
r B
N SIS N Colorimetric 0.64 uM 1.49x10*  This work
\ H
1.5 nm of 1—Cu. The results in Figure 9 show that the presence of
1 other ions had no effect on compound 1’s sensory behavior.
1.2+ 1644 0 8
= C=N 1205 .
3 3456 ———\ <A 1-Cu g1 cut
~ N-H ~—— 7 M\ 171- + .
8 0.9 1 \‘ // \ / /\/ \ // [ 1+Cu2 + Metal
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Figure 8. FTIR of 1 (top line) and 1—Cu (bottom line).
0.0 L1
NET LT E et 3er OOVERS Eud
R4 1 > %%OOOVQ ovo
binding mode of Cu—N imine. The C—N band also shifted ,}?Q;o SCTISIAH ov TP TTOT T 5 Doy
significantly due to the similar reason of the involvement of N- ~ Rl

pyrrole and Cu** complexation. The N—H stretching was also
reduced in energy. The total loss of the N—H band, on the
other hand, was not seen. This finding might be explained by a
partial Cu** complexation.

Because an excess of Cu®* was added to ensure complete 1—
Cu formation, the presence of the N—H band in the 1-Cu
spectrum could be due to complex ion equilibria. And the band
at 500—600 cm ™" observed in 1—Cu confirmed the presence of
Cu—N in the complex.**®

Compound 1 did not absorb in the visible region, but when
Cu®* was added, an absorption band at 438 nm appeared.
Furthermore, the addition of the interferences, which are Ba*',
C02+, K+, Na*, Mn“, Ni2+, Zn“, CI'2+, Ag+; Caz+’ Mg2+; A13+,
NH,*, OH™, NO;~, NO,™, $SO,*7, CI7, PO,*~, and CH,COO7,
did not cause any significant changes in the absorbance at 438

Figure 9. Selectivity and anti-interference effect of 1 for Cu*".

3.2. Computational Study. The previous work from Yang
reported the Cu complex of 1, which revealed a five-membered
chelate ring containing Cu atoms in its crystal structure.”®
However, the BF,-1 complex adopted the six-membered-ring
chelate formation'* and the prediction of 1 binding modes
with several metal ions are diverse.*”

Our computational study model adopted the single crystal
structure of 1—Cu from Yang’s report. The possible most
stable form of the complex was generated from the
Crystallographic Information File (CIF). The slightly twisted
pyrroles away from the plane were suggested by the optimized
molecular geometry of 1—Cu (Figure 10) with the molecular
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Top view provide a more portable and cheap way to analyze the amount
of Cu®" in solution. With the feature of LDR, we can acquire
the Cu** concentration with a custom-built colorimeter, which
P provided a linear relationship between the molar concentration
of added Cu** and the resistance readouts (k€2, Figure 12).
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Figure 10. Predicted binding mode and molecular energy of 1-Cu x
based on the previously reported crystal structure (Yang’s work).>®
40
energy of ~700 kJ/mol. The smaller optimization energy,
especially the negative values, implies the better thermody- , , , —

namic stability of the complex. The optimization energy in the
range of a few tens to hundreds of k] mol™ is observed in
some synthesized copper complexes bearing small organic
ligands."*~°

3.3. Test Strip. To verify the possibility of practical use of 1
as a simple sensor, the paper-based test strips were made and
used to detect Cu*". Compound 1 (50 mg) was dissolved in 20
mL dichloromethane. The solution was then stirred as a piece
of filter paper cut into 1 X 2 cm* was added. Subsequently, the
soaked paper was air-dried. The dry test strip was evaluated for
Cu?" detection ability. When the aqueous Cu?* solution (0.54
mM) came into contact with the paper, the color changed
almost quickly from pale yellow to orange (Figure 11a). The
same change was observed when the medium ethanolic Cu®*
was applied to the testing paper (Figure 11b).

1+Cu?
(water)

1+Cu®
(ethanol) control

(@) (b) (©
Figure 11. Paper test strip color upon chemosensory testing. The

strip before testing appeared yellow (c). (a, b) Paper after applying
the aqueous Cu®* and ethanolic Cu** solution (0.54 mM).

A polymer-based solid matrix was also used to make a
composite with compound 1. Compound 1 (50 mg) was
dissolved in 20 mL dichloromethane; then, 300 mg of
polylactic acid (PLA) pellet was added into the solution with
the aid of stirring. Subsequently, the PLA-1 composite film was
obtained by casting the suspension onto a clean glass slide,
evaporating organic solvents, air-drying, and peeling from the
glass surface. The Cu®" sensing was performed similar to the
case of the paper strip. However, the color change of the
polymer composite was not observed (Figure S4).

3.4. Custom-Built Colorimeter. Although high-perform-
ance copper quantification techniques are known, the expense
of the instruments, such as the atomic absorption spectropho-
tometer (AAS), is cost prohibitive. Colorimetric chemosensors

: : — :
010 015 020 025 030 035 0.40
[Cu?*], mM

Figure 12. Calibration graph between [Cu’'] presented in the
solution and the resistance from the LDR (kS2).

When additional Cu?" is added, the solution color becomes
more intensely orange, resulting in less transmitted light (I,
Figure 2). The greater the resistance, the less the light intensity
detected at the LDR. For many years, the portable sensing
array, sensitivity, and affordability were the determining factors
in the development of sensing tools for real-time sample
detection.’">* Similar to our work, several studies using LED—
LDR integrated colorimeters show a good linear relationship
between the analyte concentration and electrical sig-
nals.”**7°° These findings might pave the way for the
development of a low-cost test kit that consists of a collection
of synthetic ligands for the detection of various contaminants.

3.5. Ligand Stability. One problem for organic chemo-
sensors is the degradation of the compound and poor
photostability. The colorimetric signal often diminished over
a short period of time due to the unstable complex formation
between the analyte and the ligand. We investigate 1—Cu
photostability by monitoring the intensity of the signal peak at
438 nm for ten days (Figure 13). At a low concentration (0.06
mM of 1 and Cu®"), the reduction in A3 at around 50% was
observed (Table S4). The higher concentration of 1 (0.27
mM) resulted in a greater reduction in A,35 at >70%, and small
brown precipitates, presumed to be the 1—Cu complex, were
observed in the final few days before the experiment was
completed. The results indicate that a more diluted solution of
1 would provide better stability for an application.

4. CONCLUSIONS

Compound 1 was successfully synthesized and tested for a
chemosensor property. The distinct color changes upon a
selective binding with Cu®* ions along with the new absorption
band in the visible region were observed. The binding ratio of
1 and Cu?* is 1:1 with the LOD of 0.64 uM (0.040 ppm). The
computational study suggested the possible flat complex of 1—
Cu with a mono-six-membered-ring formation with the copper
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atom. The custom-built colorimeter was assembled and used
with the compound to successfully establish the linear
relationship between the [Cu®*] and the resistance from the
LDR (kQ). The portable sensing device may be created to
monitor the [Cu®*] via the color change of the ligand using
this provided concept.
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