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A multi-ion chromogenic sensor based on a terpyridine moiety was developed for the semiquantitative,
visual, and sensitive speciation analysis of Fe’" and Co®" ions in water. Each metal ion exhibited a different
color, and significant color evolution was observed by the naked eye, resulting in semiquantitative visual
detection. A smartphone was used for visual detection by identifying the RGB values of the probe solutions.
The application of smartphones shortened the detection time dramatically and reduced the detection cost.
This method provides a new strategy for the semiquantitative detection of heavy metal ions in water samples.
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Paspaboman  mynemuuonnwiti  XpOMO2SEHHBIL CEHCOP HA OCHOGe MEPRUPUOUHOBO20 ppasmenma
0151 NONYKONUYECIBEHHO20, 6U3YANLHO20 U YYECMEUMENbHO20 anausa cocmasa uonos Fe’ u Co’ 6 sooe.
Kaorcovlit uon memania umeem ceoti yeéem, u HEBOOPYNCEHHbIM 21A30M HAOIIOOACMCS €20 3HAYUMENbHAsS
960MOYUS,, UMO NPUGOOUM K NOLYKOIUYECMEEHHOMY 6U3VATbHOMY OOHapyosicenuto. /i 6U3yaibHO20
0bHapyoicenust pacmeopos 30n0a nymem onpeoeienus snavenuti RGB ucnonvzosean cmapmeon. Iloxazano,
Umo npuUMeHeHUe CMapm@oHO8 pe3Ko CcoKpawjaent epems OOHAPYXICeHUs U CHUMCAem CmouMoCho
npoyedypboi.

Knrouessle cnosa: susyanvnas demexyus, 3navenue RGB, npoussoonoe na ocnose mepnupuouna.

Introduction. Recently, the fast and inexpensive detection of heavy metals in water has become one of
the most popular research domains owing to the rapid urbanization and industrialization, resulting in wide-
spread environmental pollution [1-3]. Researchers have attempted subtle approaches to find selective and
sensitive detection methods for toxic heavy metals [4, 5]. Heavy metal ions pose a serious threat to the envi-
ronment and human health and have a variety of toxicities that can cause serious diseases and even death
[6-9]. Among the various metal ions, Co®" is an essential trace element for all animals [10, 11]. The lack
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of cobalt ions in the body can cause anemia and hypothyroidism, and increase the risk of infant developmen-
tal abnormalities and failure [12, 13]. On the other hand, the inorganic form of cobalt is highly toxic to hu-
mans, and excessive amounts of this metal can cause cobalt poisoning [14].

Iron is also essential for biological functions in the human body, where it exists as ferrous (Fe*") and
ferric (Fe*") ions under physiological conditions [15, 16]. The appropriate concentration of iron ions is es-
sential to health. The excessive accumulation of iron ions has serious consequences, including dysfunction of
the vital organs, cancer, hemochromatosis, and hepatitis [17-19]. Moreover, Fe** is a potential catalyst of the
Fenton reaction, which causes severe cellular damage by generating hydroxyl radicals, which are the most
harmful active oxygen in biological systems [20]. Thus, the development of a sensor for detecting metal ions
is a significant issue in both biological systems and the environment.

Various methods for detecting metal ions have been used, including chromatography, atomic absorption
and emission spectroscopy, and electrochemical methods [21-23]. Unfortunately, most of these methods are
expensive, time-consuming, and show insufficient sensitivity; therefore, it is necessary to design and synthe-
size highly sensitive and selective sensors for detecting heavy metal ions. Chromogenic sensors overcome
these limitations and are very useful for naked-eye monitoring of metal ions, owing to their sensitivity, relia-
bility, and visualization [24-27], for example, Nawaz et al. reported a sensor containing phenanthroline for
the instant naked-eye detection of Fe** ions [28], while Liu et al. reported a fluorescent carbon dot sensor for
the semiquantitative assay of Cu?* by a dose-sensitive color evolution [29], and Zhou et al. prepared a fluo-
rescent test paper with a “from red to cyan” response to the presence and amount of arsenic ions [30]. Thus,
a colorimetric method enables the sensitive, visible, simple, and low-cost detection of various metal ions.

In recent years, after installing the appropriate applications, smartphones have shown powerful func-
tionality and have been used widely in various fields [31, 32]. The semiquantitative detection of metal ions
can be achieved by combining a smartphone with colorimetric methods. Herein, a new multi-ion chromogen-
ic sensor was synthesized by reacting 4'-(4-pyridyl)-2,2":6',2"-terpyridine with 3-bromopropene. The sensor
was designed and used for the effective colorimetric detection of Fe?* and Co®" ions in water, and visual, re-
al-time, and semiquantitative detection was achieved using a smartphone application.

Experimental. Materials and methods. All reagents, metal ions, and solvents were purchased from
Aldrich chemical company. 4'-(4-Pyridyl)-2,2":6’,2"-terpyridine was synthesized using a method reported
elsewhere [14]. Distilled water was used throughout the study, and all chemicals were of analytical grade and
used as received. The nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX 400 MHz
spectrometer using tetramethylsilane as an internal standard. The chemical shifts were reported as & values
(ppm) relative to the residual peak of the solvent. The mass spectra were recorded on a Thermo Fisher-
Exactive Orbitrap mass spectrometer. UV-Vis spectroscopy was conducted on a Jasco V-570 UV/Vis/NIR
spectrophotometer using a 1-cm quartz cell at 25°C. The Apple iPhone 6, using the color picker iOS applica-
tion, was used.

Synthesis of 4'-(N-propenyl-4-pyridinio)-2,2':6",2"-terpyridine bromide (PPY). A mixture of 4'-(4-
pyridyl)-2,2":6',2"-terpyridine (0.16 g, 0.52 mmol) and 3-bromopropene (0.242 g, 2 mmol) was added to ace-
tonitrile (20 mL) under a N, atmosphere, and the solution was stirred under reflux for 24 h. After the mixture
was cooled to room temperature, the resulting precipitate was filtered off and washed with acetonitrile. The
final product was recrystallized from ethanol to obtain a white powder of PPY with a 91% yield.

PPY

'H NMR (400 MHz, DMSO-de, 298 K) & (ppm): 9.19 (d, J = 6.8 Hz, 2H), 8.93 (s, 2H), 8.84-8.78 (m, 4H),
8.72 (d, J = 8.0 Hz, 2H), 8.10 (m, 2H), 7.60 (m, 2H), 6.23 (m, 1H), 5.50 (dd, J = 20.1, 9.7 Hz, 2H), 5.36
(d, J= 6.1 Hz, 2H). 13C NMR (400 MHz, DMSO-de, 298 K) & (ppm):156.82, 154.63, 153.49, 149.90, 145.86,
144.32, 138.23, 132.23, 126.57, 125.53, 122.34, 121.69, 119.26, 62.47. ESI-MS: [C2sH19N4]" 351.1610.
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Results and discussion. The PPY probe was synthesized by reacting 4'-(4-pyridyl)-2,2":6',2"-
terpyridine with 3-bromopropene under reflux in acetonitrile, which gave PPY in 90% yield. The synthe-
sized probe was confirmed by and characterized by 'H and '3C NMR and electrospray ionization (ESI)-mass
spectrometry. The probe with good water solubility prompted this investigation of the metal ion sensing
properties of PPY in water systems.

Visual detection. The selectivity of PPY was determined by examining the naked-eye detectable color
changes of PPY by adding one equivalent of various metal ions in aqueous media. The nitrate salts of Cd*",
Zn**, Hg**, Fe*', Ca*", Co*", Pb*", Cu?', Mg?", Mn?’, and Ni** were used to evaluate its metal-ion-sensing
properties. The probe immediately changed its color from colorless to blue with Fe*" and pink with Co?",
whereas it did not show any color change in the presence of the other metal ions examined. The interaction
of PPY with metal ions was examined by UV-Vis spectroscopy of PPY and its mixtures with various metal
ions in an aqueous solution at room temperature. As shown in Fig. 1, after adding one equivalent of the Fe*
and Co*", a new peak appeared in the absorption spectra of PPY (595 nm for Fe’" and 540 nm for Co*"),
suggesting the formation of PPY-Fe?" and PPY-Co** complexes [31, 32]. However, PPY did not show any
noticeable responses to other metal ions, confirming the high selectivity and immediate response of PPY.

Absorbance
2.0

1.5
PPY-Fe?*

1.0 1 PPY with other

metal ions
PPY

300 400 500 600 700 A, nm

Fig. 1. UV-Vis spectral response of PPY (10 uM) with 1 eqv. of various metal ions.

Absorption spectral response. The sensitivity of PPY toward the metal ions (Fe?" and Co?") was exam-
ined by UV-Vis titration experiments (Fig. 2). As shown in Fig. 2a, the sequential addition of Fe** ions to an
aqueous solution of PPY resulted in an increase of the absorption bands at 327 and the appearance of a new
band at 595 nm, thus indicating the presence of PPY-Fe?*" complexes in the solution. The band appeared at
595 nm because of metal-to-ligand charge transfer (MLCT) upon the formation of the PPY-Fe?" complex
[27]. The limit of detection (LOD) for Fe** was determined to be 6x1077 M, based on 3c/k [32], where o is
the standard deviation of the blank measurement, and £ is the slope of the plot obtained by plotting the ab-
sorption versus the analyte concentration (Fig. 2a, inset). The binding stoichiometry of PPY with Fe?* was
further determined by Job plot analysis [30]. The change in absorbance at 595 nm was plotted as a function
of the mole fraction of PPY under the constant total concentration. A maximum intensity appeared at the
mole fraction of 0.5, which indicated a 1:1 binding mode between PPY and Fe** (Fig. 3a). Based on the titra-
tion measurement, the binding constant (K) of PPY with Fe?* was calculated to be 5.9x10° M! using the
Benesi—Hildebrand equation (Fig. 3b) [31].

The UV-Vis titration of PPY toward Co®" was carried out to understand the binding properties. Upon
the addition of Co**, the UV-Vis absorption peak at 327 nm increased, and a new band appeared at 540 nm
(Fig. 2b). The band at 540 nm was assigned to metal-to-ligand charge transfer (MLCT) upon the formation
of a PPY-Co?" complex. As shown in Fig. 2b (inset), the calculated limit of detection (LOD) of PPY for
Co*" was 8.8x107% M. Job plot analysis revealed 1:1 stoichiometry for PPY and Co** (Fig. 3c). The binding
constant (K) for Co** was determined to be 9.0x10* M ! using the Benesi-Hildebrand equation (Fig. 3d).
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Fig. 2. a) UV-Vis absorption of PPY [50 uM] were recorded after adding Fe*" ([Fe*"] =0, 2.5, 5.0, 7.5, 10.0,
12.5,15.0, 17.5, 20.0, 22.5, 25.0, 27.5, 30.0, 32.5, 35.0, 37.5, and 40.0 pM), the inset shows the changes in
absorbance at 595 nm vs. the Fe** concentration (4 and Ao are the absorbances at 595 nm in the presence and
absence of Fe?', respectively). b) UV-Vis absorption of PPY [50 uM] were recorded after adding Co*"
([Co**]1 =0, 3.75, 7.50, 11.25, 15.00, 18.75, 22.50, 26.25, 30.00, 33.75, 37.50, 41.25, 45.00, 48.75, 52.50,
56.25, and 60.00 pM). The inset shows the changes in absorbance at 540 nm vs. the Co*" concentration
(A and Ay are the absorbances at 540 nm in the presence and absence of Co’, respectively).
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Fig. 3. Job plot for (a) PPY-Fe?" and (c) PPY-Co** complex formation.
BH plot for (b) PPY-Fe*" and (d) PPY Co*" complex.
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Mechanism of binding. The binding mechanism of PPY for the metal ions was confirmed by taking the
mass spectrum of the probe with each metal ion. Fourier transform mass spectrometry (FTMS) of the PPY
probe revealed an intense peak at m/z 351.16, corresponding to the probe moiety (Fig. 4). After adding Fe?",
the probe solution mass was recorded at m/z 234.57, which was assignable to PPY-Br +Fe**+NO;™ [calc.
m/z: 234.54]. In addition, mass analysis also revealed a 1:1 binding stoichiometry between PPY and Fe?**
(Fig. 4a). Similarly, when Co*" ions were added, the mass data of PPY for Co*" revealed an intense peak at
m/z 236.04 that was assigned to PPY—Br +Co?"+NO; ™ [calc, m/z: 236.04]. The stoichiometric ratio between
PPY and Co*" was also 1:1 (Fig. 4b).
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Fig. 4. Fourier transform mass spectra of (a) PPY-Fe** and (b) PPY-Co?".

RGB application. The capabilities of the probe for more accurate sensing were assessed by integrating
the colorimetry chemosensor with a smartphone to examine the relationship between the color change and
the concentrations of the two metal ions [33]. First, metal ion solutions with different concentrations (0—50 uM)
were added, and photographs were taken with a smartphone. The color information (RGB values) of the
probe was obtained using the smartphone application, Color Picker. The red and green channels were select-
ed to calculate the RGB ratio of the red and green channels. The results showed a good linear relationship
between the RGB ratio and the concentration of metal ions (Figs. 5a,b), and the calculated LODs were 0.18 uM
for Fe* and 1.04 uM for Co*", respectively. Therefore, more accurate semiquantitative analysis can be
achieved using a smartphone (Fig. 5¢).

Analytical applications of PPY were performed using two different samples (local lake water and tap
water) using the spike method. The quantitative analysis for each sample was carried out in three measure-
ments. The recovery rates based on the UV-Vis spectral method and the RGB method were 96.53-99.16%
and 96.44-102.73%, respectively (Table 1); hence, the colorimetric probe could detect Fe’" and Co*" effec-
tively and reliably in actual water samples.



438

ABSTRACTS ENGLISH-LANGUAGE ARTICLES

R/G a b
12 = e Tl A e
B A i | Es i) P 1
1.04{ * ot — . "_
S 1.2 .
0.8 1 % e
0.6 | : L. A
R*=10.9912
1 1 R2=0.9927
0.4 ; 1.0 . , ,
0 8 12 16 [Fe*],uM 0 5 10 15 20 25 30[Co*], uM
‘-:?“""‘Q\. ¢
Q) e
M2* =15 uM e
g )
ET/ _< _ ‘F( #:
i /L ",L‘.'f'
_ g — PPY  —{us PPY-M? complex
Y e e

Fig. 5. Plot of PPY solution color change (red channel/green channel) as function of the concentration of
a Fe?* (a) and Co?" (b) (the insets show photographs taken using a smartphone). Schematic drawing for
the detection of metal ions using a smartphone (c). For all data points, n = 3.

TABLE 1. Performance of UV-Vis Spectral Method and RGB Method Towards Analysis of Fe?" and Co**

in Various Environmental Samples Using PPY

Water samples Added, uM UV-Vis spectral method RGB method
Found, yM | Recovery, % Found, yM | Recovery, %
Fe2+

4 3.92 98.05 3.95 98.69
Deionized water 8 7.85 98.16 8.02 100.24
12 11.73 97.74 11.92 99.31

16 15.67 97.93 16.30 101.85

4 3.93 98.15 3.95 98.77
Tap water 8 7.84 97.96 8.08 100.97
12 11.79 98.22 11.64 97.03

16 15.48 96.73 15.96 99.75

4 3.88 97.05 3.91 97.69

Lake water 8 7.90 98.76 7.72 96.55
12 11.74 97.84 12.18 101.46

16 15.44 96.53 15.65 97.83

C02+

5 4.85 97.03 4.92 98.37
Deionized water 10 9.81 98.1 10.09 100.87
15 14.65 97.69 14.70 98.02
20 19.37 96.85 20.29 101.47

5 4.86 97.15 4.88 97.57

Tap water 10 9.89 98.89 9.97 99.65
15 14.87 99.16 15.41 102.73

20 19.53 97.65 19.67 98.36

5 4.85 96.97 4.92 98.34

Lake water 10 9.76 97.64 9.73 97.33
15 14.81 98.72 15.02 100.14

20 19.50 97.51 19.29 96.44
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Conclusions. A highly selective chromogenic sensor with a terpyridine moiety that acts as a chelating
site for metal ions was developed. PPY shows selective color changes from colorless to blue with Fe** and
pink with Co®" in an aqueous solution. The two metal ions were assigned to the terpyridine moiety of the
probe molecule, which was confirmed by Job plot and mass spectrometry. The color RGB value of the probe
solution could be identified using a smartphone application, which provided a simple visual analysis without
the need for other instruments. In addition, the detection method with a smartphone application was applied
to estimate the Fe?” and Co®" concentrations in real-time samples. Therefore, this approach can be applied to
the fast recognition and discrimination of multi-ion analysis simultaneously in qualitative and semiquantita-
tive manners without requiring complex statistical analysis.
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