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Abstract 

It is of great meaning to develop a facile, reliable and sensitive method to detect copper ions in water. In the study, a facile method has been 

developed for rapid and sensitive detection of Cu2+. An interesting phenomenon has been observed that 3,3',5,5'-tetramethylbenzidine (TMB) 

ethanol solution can be extremely fast passed from colorless to yellow once Cu2+ ions are added. It easily occurs to us that Cu2+ can be 

quantitatively determined via the absorbance at 904 nm of the color changed TMB solution. More importantly, some specific anions (Cl-, Br-) 

can significantly enhance the absorption intensity. Under the optimized experimental conditions, this method exhibits a good linear response 

range for Cu2+ from 0.5 to 100 μM, with the detection limit of 93 nM. Moreover, the possible detection principle has been explored. It is worth 

mentioning that the color change can be clearly observed by naked eyes for the detection of 1 μM Cu2+, which is far below the threshold limit 

of Cu2+ in drinking water suggested by World Health Organization. It means that this method possess great promise for on-site Cu2+ detection. 

Keywords: Colorimetric detection; Copper ions detection; Anions enhanced; ultra-rapid detection 

1. Introduction  

As an essential trace element of human body, Cu2+ possess 

some positive effects, such as participating in the formation of 

various enzymes, cell metabolism and various biochemical 

processes [1,2]. But, excessive Cu2+ cause negative effects on 

human health and environment, especially the amplification effect 

of the biological chain, which can be enriched multiple times and 

eventually enter the human body [3,4], and caused irreversible 

gene mutations, oxidative stress and serious damage to the central 

nervous system [5-7], such as notorious Alzheimer's disease, 

Parkinson's disease and Prion disease.[8-10] Thus, the detection of 

Cu2+ is of great significance not only for healthcare issue but also 

for environment monitoring [11,12]. The World Health 

Organization (WHO) suggested that the Cu2+ content of drinking 

water should be less than 31.5 μM [13]. 

In past researches, amount of traditional methods has been 

developed to determine metal ions, include atomic absorption 

spectroscopy,[14] inductively coupled plasma spectroscopy,[15] 

and inductively coupled plasma mass spectrometry,[16] etc. these 

methods provide satisfactory results for the detection of metal ions, 

but the significant limitation in practical applications is expensive 

instruments, complicated operations, time-consuming inspections, 

etc. However, in practical applications, especially rapid in-site 

detection of metal ions, there is an urgent need to develop a rapid, 

reliable, low-cost and simple determination methods, such as 

electrochemical methods and optical sensing methods. Compared 

with mature electrochemical methods, optical sensing has attracted 

much attention due to its inherent advantages and larger research 

space. [17] It is especially suitable for in-situ analysis of metal 

ions.[18-20] Among of them, colorimetric sensors are more 

popular than fluorescent sensors.[21] 

Recently, many colorimetric methods have been reported, and 

most of them exhibited excellent performance for Cu2+ detection.  

Recently, many colorimetric methods have been reported, 

and most of them exhibited excellent performance for Cu2+ 

detection. In 2020, Lan Wang et al synthesized a salamo-like 

chemical probe HL and the sensitive detection of Cu2+ ions was 

successfully realized.[22] At the same year, Willsingh Anbu Durai 

and Andy Ramu reported a colorimetric method that hydrazone 

based dual-responsive ratiometric/colorimetric chemosensor for 

highly selective and sensitive detection of Cu2+ ions in dimethyl 

sulfoxide (DMSO) solvent, the detection limits are found to be 5.8 

μM.[23] In a word, colorimetric detection of Cu2+ usually leads to 

the change of probe absorbance directly or indirectly through 

coordination. Therefore, it is of great significance to develop 

signal molecules that can strongly coordinate with Cu2+ and cause 

strong changes in absorbance or other properties (such as enzyme 

activity) of the detection system. 

3,3',5,5'-tetramethylbenzidine (TMB) as a chromogenic 

substrate has been widely used in the colorimetric analysis,[24-28] 

but it is rarely used for direct detection of metal ions in the absence 

of H2O2. In this study, we found that Cu2+ can coordinate with 

TMB in ethanol within seconds and results stable color and 



absorbance change (Scheme 1). Especially, it was discovered for 

the first time that specific anions have an enhanced effect on absorbance, 

and rigorously studied its mechanism. Which can provide inspiration 

for the development of other metal ion detection methods and at the 

same time can also applied in enzyme linked immunosorbent assay 

based on TMB to improve its color reaction stability and shorten 

detection time.[29,30]  

2. Experimental sections 

2.1. Materials and apparatus 

CuCl2, CuBr2, Cu(NO3)2, CuSO4, Fe(NO3)3, FeCl2, Cd(NO3)2, 

Cr(NO3)2, Ca(NO3)2, AgNO3, CoCl2, NaF, NaCl, KBr, NaNO3, Na2SO4, 

ethanol (EtOH), dimethyl sulfoxide (DMSO), 3,3',5,5'-

tetramethylbenzidine and acetonitrile (CH3CN) were analytical grade 

and were purchased from Aladdin. CuCl, NiCl2·6H2O and hexavalent 

chromium ion standard solution were purchased from Chengdu 

Shuoboyanchuang Sience and Techonolegy Co., LTD. 

The UV-Vis absorbance spectra were recorded using a Spark-Tcean 

multimode microplate reader, and the FT-IR spectra were obtained by a 

PerkinElmer Lambda 950 spectrometer. The X-ray photoelectron 

spectroscopy (XPS) analysis was performed by a ThermoFisher Thermo 

Scientific K-Alpha+ spectrometer. The 1H NMR data were collected by 

an Avance III 400 MHz Digital NMR spectrometer. 

2.2 Detection of Cu2+ 

Some certain of KBr was dissolved in 1mL of sample solution (pH 

=7) amount at room temperature. Thereafter, 20 μL of this aqueous 
solution was added into 96-well microplate, followed by the addition of 

180 μL deoxygenated TMB ethanol solution with mild vibration, and 

the UV/Vis spectra were recorded by microplate reader immediately.  

In order to get the best detection performance towards of Cu2+, some 

specific factors have been optimized, which include solvents, solvent 

concentration, TMB concentration, pH and detection time. 

3. Results and discussion 

3.1. Detection conditions optimization 

As observed, Cu2+ in ethanol solution can be easily coordinated 

with TMB and then result a yellow solution with three obvious 

absorption peaks in the range of 350-1000 nm, of which the absorption 

intensity at 904 nm is the largest. As a result, the absorption intensity at 

904 nm was used for the ongoing study (Figure 1A). 

In order to achieve the ideal detection performance towards Cu2+, some 

factors have been optimized. Solvent is an important factor which can 

affect the coordination of metal ions and ligands.[31,32] The absorption 

intensity of 100 μM Cu2+
 detected in various solvents were assayed and 

shown in Figure 1B. It is clear to see that Cu2+ have more strong 

coordination with TMB in ethanol and acetonitrile. Considering the 

safety and easy-using, ethanol was chosen as the solvent for Cu2+ 

detection. Also, the influence of solvent concentration on the detection 

of Cu2+ was investigated. Figure 1C shows the absorbance at 904 nm 

for the detection of 100 μM Cu2+ in TMB solution with different volume 

fraction () of EtOH. The increase of volume fraction caused a rapid 

raise of absorbance. The possible reason is that the coordination ability 

of TMB has been reduced by the conjugated structure of the benzene 

ring and amino group of TMB. The coordination of TMB and Cu2+ will 

be competed by H2O molecular and decrease with the increase of water 

content. Obviously, when water content increase above 10%, the 

absorbance will decrease sharply. Therefore, ethanol volume fraction 

was optimized as 90%.  

The effect of TMB concentration has been evaluated via measuring 

the absorbance values at 904 nm which were produced by the 

coordination of Cu2+ and TMB under different TMB concentrations. As 

shown in Figure 2A, the absorbance will raise following the increase of 

TMB concentration and reach maximum value at 2 mg/mL. Hence, 2 

mg/mL TMB ethanol solution was used as the optimized concentration. 

In addition, as revealed in Figure 2B, when the pH is within 4-8, the 

absorbance remain at high value without obvious change, which 

demonstrated that the method is applicable over a wide pH range. But 

when the pH<4 or pH>8, the absorbance values decrease rapidly. The 

reason is that when the solution is under acidic conditions, the 

complexation of Cu2+ with amino groups is subject to H+ competition, 

while at higher pH (pH>8), OH- will react with copper ions to form 

Cu(OH)2. For convenient use, pH=7 was selected for Cu2+ detection. 

The time-dependent absorption of Cu2+ and TMB coordination was 

studied. As shown in Figure 2C, the absorbance can reach a maximum 

value in an extremely short time just within seconds and remain stable 

for a relative long time. This result demonstrated that the present 

method has faster performance than many other reported Cu2+ optical 

chemsensors.[33-35]  

 

Scheme 1 The process and mechanism of Cu2+ detection. 

  

Figure 1 A) UV absorption spectrum of the coordination of 

Cu2+ with TMB; B) Effect of solvents on absorbance intensity 

[Cu2+=100 µM]; C) Relationship between volume fraction and 

absorbance, [Cu2+] =100 μM. 



3.2 Effect of anions on the detection of Cu2+ 

In some previous studies, the presence of anions will affect 

the detection of metal ions.[36,37] In order to assess the effect of 

anions on Cu2+ detection, the absorbance of various Cu2+ salts 

complexation with TMB at the same concentration were measured. 

As presented in Figure 3A, after complexation, the absorbance of 

detection solutions using CuBr2 or CuCl2 is much higher than that 

of CuSO4 or Cu(NO3)2. Then, to further explore the influence of 

anion concentration on the detection of Cu2+, various anions with 

different concentration have been added into the detection system 

and the corresponding absorbance were measured. The effects of 

different anions on Cu2+ detection in ethanol can be revealed by 

Figure 3B. Obviously, only Br- and Cl- can greatly increase the 

absorption intensity of the detection solution. And Br - has more 

enhancement effect than Cl-. In the range of 0-20 mM, the 

absorbance increases rapidly and reaches the maximum value at 8 

mM of Br-. It is happy to see that Br- can be applied to detect 

various Cu2+ salts. With the enhancement effect of Br-, the 

absorbance of detection system for detecting various copper salts 

with same concentration can reach almost the same level after 

adding sufficient bromide ions (Figure 3C). In a word, the 

addition of Br- has two positive effects: (1) it can improve the 

detection sensitivity of Cu2+; (2) it can eliminate the influence of 

other anions on the detection of Cu2+.  

3.3. Analytical Performances for Cu2+ 

To evaluate the performance of the proposed strategy for 

the qualitative detection of Cu2+, under the optimized experiment 

conditions, the absorbance of TMB complexed with various 

concentrations Cu2+ were recorded (Figure 4A). Three absorption 

peaks can be observed at 460nm, 804nm and 904nm, respectively. 

Moreover, the absorbance at the three observed peaks all have a 

good linear relationship with the concentration of Cu2+ in the range 

of 0.5-100 μM (Figure 4B). Among them, the absorbance values 

at 904 nm is must more sensitive for Cu2+ detection, and the 

corresponding linear calibration curve was determined to be 

Y=0.0174X+0.0689 (R2=0.9992) with the limit of detection of 93 

nM (S/N=3). Besides, the color changes of various Cu2+ 

concentration solutions were recorded by a digital camera. As 

shown in Figure 4C, the color of testing solution were turned from 

colorless to kelly with the increase of Cu2+ concentration from 0 

to 100 µM. Surprisingly, an obvious pale-yellow testing solution 

can also be observed by naked eyes even the Cu2+ ions 

concentration is as low as 1 µM, which is far below WHO issued 

limit level of Cu2+ content of drinking water. It means that our 

developed method can be used for facile on-site testing of Cu2+. 

3.4. Selectivity evaluation of this method 

In order to further evaluate the selectivity of this method for 

Cu2+ detection, the absorption intensity of various metal ions with 

TMB was assayed and shown in Figure 5, all this metal ions 

including Cu2+, Cu+, Fe3+, Fe2+, Cd2+, Cr3+, Ag+, Ca2+, Co2+, Bi3+, 

K+, Na+, Mn2+, W4+, Sn4+, Mg2+, Ni2+ and Cr6+, the absorption 

intensity change was only observed in Cu2+ solution, determined 

that this method possess excellent selectivity for Cu2+ detection. 

 

Figure 2 A) Effect of TMB concentration on absorbance values, 

[Cu2+] =100 μM; B) Effect of pH on the detection of Cu2+ 

[Cu2+]=100 µM; C) Time-dependent absorbance of Cu2+ and 

TMB ethanol solution [Cu2+]=5 µM. All these absorbance were 

recorded at 904 nm. 

    

 

Figure 3 A) Absorbance of Cu2+ compounds in EtOH ([Cu2+]= 

100 μM); B) Effect of anions concentrations on the detection of 

Cu2+ in EtOH ([Cu2+]=100 μM);C) Absorbance of Cu2+ 

compounds in the presence of Br- ([Cu2+]=100 μM; [Br-]=8 mM). 

 

Figure 4 A) Absorbance spectra at various Cu2+ concentrations; B) 

Linear plot of absorbance value towards Cu2+ concentrations; C) 

The color change photographs of various Cu2+ concentration 

solutions. From the left to right: the concentration of Cu2+ ions are 

0, 1, 5, 10, 50, 100 µM. 

 

 

 

 

 

 

 

Figure 5 Color and absorbance changes of testing solution with 

equivalent various metal ions mixed with TMB. [Mn+]=100 μM; 

[Br-]=8 mM, All these absorption intensities were recorded at 904 

nm. 



3.5. Real samples detection 

A standard addition method was adopted to detect the 

concentration of Cu2+ in the tap water samples, which was used to 

evaluate the feasibility of this method for practical application.[38] 

As presented in Table 1, the recovery range from 97.04 to 128 %, 

and the relative standard deviations range from 1.7 to 3.1 %. 

Beyond that, the Cu2+ concentration of the lake water in our 

campus has been detected as 0.96 M by this developed method, 

which is comparable with the result of 1.04 M determined by the 

standard ICP-MS method. These results validate the feasibility of 

this method for Cu2+ detection in real water samples. 

4. Exploration of Cu2+ detection Mechanism 

As reports, the oxidation potential of TMB is 1.13 V,[39] 

which is higher than standard reduction potential of Cu2+ (0.34 

V).[40] Regarding on the mechanism of this method, we 

hypothesized that it may come from the coordination of copper 

ions with TMB, while not from the oxidation of copper ions with 

TMB. Inspired by the theory of coordination and the experimental 

results, we propose the following mechanism (Scheme 2). 

According to the ligand-field splitting parameter and Jahn-Teller 

effects,[41,42], in ethanol solution, The coordination ability of 

amino group of TMB with Cu2+ is higher than that of hydroxyl 

group of ethanol. Therefore, Cu2+ is preferentially coordinated 

with TMB. Moreover, two halide ions and four amino groups form 

a “elongated” octahedron. Among them, the two halide ions are 

used to simultaneously satisfy the main valence and the vice 

valence of Cu2+. 

According to the ionic polarization theory, there is no 

absolute ionic bonds and it always contains a covalent bond 

component.[43] The total polarization of Cu2+ compounds 

depends on the mutual polarization of Cu2+ and anions. F- has the 

strongest electronegativity and smallest ionic radius. Then it is 

easy to polarize Cu2+ but not easy to be polarized. When extra F- 

were added, Cu2+ will be further polarized under the influence of 

additional F-, increased the covalent components of ionic bond. 

Thus, it is difficult to ionize Cu2+ to participate in coordination. 

Compared with F-, Cl- and Br- have a larger radius and lower 

electronegativity, which make Cu2+ difficult to be polarized. But 

when supernumerary Cl- or Br- were added, the average 

polarization of Cu2+ to every anion was reduced, and the total 

polarization was decreased. It causes the ionic bond component 

increases, and more Cu2+ was ionized to coordinate with TMB. It 

is worth mentioning that the excessive anions ([Cl-], [Br-]>8 mM) 

will decrease the absorbance instead (Figure 3B). The reason is 

that the space around Cu2+ is limited, and then too much Cl- or Br- 

will hinder the coordination of TMB with Cu2+ (Br- have a larger 

ion radius, so the absorbance will decrease more obviously). In 

ethanol, nitrate and sulfuric acid are not suitable for forming the 

Jahn-Teller distortion due to their electron-deficient structure and 

steric hindrance, especially the sulfate ion. The sulfate ion not only 

has a large steric hindrance, but also can be used as a bridge to 

bridge two Cu2+(Scheme 3).  

In order to prove the mechanism, we characterized the 

coordination product. Figure S1 A shows the Cu XPS spectra. The 

Binding Energy of Cu 2p3/2 and Cu 2p1/2 states were noticed at 

934.65 eV and 955.3 eV, respectively, indicate +2 oxidation state 

for copper.[44-46] The XPS of Copper was proved that the change 

in absorbance value is not due to the oxidation of metal ions to 

TMB. Furthermore, the C1s HR-XPS spectrum exhibits three 

peaks at 284.5, 285.7 and 287.37 eV, which are attributed to C–
C/C=C, C–N (sp2) and C–N (sp3) of TMB, respectively (Figure 

S1 B). The binding energy for N1s can be deconvoluted to three 

components: 399.45, 400.70.8, and 402.05 eV, which are assigned 

to: -NH2, -N-Cu2+ and N-benzene, respectively in Figure S1 

C.[47-49] 

As shown in Figure S1 D, the red line is the infrared spectrum 

of TMB, the black lines is the infrared spectra of Cu2+ and TMB 

complex. The two absorption peaks of TMB 3200-3400 cm-1 are 

attributed to the stretching vibration of NH. 3000-3100 cm-1 is the 

stretching vibration of hydrocarbon on benzene ring, 2900-3000 

cm-1 is the stretching vibration of C-H of methyl group. 

Broadening of N-H absorption peak due to coordination of metal 

ion with TMB amino group. 
1H-NMR analysis confirmed the structure of the complex. As 

shown in Figure S2 A, TMB shows a sharp singlet at 6.98 ppm 

due to four hydrogen atoms on the benzene ring, a single broad 

peak at 4.42 ppm is designated as a hydrogen atom at -NH2, and a 

single peak at 2.09 ppm is designated is -CH3 on the benzene ring. 

Compared with TMB, there are several multiple peaks between 7-

7.5 and 2-3, which are assigned to H that on the benzene ring and 

methyl group. The reason for the peak splitting may be the 

different coordination states of TMB and Cu ions; The broad peak 

at 3.40 may be formed by the coincidence of the solvent water peak 

with the hydrogen spectrum of -NH2, the reason for the shift of the 

-NH2 chemical shift to a low field is due to the disappearance of 

the p-π conjugate (Figure S2 B). In addition, the lone pair of 

electrons of the TMB amino group forms a p-π conjugate with the 
benzene ring, but when the amino group is coordinated with Cu2+, 

this conjugate is broken and the electron cloud density on the 

benzene ring is reduced, resulting in the chemical shift δ of H on 
the benzene ring and methyl group increases.  

In addition, pure oxTMB is difficult to obtain. The 1H-NMR 

data of oxidation state TMB obtained by Chemdraw fitting shows 

that the chemical shift of the hydrogen atom of =NH is located at 

9.36, indirectly indicated that there is no oxidation state TMB in 

the complex (Figure S2 C). 

5. Conclusions 

In summary, a simple, ultra-fast, sensitive and selective 

colorimetric method has been developed for the detection of Cu2+ 

 

Scheme 2 The proposed mechanism of Cu2+ coordiated with 

TMB. (X=Br-, Cl-). 

 

Scheme 3 Mechanism of the SO4
2- bridge bonds. 

Table 1 Detection results of Cu2+ in the tap water samples 

Samples Added 

(µM) 

Found 

(µM) 

Recovery 

(%) 

Relative standard 

deviation (%, 

n=6) 

1 1 1.28 128 2.4 

2 5 5.17 103.4 1.7 

3 10 9.91 99.1 2.8 

4 50 48.52 97.04 1.9 

5 100 104.94 104.94 3.1 

 



only based on the simple coordination of TMB and Cu2+. After 

added Cu2+ to the ethanol solution of TMB, the color changes from 

colorless to yellow within extremely short time, which can be used 

to accurately and quantitatively detect Cu2+. In addition, added 

anions (Br- or Cl-) can greatly improve the absorbance help to 

improve the detection sensitivity. Even trace amount of Cu2+ ions 

as low as 1 µM can result obvious color change observed by naked 

eyes. It means that our developed method has great potential for 

facile on-site testing of Cu2+. 
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