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Abstract 

We present a new colorimetric chemosensor of formula [Fe(H2btm)2(H2O)2]Cl2 (1) (H2btm = 

di(1H-tetrazol-5-yl)methane), allowing to detect at real time, with a high selectivity and ultra-

sensitivity, 14 different volatile organic compounds (VOCs) and hazardous gases (HGs), in 

particular amines, which are detected very quickly (< 2 min) with very high sensitivity (0.58 

ppm for ammonia (NH3), 0.62 ppm for hydrazine (NH2-NH2), 0.45 ppm for isobutylamine and 

0.71 ppm for diethylamine). The detection is accompanied by significant and fast color changes 

detectable by the naked-eye at ambient conditions. In addition, different VOCs could be 

distinguished by simple and intuitive standard chemometric means using a handful smartphone-

based analytical method, offering a large color panel depending on the detected molecules. The 

crystal lattice of 1 reconstructs after adsorbing VOCs vapors, reconstruction that is 

accompanied by a spin state and a color change. In addition to its high thermal stability (up to 

170 °C), the colorimetric sensor showed excellent reusability by consecutive 7 cycles of 

adsorption–desorption. It operates at ambient conditions, is low cost, environmentally friendly, 

and easy to use, and shows excellent and fast detection performances. Such features offer 

attractive prospects for 1, which could be used for in-field detection and food safety control in 

environmental conditions. 
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1. Introduction 

In recent years, more attention has been focused on the efficient detection of chemical 

pollutants, especially small volatile organic compounds (VOCs) and hazardous gases (HGs).1,2 

This is very challenging because VOCs are relatively volatile at room temperature, even at low 

concentration levels. Generally speaking，it enters the body through normal breathing, and can 

cause serious teratogenic, mutagenic and carcinogenic effects, which can damage human 

organs. 3 In addition, sources of VOCs are various since one can find them in building materials, 

dry cleaning fluid, paints, lacquers, varnishes, copying and printing machines, or produced by 

burning of fuels, to name but a few. 4 As we know, alcohols, one of the highest volatile organic 

solvents, have been reported to be absorbed by the living body through inhalation, ingestion 

and dermal exposure.5 When inhaled, alcohol-vapor molecules completely bypasses our 

digestive system, which would cause irritation and even lung damage, which can lead to long-

term breathing problems and a higher risk of lung infections.6 Needless to say, amines, one of 

the most common VOCs, are highly toxic even at low concentrations. Amines are an irritant to 

eyes, skin and the respiratory tract. Inhalation of vapor-phase amines can oxidize hemoglobin 

which becomes methemoglobin, causing it to lose its oxygen-carrying function, thereby 

damaging both the central nervous and cardiovascular systems.7 Children may be even more 

susceptible to the respiratory effects of amines than adults. On the other hand, accidental leaking 

of different toxic and hazardous industrial chemicals from factories seriously threatens the 

human health, although these incidents rarely happen. For instance, NH3(g) and its derivatives 

are toxic and hazardous, volatile, irritating and corrosive compounds, which can lead to 

bronchiolar and alveolar edema, and airway destruction resulting in respiratory distress or 

failure. 8 Wherefore, from the viewpoint of building a healthy and friendly living environment 

for human beings, the detection of VOCs and HGs is thus very significant. 

Currently, related conventional detection technologies mainly include chromatography 

(such as gas chromatography, high-performance liquid chromatography, and ion 

chromatography), spectroscopy (spectrophotometry), biological detection, etc. 9-11 However, 

the above-mentioned technologies, generally, involve expensive equipment and a complicated 

analysis process, and are unsuitable for in-field or real-time testing. Therefore, it would be 

remarkable to develop a novel sensor technology that would be low cost, environmentally 

friendly, and easy to operate, and that would offer excellent and fast detection performances. 
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Chemosensors based on sensor technology for the selective and sensitive detection of VOCs 

and HGs by oversimplified patterns, are one of the research hotspots in analytical chemistry.12,13 

More importantly, a chemosensor must be able to detect VOCs and HGs, and produce an easily 

measurable response, such as a color change, an electronic signal, a magnetic signal or any 

other macroscopic property.14 Thus, due to their low cost, high sensor response and simple 

operation, optical chemosensors based on functional materials have been much tracked in the 

past few decades. 

Among sensors, porous coordination polymers (PCPs) (or metal-organic frameworks 

(MOFs)) have been suggested because they tend to exhibit high porosity and offer the 

opportunity to explore the interaction between the framework and molecules within the same 

platform.15,16 Another substance class concerns metal oxide semiconductors (MOS) which have 

be shown to be popular for detecting HGs and VOCs. For instance, Liu et al17 prepared SnO2-

based sensors exhibiting high selectivity and sensitivity, fast response rate, reliable reversibility, 

and relevant stability toward ethanol at low concentrations, but operating at high temperatures 

(in the region of 100-250°C). On other grounds, some Fe(II) complexes, have been shown to 

switch their spin states/color, depending on gas vapours or direct solvent contact.18-23 These so-

called Fe(II) spin crossover complexes,24 show limited color sets corresponding to their high-

spin (HS) and low-spin (LS) states, and hardly maintain their color in ambient conditions due 

to the release of guest species at atmospheric pressure.  

Detection and discrimination among a wide range of toxic and hazardous guest vapor 

molecules by a detectable color change remains a current challenge and the topic of substantial 

amounts of recent research. Recently, Garcia et al. reported on a mononuclear Fe(II) neutral 

complex chemically responsive pigment with the ability to differentiate four different TICs and 

methanol/ethanol among other alcohols.25,26 This system is now modified to a unique 

colorimetric chemosensor with the formula [Fe(H2btm)2(H2O)2]Cl2 (1) (H2btm = di(1H-

tetrazol-5-yl)methane), allowing to detect at real time, with a high selectivity and ultra-

sensitivity, VOCs and HGs under ambient conditions, by the naked-eye, which is ground 

breaking. In particular, it rapidly detects and discriminates vapors of NH3(g) and amines, in the 

gas-phase, by showing different colors. The study of the mechanism revealed a conformation 

spin state switching after adsorption. Furthermore, a friendly smartphone-based analytical 

method was developed to make 1 accessible for in-field applications. Most interestingly, an 

obvious color change was observed upon guest contact and recorded, by outputting RGB1 (red, 

green, blue) and HSB2 (hue, saturation, brightness) values directly. The recorded data were then 
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analyzed by a simple and intuitive standard chemometric means (HCA = hierarchical clustering 

analysis). Forasmuch, it indicates that 1 has broad application prospects in environmental 

protection and food safety assessment, as an in-field naked-eye colorimetric sensor. 

2. Experimental Section 

2.1. Material and Measurements 

All chemicals and solvents were purchased from commercial sources of analytical grade 

and used without further purification. All chemical reagents (hydrochloric acid (37%), ethyl 

acetate, methanol (MeOH), ammonia (NH3∙H2O), hydrazine monohydrate (N2H4·H2O), 

isobutylamine, 3-picolylamine, furfurylamine, triethylamine, 1,2-diaminocyclohexane, 

diethylenetriamine, hexylamine, diethylamine, ethylenediamine, 1,2-diaminopropane and 

pyridine) were purchased from VWR and Avantor. Malononitrile was purchased from 

Fluorochem. Iron(II) chloride tetrahydrate (FeCl2·4H2O), zinc chloride anhydrous (ZnCl2), 

sodium azide (NaN3), and magnesium sulfate anhydrous (MgSO4) were purchased from Acros 

Organics. Ascorbic acid was purchased from Alfa Aesar. The characterization methods and the 

instruments are shown in S1. The synthesis of H2btm is shown in S2. 

2.2 Synthesis of [Fe(H2btm)2(H2O)2]Cl2 (1)  

Di(1H-tetrazol-5-yl)methane (H2btm, 76.0 mg, 0.50 mmol) was dissolved in diluted 

hydrochloric acid solution (15%, 2 mL) at room temperature. FeCl2·4H2O (50.0 mg, 0.25 

mmol) with a pinch of ascorbic acid was dissolved in a hydrochloric acid solution (15%, 1 mL), 

and then added to the ligand solution, creating a light-yellow solution. This solution was 

mechanically stirred for 3 min at 60 °C and left to crystallize at ambient conditions. Small pale-

blue block crystals were collected by filtration after 1 day and dried in air. Yield: 82 mg (0.18 

mmol, 70%). Elemental analysis for C6H12FeN16O2Cl2 (467.07 g/mol) (%): Calcd. C, 15.43; H, 

2.59; N, 47.96; Found: C, 15.94; H, 2.78; N, 48.13. 

2.3 Detection of VOCs 

For testing vapochromism, a home-made set-up was used (see Scheme S1). About 20 mg 

of 1 in a little dish was added to a cell culture dish containing 0.3 mL (by another little dish) of 

different VOCs solvents. These were covered by a lid and incubated for 1 min to 120 min at 

ambient conditions. The discoloration pictures were recorded at different times and 

concentrations. Then, the pictures were converted into digital information via the application 

(Color Name AR, V. Polyanskiy, Color Name App, iOS 11.0, 2020) of iPhone X. The 
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application is capable to output RGB1 (red, green, blue) and HSB2 (hue, saturation and 

brightness) values directly. These data were analyzed by standard chemometric means, using a 

hierarchical clustering analysis (HCA). This method detects VOCs not only in situ but also in 

real time by the naked-eye. After adsorbing vapor molecules of NH3, N2H4, isobutylamine, etc., 

1 was named 1@NH3, 1@N2H4, 1@isobutylamine, and so on. In order to increase the surface 

area for diffusion and therefore shorten the experiment time, crystals of 1 were systematically 

ground. 

3. Results and Discussion  

3.1. Structure Description of 1 

Pale-blue block single crystals of 1 were obtained from the reaction of H2btm and 

FeCl2∙4H2O in 15% HCl aqueous solution at room temperature after 1 day. Single-crystal X-

ray diffraction analysis reveals that 1 crystallizes in the form of a pale-blue block in the 

monoclinic space group P21/c, located on an inversion center, with two formula units per unit 

cell and a calculated density of 1.864 g cm−3 at 297 K. From Figure 1a, the Fe(II) center is 

octahedrally coordinated by two aqua ligands in axial positions and by two neutral H2btm 

molecules in the plane (Fe1−N12 = 2.2044 (13) Å, Fe1−N2 = 2.1522 (13) Å). The bond length 

from the metallic centre and the coordinated water molecules is slightly shorter 2.0870(12) Å. 

The coordination octahedron is slightly distorted (O13 − Fe1−N12 = 91.82(5)°, ∠

O13−Fe1−N2 = 93.79(5)°, and ∠N12−Fe1−N2 = 83.62(5)°). The packing of 1 as viewed along 

the a-axis is shown in Figure1b: expansion of the hydrogen bonds generates a 2D sheet along 

the bc plane. Both OH hydrogens interact with chlorine anions, which further interact with a 

tetrazole N-H. The other tetrazole NH hydrogen bonds with a neighboring tetrazole ring (Figure 

1c). Space filling representation of the packing of 1 demonstrates the absence of channels within 

the lattice (Figure1d). The structure of 1 is isostructural to the Co and Ni reported analogues.27 

Details on the measurement and refinement data are given in Table S1. 
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Figure 1. (a) Molecular unit of [Fe(H2btm)2(H2O)2]Cl2 (1). (b) Stick representation of 1 as viewed along 

the a-axis of the crystal packing, showing the counter ions of Cl- (green ball). (c) Hydrogen bonding 

diagram of 1 within the 2D hydrogen bonded layer along the bc plane. (d) Space-filling model of 1 as 

viewed down the a-axis. 

3.2 Characterization of 1 before and after Vapors Contact  

1 was subjected to a variety of VOCs gas-phase molecules including common solvents, 

acids and even molecular compounds containing amines functional groups. Different colors 

were distinguished including violet (ethylenediamine, 1,2-diaminopropane), green (e.g. 2-

chloroaniline), brown (nitric acid), orange (pyridine), pink (formaldehyde), red (ammonia and 

hydrazine) at room temperature, by the naked-eye (Figure 2). Most interestingly, the sensibility 

of the detection has been investigated and the response time has been considerably improved. 
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Figure 2. Images depicting vapochromic transformation on the sensing of VOCs by complex 1 for 120 

min. at room temperature, on ground crystals. 

3.2.1 Stability Analysis of 1  

Thermogravimetric (TGA) and Differential Thermal Analysis (DTA) curves of 1 are 

shown in Figure 3. The heating rate was 5 °C min−1 in a nitrogen atmosphere in open Al2O3 

crucibles, containing 14.83 mg of 1. In the DTA plot, a melting point peak emerged at 202 oC, 

followed by an endothermic process which can be seen over the range 156-216 °C (Figure 3b). 

From the TGA plot (Figure 3a), a continuous mass loss occurs as the temperature is increased 

from room temperature and is particularly rapid in the 156-216 °C range, the percentage of total 

mass loss being ~15%. At 202 °C, the mass loss corresponds to two water molecules. A second 

intense exothermic decomposition stage was seen in the DTA curve between 216 to 248 oC and 

a peak was observed at 239 °C. The TGA curve showed a mass loss of 15.6%. A third and fourth 



 8 / 24 

 

weaker exothermic peak can be seen at 262 oC and 358 oC, respectively. The percentage of total 

mass loss were ~14% and 10%, respectively. However, in a smoother fashion than before. The 

thermal stability was found to be high, more than 170 °C. Furthermore, since the guest phase 

molecules adsorb on the surface of 1, as concluded from the FT-IR analysis of 1 toward different 

vapors (Figure S1), this indicates, to a certain extent, that VOCs vapor molecules do affect the 

vibrational structure and the position of the spectrum of 1. However, there is no significant 

change to the skeleton structure and functional groups of 1 during the adsorption of different 

guest gas-phase molecules. 

 

Figure 3 (a) TGA and (b) DTA plots of 1 over the range of 25-400 °C. 

 

3.2.2 Ultraviolet−Visible Diffuse Reflectance Spectroscopy (DRS) Analysis of 1  

Towards Different Vapors   

We have shown that 1 is an efficient gas-induced color chemosensor operating at room 

temperature and in the solid state. Different colors were distinguished by the naked-eye after 

guest contact (see Figure 2). The visible change in color is attributed to the shift of the charge 

transfer transition during the spin state switch to a lower energy after adsorbing VOCs gas-

phase molecules.28 As observed in Figure 4, the diffuse reflectance spectrum of 1 after 

adsorbing VOCs obtained at room temperature exhibits an intense band at around  = 270 nm, 

in addition to new broad bands at  = 530 nm. Based on the literature for Fe(II) complexes in 

similar ligand environments,29,30 the absorption band  = 270 nm was assigned to ligand-

centered n−π* transition.  The broad bands at  = 530 nm, being more intense for LS Fe(II) 

compounds,31 can be assigned to the 1A1→1T1 d−d transition of the LS state of Fe(II).26 For 
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1@NH3 and 1@1,2-diaminopropane the spectra at around  = 530 nm are the most obvious. 

Similar adsorption points after adsorbing a series of analogue molecules are shown in Figure 

S3. This indicates that the introduction of an electron-donating ammonia group leads to a 

change in the π-withdrawing ability of the azole-type ligand, thus influencing the spin state 

population of 1. 

 

Figure 4 Diffuse-reflectance spectroscopy of 1 before and after adsorption of different guest molecules at 

room temperature. 

 

3.2.3 57Fe Mössbauer Spectroscopy Analysis of 1 Towards Different Vapours  

57Fe Mössbauer spectra of 1 have been recorded before and after guests inclusion at room 

temperature (Figure 5 and Figure S4). A quantitative analysis of spin-state and oxidation state 

could be undertaken (Table S2). 57Fe Mössbauer spectra of 1, at 298 K, show one quadrupole 

doublet with an isomer shift δ = 1.15(1) mm s-1 and a quadrupole splitting ΔEQ = 3.66(1) mm s-

1 of area fraction A = 100%, where the parameters are typical for HS Fe(II) ions (Figure 5a).32,33 

After adsorbing NH3(g) molecules, 1@NH3 (Figure 5b), a new quadrupole doublet emerges in 

the centre [δ = 0.38(1) mm s-1; ΔEQ = 0.23(1) mm s-1] of area fraction A = 70%. These 

parameters are characteristic of LS Fe(II) ions in a FeN6 core. Indeed, replacement of the 

oxygen atoms by nitrogen atoms, which are less electronegative, increase the electronic density 

of s electrons in the vicinity of the iron nucleus and thereby decreases the isomer shift.34 The 
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remaining contribution corresponds to the HS Fe(II) site: HS [δ = 1.08(1) mm s-1; ΔEQ = 3.51(3) 

mm s-1; and area fraction A = 30%]. Not all Fe sites are switched, which could be due to 

crystallographic modifications that restrict further NH3(g) molecules diffusion. For 1@N2H4 

(Figure 5f) and 1@isobutylamine (Figure 5e), it shows new quadrupole doublet with δ = 0.39(3) 

mm s-1 and δ = 0.38(1) mm s-1, with ΔEQ = 0.20(5) and 0.08(3) mm s-1, respectively. These 

parameters are typical for LS Fe (II) ions, indicating that 1 absorbs N2H4(g) and isobutylamine(g) 

molecules to form a part of LS FeN6 centre. In addition, quadrupole doublets centered at δ = 

1.00(1) and 1.08(3) mm s-1 with ΔEQ = 2.57(1) and 3.59(1) mm s-1, respectively, are observed. 

These parameters are assigned to HS Fe(II) ions without any sign of oxidation. ΔEQ values of 

1@triethylamine (Figure 5g) and 1@diethylamine (Figure 5h) are 0 mm s-1, which indicates 

that the structure of the material is completely symmetrical after adsorbing triethylamine(g), 

diethylamine(g). Mössbauer spectra of 1@1,2-diaminopropane (Figure 5d), 1@ethylenediamine 

(Figure 5c), 1@hexylamine (Figure S4d), show quadrupole doublets with δ = 0.40(1), δ = 

0.39(1) and δ = 0.36(4) mm s-1, as well as ΔEQ = 0.22(2), ΔEQ = 0.20(3) and ΔEQ = 0.26(1) mm 

s-1, (area fraction A = 53%, 41% and 9%, respectively), which are unambiguously due to LS 

Fe(II) ions of 1 after adsorption. The original HS Fe(II) doublets have area fractions of 47%, 

59% and 91%, respectively, as well as isomer shifts δ = 1.09(1), 1.08(1) and 1.09(1) mm s-1 and 

a slightly smaller ΔEQ = 3.60(1), 3.59(1) and 3.59(1) mm s-1 (arising from a decreased 

population of low lying d-orbitals decreasing the valence electron contribution to the electric 

field gradient). Interestingly, 1 can also selectively senses a series of analogue molecules 

(Figure S4). This indicates that the invasion of gas-phase VOCs molecules causes redistribution 

of 3d orbital electrons of Fe(II), leading to a part of HS states to be converted to the LS states. 

Furthermore, the radius of nitrogen atoms is smaller than that of oxygen atoms, and the 

electronegativity is also smaller. So, it is easy to form a strong coordination field between N 

and Fe(II) ions. There is no doubt that N atoms of VOCs molecules replace O atoms and 

coordinate with the central iron atom (on the surface of the crystals) after 1 is exposed to VOCs 

gas-phase molecules, thereby, constructing a LS FeN6 core together with the azole ligands from 

HS FeN4O2. Such results are consistent with the one originating from DRS. Details of 

Mössbauer parameters are given in Table S2.  
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Figure 5 Spin-state population at room temperature by 57Fe Mössbauer spectroscopy of (a) 1 (b) 1@NH3 (c) 

1@ethylenediamine (d) 1@1,2-diaminopropane (e) 1@isobutylamine (f) 1@N2H4 (g) 1@triethylamine (h), 

and 1@diethylamine.  
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3.2.4 Magnetic Properties Analysis of 1 Towards Different Vapours 

The changes in spin state observed for the various transformations described above provide 

this material with potential as a spin-based chemosensor. This is further investigated by 

variable-temperature magnetic susceptibility measurements on polycrystalline samples after 

VOCs gas-phase adsorption over the range of 4−400 K under a constant field of 1 T. From 

Figure 6 and Figure S5, SQUID magnetometry demonstrates lower χT values for samples after 

VOCs adsorption compared to 1 at 298 K, which show a full paramagnetic state with χT = 3.60 

cm3 K mol−1, corresponding to Fe(II) ions (S = 2, HS state), which is consistent with the 

observations from single crystal X-ray diffraction. For instance, 1@NH3, showed a dramatic 

modification of its spin state since it is mostly diamagnetic at 300 K with χT = 0.50 cm3 K 

mol−1, in agreement with Mössbauer data.  Upon heating from 298 to 400 K, χT was found to 

increase, presumably due to solvent release which involves a change in spin state, although not 

all. The observations directly prove that a spin state switching process accompanies the 

adsorption or desorption of ammonia and VOCs guest-phase molecules of 1. Foremost, 

magnetic properties of 1 after adsorption of other VOCs are consistent with 57Fe Mössbauer 

spectroscopy data. 

 

 

Figure 6 Temperature-dependent χT plots for 1 before (black) and after adsorption of different guest 

molecules.  

 

3.3 Detection of VOCs 

3.3.1 Selectivity of the VOCs Colorimetric Sensor 

As observed by the naked-eye, 1 can detect and distinguish a wide range of hazardous 

VOCs at room temperature (Figure 2). In order to undertake a simple and effective comparison 

by recording the color change of 1 for each guest analyte, we have used an application to convert 
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sensor pictures printed on smartphones into a digital information. Therefore, there was no need 

to keep the discolored images. We have used the most simple and effective statistical method 

to record and analyze collected data, called hierarchical cluster analysis (HCA) which is a 

classification scheme based on the Euclidean distance (the Euclidean distance between two 

points in Euclidean space is the length of a line segment between the two points) of data points 

in their full dimensions.35 It uses, in addition, minimum variance for clustering (which is known 

as the ‘Ward’s method’).36 Each experiment is defined as a six-dimensional vectors，which are 

composed of six RGB1 (red, green and blue) and HSB2 values (hue, saturation and brightness). 

These data are used to quantitatively compare the color changes of images from Figure 2.25,37,38 

Then, we are simply comparing the spatial distance by HCA between the observed colors 

‘‘before’’ and ‘‘after’’ VOCs contact, the color-change profiles being inherently digital data 

which can therefore be easily handled by routine chemometric analysis. HCA is based on the 

Euclidean distance between these vectors in this six-dimensional RGB1 and HSB2 value space, 

thereby, generating a dendrogram, as shown in Figure 7. A cut-off at a distance level of 200 

gives a distribution of materials in five homogeneous classes with common characteristics 

clearly marked and interpretable (Figure 7). There are five groups of 33 samples, which imply 

five kinds of colors after adsorption.39 The raw digital color vectors from a total of 18 

experimental trials are given in Table S3. 
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Figure 7 HCA for 32 VOCs at saturation concentrations and a control. All experiments were performed in 

triplicate: no confusion could be observed in the classification for 18 trials. The Euclidean distance 

corresponds to the total length of the six-dimensional color vector shown in Table S3. 

It takes a few seconds to identify some hazardous VOCs from the sensor color change, and 

90% of the response can be observed in less than 10 min., as shown in Figure 8 for 14 

representative VOCs. Among them, the fastest color change was observed for diethylamine, 

isobutylamine, hydrazine, ammoniac and triethylamine (Figure S6a). The sensor detects NH3(g) 

molecules at room temperature, which turns to pink in seconds, and then red within minutes. 

For N2H4(g), it also turns light-pink in seconds, but it is more slowly changing to pink compared 

to NH3(g). Amazingly, when complex 1 was exposed to isobutylamine(g) at room temperature, 

it instantly turns from colorless to pale-pink, and then begins to turn pale-red within 10 min, 

and finally, transform into orange-yellow when the material was saturated with isobutylamine(g) 

to give 1@isobutylamine (Figure 9a). The situation differs with diethylamine(g), which turns to 

pink in seconds after adsorption, and then changed to purple after few minutes. Other tested 

VOCs show longer response time (Figure S6b and Figure S6c). These observations indicate 

that under identical conditions, the vapor pressure of different VOCs influence the absorption 

speed of the sensor, and therefore the resulting color.25 The result also shows that the smaller 

the molecular structure (NH3(g)), the faster the changing colors. It is likely that small molecules 

are easily coordinated with the exposed central metal atoms on the surface. In addition to the 

above-mentioned, different ligands have different coordination capabilities due to differences 

in steric hindrance and electron donating capabilities, which in turn leads to different speeds of 

sensor color change. Generally speaking, the coordination capabilities of nitrogen-containing 

ligands are stronger than other ligands. At the same time, diffusion kinetics of the gas-phase 

ligand will also cause the difference in the adsorption kinetics of the sensor. Therefore, the 

speed of color change is the result of a variety of factors. In contrast, without statistical analysis, 

the VOCs (N2H4, NH3, isobutylamine and diethylamine) could be determined from these unique 

colors even by the naked-eye, such as red, pink, orange-yellow and purple, respectively in 

Figure 2. In all, it indicates that 1 could be used as a potential chemosensor, without any 

expensive equipment and complicated analysis system, for in-field detection of NH3(g) 

molecules.  
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Figure 8 Response time of the sensor. Total Euclidean distance vs time for 14 representative VOCs at statured 

concentrations; All experiments were performed in triplicate: no confusion could be observed in the 

classification for 18 trials. The Euclidean distance corresponds to the total length of the 6-dimensional color 

vector shown in Table S4. 

3.3.2 Sensitivity of the VOCs Colorimetric Sensor by Naked Eyes  

In order to evaluate the sensitivity of the VOCs colorimetric sensor (1), distinct 

concentrations of guest gas-phase molecules (isobutylamine, N2H4, NH3 and diethylamine) 

were tested at room temperature. After exposure to various concentrations of VOCs vapours 

(0-50 ppm) for 10 min, the color change of 1 was recorded by our smartphone application. The 

colorimetric sensor gradually turned its color, which was easily observed by the naked-eye. It 

can be concluded from Figure 9a that the color of 1 changed from colorless to dark-red, then to 

orange-yellow with the increase of isobutylamine(g) concentration from 0 to 50 ppm. 

Interestingly, as the concentration of N2H4(g) increases, the color of 1 changed from pale-blue to 

pink in Figure S7a1. Pink-red color appeared due to the increase in the concentration of NH3(g) 

from 0 to 50 ppm in Figure 9b. The color of 1 changed from pale-blue to pink, and finally dark-

red in Figure S7a2 after adsorption of concentrations of diethylamine in the range of 0 to 50 

ppm. It is very convenient to distinguish the color of the 1 with diethylamine(g) concentration 

of 0.71 ppm from that of the blank one in Figure S7a2. However, when the diethylamine 

concentration is 0.44 ppm, the color of the sensor is very similar to that of the blank one. 

Thereby, the limit of detection (LOD) of the chemosensor to diethylamine(g) was found to be 

0.71 ppm (0.62 ppm for N2H4, 0.45 ppm for isobutylamine and 0.58 ppm for NH3(g), 

respectively) by the naked-eye (Figure 9 and Figure S7). Therefore, the proposed Fe(II)-based 

colorimetric sensor could be used for quantitative assay of several molecules, some varying in 
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detection color. In particular, it is worthwhile to note that according to the literature,8 a 

concentration of NH3 vapours of 14 ppm can cause upper respiratory tract injuries, and exposure 

to a concentration of 55 ppm for 1 min is very dangerous, and can even cause death. Thus, 1 

could rapidly detect NH3 at concentration levels below the health risk limit. 

 

Figure 9 Images depicting vapochromic transformation on the sensing of (a) isobutylamine (b) NH3 by 

complex 1 at different concentration, and effect of the initial concentration of   isobutylamine  and NH3 on 

color changing of 1 for 10 min. at room temperature. The ratio of Euclidean distance versus VOCs 

concentration in the range of 0 to 50.0 ppm. The Euclidean distance corresponds to the total length of the 6-

dimensional color vector shown in Table S5. 

3.3.3 Regeneration of Colorimetric Sensor 

A more detailed regeneration process of colorimetric sensor (1) is provided in Supporting 

Information section S3. As displayed in Figure 10 and Figure S8c, after 7 cycles of adsorption-

desorption, the Euclidean distance of the sensor for NH3(g) changed slightly at room temperature 

and the Euclidean distance values remain similar after 7 cycles. The regeneration ability was 

also demonstrated with 1,2-diaminopropane(g) and  methanol(g) as shown in Figure S8a and S8b, 

respectively. After 4 cycles of adsorption-desorption, the Euclidean distance was not modified. 

Moreover, the high stability of sensor 1 toward the acid was demonstrated with HCl(g) (Figure 
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S9b.) As can be seen, no modification is observed by comparison of the Mössbauer spectrum 

before (Figure S9a) and after HCl exposure (Figure S9b). Both spectra show a 100% HS Fe(II) 

population without any sign of oxidation (e.g. the absence of Fe(III) species). A similar 

spectrum was obtained on Figure S9c with 100% Fe(II) species, after having adsorbed NH3(g) 

on our sensor which was washed with 4%HCl solution. Thus, our coordination compound has 

high stability over bases (e.g. NH3). Thence, our coordination compound not only has high 

stability over a wide pH range, but also display excellent regeneration performance (Figure 10 

and Figure S8). 

 

Figure 10 Diagram of reusability test for the colorimetric sensor on the regenerated at room temperature. All 

experiments were performed in triplicate: no confusion could be observed in the classification for 18 trials. 

The Euclidean distance corresponds to the total length of the 6-dimensional color vector shown in Table S6. 

3.3.4 Smartphone-Based Colorimetric Read-Out 

A regression analysis was performed using an empirical formula to correlate VOCs-

concentrations and Euclidean distance, which is calculated from RGB1 (red, green, blue) and 

HSB2 (hue, saturation and brightness) values collected via a smartphone, as shown in Figure 

S9. It shows a good fit between experimental data and the model with the non-linearity of R2 = 

0.97 for isobutylamine(g) concentration ranging from 0 to 50 ppm (R2 = 0.91 for N2H4(g), R
2 = 

0.94 for diethylamine(g) and R2 = 0.94 for NH3(g)). From 0 - 5 ppm in Figure S9a, the Euclidean 
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distance increases as the concentration increases, and reaches a plateau when the concentration 

is more than 5 ppm. Most of the VOCs have a danger level when the concentration is more than 

5 ppm. Therefore, the sensor can be a good thing to do the warning. In addition, the linearity 

between 0 and 5 ppm can be used for predicting the gas concentration under the safe range. 

which can be used for risk assessment. We digitalized the read-outs of colorimetric sensor 1 

with a smartphone which has a color analysis application. When we use 1 to detect gas-phase 

VOCs, the application can record the color change of 1 and export RGB1 (red, green, blue) and 

HSB2 (hue, saturation and brightness) values of the color. Finally, the RGB1 (red, green, blue) 

and HSB2 (hue, saturation and brightness) values are analyzed by the computational algorithm 

(HCA) to obtain fitting parameters and the calibration plot. This discovery demonstrates a 

potential application of combining a colorimetric sensor and digitalized analyzer— which could 

be a cheaper and more portable way than the traditional chromatography and can be used for 

in-situ analysis of gas-phase VOCs. 

3.4 Discoloration Mechanisms of Sensor 1 to Detect VOCs with Amine Groups 

The crystals of 1 turned to tarnish after absorbing VOCs molecules, even after 

recrystallization, thus preventing any single crystal X-ray diffraction determination. However, 

according to the analysis and characterization results, in particular from Mössbauer and UV-vis 

diffuse reflectance spectroscopies and SQUID magnetometry, we found that Fe(II) of 1 

switched from the HS to LS state after absorbing VOCs molecules. The main reason is that the 

guest molecules cause change in the field strength around the central Fe(II) ions and modify the 

charge density. Combining other analysis results, we speculate that there might be two 

interactions that cause color changes in 1 (Figure 11): (i) The guest molecules coordinate with 

the exposed central atom Fe(II) ions on the surface of 1, after replacing its water molecules. 

The electronegativity as well as the radius of the N atom being smaller than that of the O atom, 

makes it easy to coordinate a ligand (with N atom), which set a strong ligand field. 25,26 (ii) The 

H2btm ligand is a rich-nitrogen heterocyclic ring. When the guest-molecular structure is very 

large, due to the steric hindrance effect, the water molecule cannot be replaced. However, the 

ligand can form hydrogen bonds with the guest molecule with amino groups (supported by 

Table S7). Under the influence of these interactions, the color of 1 change after adsorbing VOCs 

gas-phase molecules.  
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Figure 11. Suggested discoloration mechanism of amines for 1. 

4. Conclusions 

In summary, a colorimetric pigment 1 containing high density of uncoordinated N atoms 

for the fast, highly selective and sensitive detection of a wide range of analytes has been 

reported for the first time. Interestingly, the colors of 1 change particularly fast (< 2 min) after 

adsorbing VOCs molecules with —NH2 groups. Moreover, it can be distinguished by the naked-

eye without the need for cryogenic equipment or temperature pre-treatment at room 

temperature. In addition, the central Fe(II) atoms of 1 form different electron distribution states 

after adsorbing VOCs, especially NH3(g) and amines, which switch from HS to LS electronic 

states, leading to colors change. Classification analysis reveals that the HCA has an extremely 

high dimensionality and, consequently, the ability to discriminate among a large number of 

VOCs over a wide range of concentrations. A good relationship (R2 = 0.97) between Euclidean 

distance and isobutylamine concentrations from 0.45 ppm to 50 ppm indicated that the sensor 

can be used for quantitative assay of VOCs. Furthermore, we integrated our Fe(II)-based 

colorimetric sensor detection with a smartphone. The developed strategy is portable and 

accessible for in field analysis and does not requires advanced instruments. This colorimetric 
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sensor 1 is still in the initial stage and is only used for the detection of certain specific 

substances. However, due to its rapid, highly selective, sensitive and quantitative detection 

function, it has shown broad prospects for future applications. This opens up prospects for the 

development of this compound as potential sensor for small molecules in the gas-phase, by 

combining a portable mobile phone system and the HCA analysis method.  
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