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Abstract

Food quality monitoring and freshness assessment are critical for ensuring food safety
at a large scale. Ammonia is used as an important indicator of protein rich food spoilage
state. However, current ammonia gas sensors suffer from insufficient sensitivity and
selectivity, or sophisticated instrumentation, hindering their practical application in in-
situ and real-time food quality monitoring. To overcome such limitations, an innovative
nonporous colorimetric complex 1 has been synthesized and investigated for the
detection of NHj3(g) and its volatile organic derivatives including aliphatic amines, 1,2-
diaminopropaneg), isobutylamine) and ethylenediamine(), etc. The sensor operates
colorimetrically at room temperature without energy input, with a detection limit to
ammoniag) of 105 ppb, and show excellent reusability. The colorimetric detection
mechanism involves a partial spin state change of Fe(II) ions upon exposure to amines
in the gas phase. In addition, the complex was utilized as real-time monitoring of meat
freshness using a smartphone. Thus, chemosensor 1 is considered as a ground breaking
new-generation portable electronic nose for vapors of volatile organic compounds

discrimination at room temperature.

Keywords: Colorimetric complexes, Cold channel control, Ammonia gas sensor,

Sensitivity and selectivity, Meat freshness assessment.
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1.Introduction

In recent years, with the continuous improvement of the quality of life, the demand
for safety food and a healthier environment has been increasing, thus making food
quality monitoring and assessment, as well as air quality issues, a constant concern.| | -
3] It is well known that the spoilage process of high-protein foods (meat of pork, beef,
chicken and fish, etc.) releases some volatile nitrogenous compounds (ammonia,
trimethylamine, methylamine, cadaverine, putrescine, etc.), which 1is often
accompanied by unpleasant odors.[4| These are mainly produced through the
decarboxylation of various amino acids by the action of enzymes and microbial
activities.| 5-7] Degradation of proteins and other nitrogenous compounds as a result of
spoilage of meat causes the accumulation of organic amines that are commonly known
as total volatile basic nitrogen (TVB-N).[&] Among such molecules, ammonia is
considered as a potential indicator of spoilage of protein-rich foods.[9| Although
ammonia has a wide range of applications in industrial production,|10] it is also one of
the most hazardous components of environmental pollutants, posing a wide range of
threats to the ecological environment and human health.[ 11-15] It is therefore currently
highly desirable to develop efficient, quantifiable, real-time, simple to operate, in-situ
and low-cost ammonia gas detection methods.

Currently, numerous conventional analytical techniques have been used for meat
safety analysis, including Raman spectroscopy,| | 6] Fourier transform infrared (FTIR)
spectroscopy,| 1 7]  fluorescence spectroscopy,[ 18] high performance liquid
chromatography,| 19| gas chromatography-mass spectrometry,| 20| etc. These detection
techniques have great selectivity and sensitivity for analytes released during food
spoilage, but actually suffer from a high purchase cost and sophisticated and laborious
experimental setups, thus limiting their practical use outside the laboratory.[21] Other
approaches for effective sensing of organic amines and meat freshness is given by
sensors that wuse functionalized metal oxides,6] conducting polymers,
nanostructured|22| or metal-organic materials[23] to respond analytes from meat

spoilage. For such sensing technology, the response of the sensor mainly depends on
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the physical adsorption of analyte molecules on, or inside the sensor element, which
causes changes in fluorescence intensity (optical sensors) or conductivity (electronic
sensors and electronic nose).| 24| The sensitivity of such fluorescent sensors is however
limited given that the fluorescence quantum yields are relatively low.[22] Electronic
sensors are also limited given that their sensitivity depends to changes in relative
humidity, leading to output drift or complete failure.[25] Metal oxide nanostructures
have been found to offer many advantages for ammonia gas sensing such as a high
sensitivity, reliability and low costs. However, their high working temperature (150—
500°C) and poor selectivity still restrict their wide application.[26-28]| Alternatively,
colorimetric gas sensors were proposed for the determination of ammonia for food
spoilage[29,30] Such optical technology has been used for the rapid detection of
hazardous gases given that it offer in-field and real-time options, do not require
expensive equipment or cumbersome processes, and can detect target analytes at room
temperature through color changes.

Recently, some Fe(Il) coordination complexes have attracted increasing interest
due to their unique chemical and physical properties, such as high catalytic activity,
good selectivity, sensitivity and low cost under specific conditions to produce
corresponding analytical signals. Thus, these have been used in various fields including
catalysis,| 31| batteries,[32] magnetic resonance imaging,| 33| pollutants remediation,
[34] etc. In recent years, it has been realized that some Fe(II) complexes could change
their color after adsorbing different gases, i.e. which could be used as gas colorimetric
sensors in the long term.|35] For instance, Burzuri et al.[36]| developed a nonporous
coordination polymer, [Fe(H20)2(CH3CN)2(pyrazine)](BF4)2:2CH3CN, showing
distinct optical response to different molecules (CH3CN, H>O and pyrrole),
accompanied by a color change of the crystal from light yellow to orange. Garcia et al.
also reported an Fe(Il) system, [Fe(trz-tet),(H20)4]- nH2O (trz-tetH = 5-(4H-1,2,4-
triazol-yl)-2H-tetrazole), which could distinguish among different toxic industrial
chemicals (TICs).[37-39] Although these colorimetric sensors show significant color

change after adsorption of different vapors, no real quantification of detected gas
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molecules was made. It is therefore important to search for colorimetric sensors, not
only for the detection and discrimination among a wide range of analytes showing an
olfactory-like response but also with high sensitivity, which could be useful for meat
spoilage detection.

Herein, we propose a simple strategy to fabricate a Fe(Il) based colorimetric
platform ([Fe(Hbta)>(H20)2]-2H>0 (1) with Hzbta = bis(1H-tetrazol-5-yl)amine)[40].
It undergoes a color change when treated with some harmful vapor molecules (listed in
Scheme S1), especially, ammonia and some amines vapors. This complex was used for
NH3 quantitative detection, in the frame of the visual real-time and in-situ monitoring
of meat spoilage by a simple color recognizing smartphone software. Our findings open
up new prospects for exploring various Fe(Il) based materials for sensing hazardous
and noxious substances, and shows tremendous promise in applications for food status

monitoring and environmental quality assessment.

2. Experimental

2.1 Synthesis of nonporous [Fe(Hbta):(H20)2]-2H20 (1)
Pale-blue block single crystals of 1 were obtained from the reaction of Hzbta and

FeCl, -4H,0 in 5% HCI aqueous solution at room temperature after one day.|40] Yield:
82 mg (0.19 mmol. 76%). Elemental analysis for C4H12FeN180O4 (432.17 g/mol) (%):
Calcd. C, 11.12; H, 2.80; N, 58.32; Found: C, 11.70; H, 2.92; N, 58.70.

2.2 Characterization

X-ray intensity data for 1 were collected at 296 K on a MAR345 image plate using
MoKa radiation (A =0.71073A). Powder X-ray diffraction (PXRD) measurements were
conducted on an X-ray diffractometer with Cu Ka (A = 1.5406 A) radiation (Siemens,
Siemens/Bruker D5000, USA). UV-DRS were measured using a spectrophotometer
(Shimadzu, UV3600 Plus, Japan). FTIR characterizations were performed with an
Equinox 55 FTIR spectroscopy with an ATR modulus and an MCT detector. (Bruker,
USA). The elemental composition of the samples was investigated using an elemental

analysis (ThermoFisher, Flash EA 1112 Series, USA). Thermogravimetric (TGA)
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analysis was performed through the Mettler Toledo with TGA/SDTA 851e. Nuclear
magnetic resonance (NMR) spectra were recorded with a Bruker Avance II 300 MHz
instrument from USA. TVB-N were measured by a Kjeldahl device (C. Gerhardt GmbH
& Co. KG, C., Germany). Mass spectra (MS) were recorded using a Q-Exactive Thermo
Fisher spectrometer. Magnetic susceptibilities were measured on a Quantum design
MPMS-5 s SQUID magnetometer. >’Fe Mossbauer spectra were recorded in
transmission geometry with a constant acceleration mode Wissel spectrometer
equipped with a 50 mCi *’Co(Rh) source from Cyclotron Ltd and a Reuter Stokes
proportional counter. The imaging of the vapochromic behavior of the sensor kept under
analyte vapors were performed with a Colour Name Software (iPhone XR). NH3
detection was performed with a smart sensor (Handheld Ammonia Gas NH3; Detector
Meter Tester Monitor Range 0-100 ppm Sound Light Alarm Gas Analyzers AR8500).
whereas accurate water determination was realized with a H-B Instrument™ Durac™
Electronic Thermometer-Hygrometers designed with waterproof temperature probe.

(More information in S3)

2.3 Sensor fabrication

The sensitivity experiments were conducted with a home-made 26 L seal chamber
(Scheme S2). Firstly, NH3-H>O was injected to the chamber with a syringe. Then,
NH3-H20 was evaporated to gaseous ammonia (NH3) by heating. Next, 1 was
exposed to ammonia at different concentrations. The concentration in ppm was

calculated with Eq. (1):[41]

C(ppm) = (

1)

10 CRTdeinjected )
PMyV chamber

where C(ppm) is concentration of ammonia in ppm, C (Wt%) is liquid concentration, R
is the gas constant, 7 (K) is the temperature in absolute scale, d, is the liquid mass
density (g/cm?®), Vinjecrea is the injected volume in uL, P (atm) is the pressure inside the
chamber, M,, is the molar mass of the liquid (g/mol), Veramper 1s the volume of chamber
of 26L. The gas sensing experiments were carried out at room temperature (298 K). The

imaging of the vapochromic behavior of the sensor kept under analyte vapors was
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performed with a Colour Name Software (iPhone XR).
2.4 Raw data process and database analysis

Analyte response was calculated from the differences between the observed RGB1
(red, green, blue) and HSB2 (hues, saturation, brightness) values (color scale, 0—255)
for the sensor before and after exposure to hazardous gases at room temperature. The
Euclidean distance (Ed) corresponds to the total length of the 6-dimensional color
vectors. To compare quantitatively the selectivity of the sensor among different
analytes, the 6-dimensional Euclidean distances of the feature vectors are calculated for

each pair of the examined analytes in the feature space using Eq. (2):[42]

Ed = /(R —Ro)? + (G — Go)* + (B1 — B1y)2 + (H — Hy)? + (S — Sp)* + (B2 — B2,)% (2)
Where values of R, G, B1, H, S, B2 are color information of sensor to different analytes
and Ro, Go, Blo, Ho, So, B2o are color information of sensor to the control. Two
unsupervised statistical methods (principle component analysis (PCA) and hierarchical
cluster analysis (HCA)), were performed for database clustering using RStudio
(RStudio 4.1.0) and Origin (Origin Pro 2021) softwares, respectively; in all cases,
minimum variance (i.e., “Ward’s Method”) was used for HCA clustering. For
quantitative cross-validation, predictive classification was carried out using the support
vector machine (SVM) analysis with Python, using a linear kernel with default
parameters.[24]

The limits of detection (LODs) for relevant ammonia were determined according
to Suslick et al.[43], from multipoint data by plotting LOD = 3*N*[A]/(Sa — Sc) vs.
concentration (in ppm), where [A] is the analyte concentration in ppm, N is the noise
determined from multiple images of the sensor (noise was defined as the standard
deviation among the controls (i.e., N = Zn(Ed control-n — Ed control-ave )%/(n — 1)), Sa is the
Euclidean distance (Ed) of the sensor after exposure to analytes, and Sc is the Ed of
sensor to the control. A first-order polynomial fit was used to determine the LOD as
[A] approached the LOD. Alternatively, one may extrapolate LOD from a single data

point by simply taking the observed Ed value of the most responsive sensor after
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exposure at 0.3 ppm concentration and dividing that into three times the noise observed

for the sensor in a control experiment.
2.5 Determination of TVB-N

TVB-N content in chicken meat samples were measured by the Kjeldahl method.

[44] (More information in S5)
2.6. Colorimetric sensor for real-time monitoring of food spoilage.

30g meat samples were placed in a sealed 1.5 L bottle to accumulate ammonia
prior to freshness measurements. (The experimental details are in meat storage and
sampling protocol of Scheme S3).
3. Results and discussion
3.1 Characterization
3.1.1 Crystal structure of 1
Single crystal X-ray diffraction analysis show that 1 crystallizes as colorless
blocks (0.25x 0.1x 0.18 mm?®) in the octahedral space group P2i/c with a density of
1.923 cm™ at 296 K. All of the plane positions are occupied by N atoms of two
bidentate Hbta ligands (Fe(1) — N3 = 2.14(3) A and Fe(1) —N13 = 2.23(3) A), these
distances are characteristic of high-spin (HS) Fe(ll), and the b-axis position is
occupied by the O atoms of two H.O molecules (Fe(l) — O3 = 2.12(3) A).
Furthermore, two lattice water molecules were detected (Fig. 1a). The network
structure of mononuclear complexes of 1 is connected by mn-n* stacking between
aromatic rings of Hbta (Fig. 1b) and H-bonding between the crystal water to form a
3D supramolecular network structure (Fig. 1c). As a consequence, no channels were
detected (Fig. 1d) and therefore no pathway is available for vapor guest diffusion in
the crystal lattice of this complex. Detailed crystallographic information is given in

Table S1.
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Fig. 1. Crystal structure of 1: (a) Molecular unit of 1. Part of the ordered carbon atoms from
Hbta group were omitted for the sake of clarity (color codes: dark grey: carbon; red: oxygen;
blue: nitrogen, grey: hydrogen and orange: iron). (Fe(1) —N3 = 2.14(3), Fe(1) —N13 =2.23(3)
and Fe(1) — 03 =2.12(3) A; £N13 — Fel— N3 = 79.70(13), £/N13 — Fel—-02 = 88.82(13)
and /N3 —Fel—-02 = 92.33(14)). (b) n-n* stacking interaction of 1. (c) Details of the crystal
packing of 1 along the b crystallographic axis, show the network of H-bonding involving the
oxygen and nitrogen atoms from H,O and Hbta groups, respectively. Short N-H:--O and O—
H---N contacts along the b-axis. (d) Space-filling model as viewed down the b-axis, shows lack
of channels and pores in 1.

3.1.2 Stability analysis of 1

The thermal stability of 1 was analyzed by TGA/DTA (Fig. 2) and derivative of
TGA (Fig.S1a). An endothermic mass loss was observed below 180 °C due to
dehydration. Furthermore, the anionic form of the coordinated ligand Hbta decomposes
with an abrupt mass loss around 200 °C accompanied by an intense exothermic effect.
Therefore, the structure of the sensor is stable below 150 °C, thus delineating its

operation conditions.
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Fig. 2. TGA and DTA plots of 1 the range 25-400 °C.

In order to demonstrate the ability of 1 to discriminate among different vapor
analytes, the sensor responses were determined for a series of different volatile
molecules representing common organic functionalities at room temperature. (Fig. 3).
Especially, after adsorption gas-phase molecules with amino groups, some of it turns
from white/colorless to dark blue (1,2-diaminopropane), jet (isobutylamine), raw umber
(furfurylamine), deep taupe (ammonia), liver (diethylamine), and outer space
(ethylenediamine) colors. Excellent discrimination among these analytes is observed
even without any chemometric manipulation. This is because liquid analytes are
vaporized in air and subsequently diffuse into the surface of the Fe(Il) complex leading
to a partial spin state change of Fe(ll) ions from HS to low-spin (LS) after adsorbing
analytes. In addition, 1 has a great and fast response to some analytes with amines, as
we shall describe later in Fig. 9. We have systematically investigated the effect of water
molecules on our colorimetric sensor at different set values of humidity to assess
whether the colorimetric response is reliable over the full range of humidity values that
might be encountered in the real world. This also applied to NH3) at 5% and 50% (Fig.
S1b). As aresult, no color change was observed, indicating that our sensor is insensitive

to water molecules.
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Fig. 3. Colorimetric sensor responses for 32 common analytes at saturation vapor pressure at
room temperature.1la = H,O; 2a = acetonitrile; 3a = formaldehyde; 4a = dichloromethane; 5a
= chloroform; 6a = acetone; 7a = tetrahydrofuran; 8a = pyridine; 9a = MeOH; 10a = ethanol;
11a = 1-butanol; 12a = 1-pentanol; 13a = hydrochloric acid; 14a = hydrogen bromide; 15a =
acetic acid; 16a = sulfuric acid; 17a = nitric acid; 18a = NHs;; 19a = isobutylamine; 20a =
diethylamine; 21a = 1,2-diaminopropane; 22a = ethylenediamine; 23a = N:Hj; 24a =
diethylenetriamine; 25a = furfurylamine; 26a = hexylamine; 27a = triethylamine; 28a = aniline;

29a = 3-picolylamine; 30a = 2-(trifluoromethylaniline; 31a = 2-chloroaniline; 32a = 1,2-
diaminocyclohexane.

3.1.3 Ultraviolet—Visible Diffuse Reflectance Spectroscopy (DRS) analysis.

UV—Vis diffuse reflectance spectra (UV-DRS) were recorded on 1 before and
after adsorption of selected analytes (Fig. 4 and Fig. S4). For 1, a band is observed at
A =240 nm, which can be assigned to a ligand-centered n—=* transition. [45] However,
new peaks appear in the spectrum of 1 after adsorbing analytes with amine groups (in
Fig. 4 and Fig. S4), which show high intensity bands in the UV region and broad
transitions in the near-visible region. In the case of 1@ethylenediamine, a band is

observed at A =350 nm along with a broad band at A =570 nm. These are attributed to

n-z* and d—d transitions of LS component (!A; — 1T1),[37] respectively. Other
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analogues display similar spectra with weaker bands except for 1@NH;3 (Fig. 4 and Fig.
S4). The presence of LS Fe(ll) ions will also be confirmed by °’'Fe Mdsshauer

spectroscopy (see next section).
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Fig. 4. Ultraviolet—Visible Diffuse Reflectance Spectroscopy (DRS) of 1 before and after the
detection of hazardous gases with amino groups.

3.1.4 Mdssbauer spectroscopy analysis

The spin state of 1 after hazardous gases absorption was confirmed by *’Fe
Maossbauer spectroscopy measurements carried out at room temperature in transmission
mode (Table S2 and Fig. 5). At room temperature, the spectrum of 1 shows a
quadrupole doublet which was fitted by Lorentzian lines to yield to isomer shift 0 =
1.10(2) mm/s and quadrupole splitting 4Eq = 3.78(3) mm/s. Such parameters are typical
for octahedral Fe(Il) ions in the HS state (Fig. 5a).[37,38,46] This result agrees well
with the magnetic susceptibility measurement which shows 100% of HS Fe(II) ions at
room temperature (Fig. 6). A dissymmetry of the lines is observed, presumably due to
a texture effect. LS Fe(II) ions were detected as a result of a partial spin state change

from HS to LS after adsorbing hazardous gases with amines. For instance, 1@NHj3
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displays four quadrupole doublets assigned to two HS Fe'' ions (HS1 Fe''and HS2 Fe'’)
(area fraction = 14 and 10%; 6 = 0.89(2) and 1.18(9) mms™'; 4Eq = 3.42(5) and 2.00(2)
mms’!, respectively, red and pink spectra) and a LS Fe!' (area fraction = 41%; 6 = 0.25(2)
mms™'; AEq = 0.78(8) mms™! at room temperature, light blue spectra), as well as a LS
Fe' (area fraction = 35%; 6 = 0.20(2) mms™'; AEq = 1.49(6) mms™! at room temperature,
navy blue spectra) (in Fig.5b). For 1@isobutylamine in Fig.5c, three quadrupole
doublets attributed to LS-Fe'! (area fraction = 24 %; § = 0.22(5) mms™'; 4Ep = 0.57(8)
mms!, light blue spectra), HS-Fe!' (area fraction = 35%; & = 1.10(9) mms™'; 4Ep =
3.78(2) mms™!, red spectra) and LS-Fe'"! (area fraction = 41%; & = 0.15(3) mms™'; 4Eg
= 1.53(5) mms™!, navy blue spectra) are observed at room temperature. These
parameters (light blue spectra) are characteristic of LS Fe!' ions in a FeNg core, due to
oxygen atoms replace by nitrogen atoms to coordinate with Fe(Il) after amines
(ammonia) adsorption.[38] Other analogue display similar LS-Fe!' spectra in Fig. 5 and
Fig. S5. After adsorbing the gas-phase molecules with amino groups, which may form
different interactions with the central atom and surface molecules, a new spin state is

generated. Such result is confirmed by magnetic measurements (see next section).
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Fig. 5. Mossbauer spectra of 1 before and after the detection of hazardous gases with amino
groups at room temperature.

3.1.5 Magnetic properties analysis

The magnetic properties of 1 before and after contacting analytes, have been
studied over the temperature range of 4-400 K with a SQUID and are displayed in the
form of yT vs. T, x being the molar magnetic susceptibility (Fig. 6 and Fig. S6). At 298K,
¥T = 3.35 cm®mol'K which corresponds to the expected value for HS Fe(II) ions.
Compare with 1, the ¥ 7 curve of 1 after adsorbing hazardous gases of amines is reduced
to various degree. For 1@NH3, 1@ethylenediamine and 1@isobutylamine, xT
obviously decreases and drops rapidly reaching a value of 1.34, 1.77 and 1.50 cm>mol’

'K, respectively, at room temperature. The results indicate that the partial spin state

change from HS to LS due to adsorbed analytes with amino groups molecules results
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agreement with >’Fe Mdssbauer spectroscopy results (See previous section).
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Fig. 6. xT vs T curves for 1 before and after adsorbing hazardous gases in the temperature range

of 4-400 K.

3.2 Chemosensing properties of 1 containing various hazardous gases
3.2.1 Selectivity for hazardous gases

Interestingly, the images photographed using a smartphone camera were converted
into digital information to afford RGB1 (red, green, blue) and HSB2 (hues, saturation,
brightness) values by a conventional application (Color Name AR), to examine the
multivariate distances (Euclidean Distance) between the analyte responses in 6-
dimension.[38] In order to measure the difference between two colors, the difference is
assigned to a distance within the color space.[24] Simple comparisons of the spatial
distances in their full original vector space between an observed color and a pre-
collected library were extremely rapid. RGB1 and HSB2 color space, a hierarchical
cluster analysis (HCA) was performed. Such analysis makes use of only digital data
representing the observed difference colors without considering any chemical
information.[47] According to the set of colors observed in Fig.3 ranging from blue,
reddish, white, green, one can assume that samples can be categorized in three or four

different groups (depending on their colors). For a more detailed determination of color
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dissimilarity between samples, data were subjected to HCA. HCA is a multivariate-
statistics that enable to determine clusters of observations within a data set.[48,49] HCA
was performed to generate dendrograms (Fig. 7), for the cluster analysis using Ward’s

algorithm.[50]
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Fig. 7. HCA dendrogram of 1 (colorimetric detection tree diagram) of 32 analytes at saturation
vapor pressure showing the relative relationship between gas analytes at room temperature.
Averages of 3 trials were used for each analyte. The sorting of the analyte was classified due to

the characteristics of RGB1 and HSB2 values in Table S3.

Analytes with amino groups gas-phase samples are accurately identified against
each other by HCA. Principal component analysis (PCA) is a technique for reducing
the dimensionality of such datasets, increasing interpretability but at the same time
minimizing information loss.[24] The PCA score plot based on the first two principal
components (PC1 and PC2) displays a similar pattern of clustering results as compared
to HCA, with four clusters identified, with no overlap among clusters (Figure 8a). The
scree plot (Figure 8b) shows that 2 dimensions are needed to account for >98% of the

total variance of the data, which means that the sensor offers a wide range of detection
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capabilities. Remarkably, an excellent differentiation of closely related analytes was

achieved with the data shown in Table S3.
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Fig. 8. (a) 2D score plot of PCA results of sensor 1 to 32 analytes. (b) Scree plot of all analytes.
Averages of 3 trials were used for each analyte. The sorting of the analyte was classified due to
the characteristics of RGB> and HSB; values in Table S3. (Al: acetone, acetonitrile, bromic
acid, sulfuric acid, 1 (control), 1-pentanol, H>O, formaldehyde, 2-chloroaniline, aniline, 1-
butanol, hydrochloric acid, chloroform, acetic acid, 2-(trifluoromethyl)aniline, 3-picolylamine,
tetrahydrofuran; A2: hydrazine hydrate, 1,2-diaminocyclohexane, ammonia, triethylamine,
hexylamine, diethylenetriamine, ; A3: diethylamine, methanol, furfurylamine, ethanol, nitric
acid, dichloromethane, pyridine; A4:1,2-diaminopropane, ethylenediamine, isobutylamine).

The speed of discoloration is another crucial factor for the detection of analytes by
any reliable sensor. From this perspective, the correlation of Euclidean distance (Ed)
with different contact time from 0 to 2h was investigated. Fig. 9 shows that Ed increased
rapidly during the first 10 min, which is mainly because that the detection sites of the
sensor are abundant at the beginning. As the detection continues, both number of vacant
sites and analytes concentration gradient decrease, resulting in the decrease in the speed
of discoloration. Finally, the Ed saturates at a maximum value, indicating that
adsorption detection reaches equilibrium. Thereby, 10 min of contact time was enough
for the detection of analytes at room temperature. In addition, among them, fast and
obvious colors change were observed for NHs, 1,2-diaminopropane, isobutylamine,
ethylenediamine (Fig.9). Furthermore, it demonstrates that 1 can quickly detect several

toxic gases with amino groups at room temperature (Table S4).
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experiments were performed in triplicate. The Euclidean distance corresponds to the total

length of the 6-dimensional color vector shown in Table S4.

3.2.2 Sensitivity for NHs(g)

As the concentration of NHj3(g) increases from 0 to 142 ppm, the color of our sensor
changes from pastel gray to pastel blue, which can be distinguished by the naked eyes
directly at room temperature, as shown by the plot of the Ed and the concentration (Fig.
10a). The Ed value increases sharply from 0.5 to 5.7 ppm, after the Ed value slowly
increases up to 140. Data was fitted best using an exponential type function with very
good determination coefficients (R?> = 0.99 for NHs(y) (Fig.10a). Most interestingly,
this curve can be helpful not only to predict concentration of ammonia (< 3 ppm) by
evaluating the color of our sensor, but also to evaluate the risks of ammonia in the
environment (with concentration > 3 ppm). The calibration curve (Fig. 10b), displays
LODs at low ppb level. An excellent linearity is observed with R > 0.99 for NHj3(g).
The sensor response at extrapolated LOD was recollected (105 ppb) in Fig.S7. A
comparison of LODs calculated by these two methods gives very similar results (Table
S6). The PCA score plot based on the first two principal components displays a pattern
of clustering results with no overlap among clusters (Fig. S8a). The scree plot (Fig. S8b)
shows that 2 dimensions are needed to account for > 99% of the total variance of the

data, which means that the sensor has a wide range of detection NH3() concentration
17 /32



391

392

393

394

395

396

397

398

399

400

401
402
403
404
405
406

capabilities. For comparison, SVM analysis offers supervised and more quantitative
method for data classification and predication. The results of SVM analysis using a
standard leave-one-out permutation model are shown in Table S7. All concentrations
of ammonia show grouping results with 100% classification accuracy. This outcome
demonstrates that the performance of our sensor is superior to that in the previously
reported method for the detection of NH3(g) at room temperature. According to the data
of the National Institute for Occupational Safety and Health (NIOSH), employers can
only be exposed to working environment where the concentration of NHjg) is lower
than 25 ppm. [51] Therefore, our sensing system shows great potential for applications

in daily life given it holds a much lower detection limit of 105 ppb for NH3(g).
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Fig. 10. (a) Sensor response to NHs3(q) at different concentration. Relation curve between the
Euclidean distance and the concentration of the NHs¢ and effect of initial concentration of
NHs) on color changing of 1 at room temperature. The ratio of Euclidean distance vs NHsg
concentration in the range of 0 to 140 ppm. (When the data were examined, a linear response
was obtained for a concentration lower than 3 ppm while curve slowly saturates above 3 ppm.)
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The Euclidean distance corresponds to the total length of the 6-dimensional color vector shown
in Table S5. (b) Calibration curve for LODs of NHj) (Details are gathered in Table S6).

3.2.3 Regeneration of colorimetric sensor

Although meat monitoring does not necessarily require the regeneration of a
sensor, such regeneration ability is still considered as an important factor for the
potential application of a given colorimetric sensor. An excellent sensor must not only
have a good response property but also good regeneration ability for the sensor to be
economically gainful. In this study, two representative gases were selected, NH3(g)
(which is not only released from food spoilage, but also is widely used in industry) and
isobutylamine(g) (as a representative of organic amines to check if aliphatic amines
would present regenerative property). Desorption experiments were performed by using
a HCl solution (4%) as eluent. As shown in Fig. 11, the removal efficiency of the sensor

in each regeneration cycle, indicates that 1 can be reused up to 8-10 times.
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- . . . The sensor for regencration after adsorbing isobutylamine,
\:I The sensor for regeneration after adsorbing NHj,

Fig. 11. Diagram of reusability test for the colorimetric sensor on the regenerated at room
temperature. All experiments were performed in triplicate. The Euclidean distance corresponds
to the total length of the 6-dimensional color vector shown in Table S8.

Comparison of the detection and sensing performances of NHj(g) and aliphatic
amines of different materials to 1 is given in Table 1. Traditional sensing materials such
as nanoparticles,| 52| metal oxide semiconductor and quartz crystal microbalance,|53 ]
etc., have been reported. Although sensors based on metal oxide semiconductors [52]

or metal imidazolate framework materials [ 54| have a simple structure and are low cost,
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their operating temperature is too high (>75°C) to compete with our complex which
operates at room temperature. For sensors based on a quartz crystal microbalance, the
sensing process is based on the principle of similar polarity, thus giving a low selectivity.
In addition, such equipment is not user friendly at all, and needs to be carefully
maintained, in contrast to our complex. Compared with traditional sensors, 1 has the
advantage to show a high selectivity (with a lower detection limit of 105 ppb for NH3(y)),
simple to operate, environmentally friendly, in-situ, real-time and low-cost for detecting
NHj3(e). Importantly, 1 can excellently respond to broadly hazardous gases with amino
groups, and produce obvious color changes that can be seen by the naked eyes at room
temperature. Most importantly, our complex can not only discriminate NHj3(g) from
mixed toxic gases (discriminate primary amines from aromatic amines) (Fig. S9 and

Table S9) but also evaluate NH3(g) concentrations at very low levels (ppb).

Table 1 Comparison of the detection NHj3) and aliphatic amines(g) sensing performances of

different materials.

Sensor Analyte(g) LODs Response  t(°C) Mechanism Ref.
(ppb) (min)

1,2-diaminopropane r.t. From HS FeN4O,  This work
1 ethylenediamine - <10 to LS FeNg core

isobutylamine - and H-bonding

NH3 105
MAF NH3 103 5 rt. DASAs [55]
PtNP/a-IGZO NH; 103 - 250 ISSASCA [52]
Calixarene functionalized SWCNT NH; 600 15 r.t. EGE [56]
VODFON diethylamine 10° 0.03 350 SIA [57]
Polymerized castor oil based QCM NH; 397 - R.T. H- bonding [53]
dyes isobutylamine 5x10° 10 r.t. BLABT [58]
NCP ethylenediamine 5.6x10° - r.t. ICTC [59]
PR ethylenediamine 1070 - r.t. H-bonding [60]
Co-MOF-1 isobutylamine - >60 r.t. ET [61]

MAF : Meldrum’s activated furan; DASAs : donor—acceptor stenhouse adducts; platinum nanoparticle /amorphous In-Ga-Zn-O= Pt NP/a-
IGZO; ISSASCA : increased specific surface area and superior catalytic activity of the Pt NPs; SWCNT : single-walled carbon nanotubes;
EGE : electrostatic gating effect; VODFON: V,0s-decorated o-Fe,O3 nanorods; SIA : sensors interact with amines; QCM: quartz crystal
microbalance; BLABT : Brensted-Lowry acid base theory; NCP : nitrated conjugated polymer; ICTC : intermolecular charge transfer
complex; PR:N,N'-bis(2-(trimethylam-moniumethylene) per-ylene-3,4,9,10-tetracarboxyldiimide-(R)-(-)-camphorsulfonic acid salt; ET:

electron transfer.

3.3 Discoloration mechanism of 1 containing various analytes vapors

Based on the above results, a discoloration mechanism of 1 towards NHs(g and
analytes with amino groups at room temperature was proposed (Fig. 12). A reasonable
and persuasive explanation for this discoloration is that Fe(Il) ions on the surface of the
sensor are coordinated with analytes molecules with NH»- groups, replacing
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coordinated O atoms. As shown in this work (Fig.5 and Fig.6), LS state of 1 appears,
due to a partial spin state change from HS FeN4O> to LS FeNg after adsorbing analytes
with amines or NHa. In addition, since the electronegativity and the radius of the N
atoms are smaller than the ones of the O atoms, rich-nitrogen ligands have a stronger
ligand field, which leads to the formation of LS Fe(ll) ions. Furthermore, the inevitable
existence of hydrogen bonds in the coordination species of nitrogen-rich ligands, may

promote color change of 1.

Sensor (1)
‘8" : NHyg i :H,0 \_ : Molecules of NH;
. : Fe (II) ions of before adsorption NHy,) . : Fe (II) ions of after adsorption NHj,

Fig. 12. Suggested discoloration mechanism of 1 containing various analytes vapors at room
temperature. (color codes: dark grey: carbon; red: oxygen; blue: nitrogen, grey: hydrogen and
orange: iron).

3. 4 Applications in the assessment of meat freshness
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Ammonia has been used as an important indicator of food spoilage state. In order
to verify the practical application property of our colorimetric sensor detection system,
it was used to real-time and in-situ detect NHz() from meat samples and to evaluate
meat freshness at room temperature (23 == 1 °C). The response of 1 towards
trimethylamine(g) and dimethyl sulfide), which are interference analytes during meat
spoilage, can be ignored (Fig. S10). Euclidean distance-based in-situ monitoring of
meat samples was then performed over time (Fig. 13a). Distance was shown to increase
quickly after 24 h, especially for chicken meat, which indicates that the chicken
spoilage rate is relatively fast, and the release of ammonia gas is relatively high too.
The accurate concentration of ammonia vapor in the sample was measured using a
smart ammonia gas detector (AR8500) as standard control (Fig. 13b). No ammonia
release was observed before 24h at room temperature (23+1 °C) for meat of chicken
(breast), pork (belly) and beef (steak) packs. However, the situation differs after 36 h
with 3.6 ppm (for chicken), 0.2 ppm (for pork) and 0.2 ppm (for beef) level. At 48 h,
24.7 ppm were detected for chicken, 1.2 ppm for pork and 0.9 ppm for beef. (This result
is consistent with the experimental result of 1 in Fig. 13a). To better reveal the complex
system’s capabilities to quantitatively assess meat freshness, HCA analyses was
conducted on the database collected for spoilage of meat samples. HCA manifests the
clustering of data with three distinct classes of responses, which means there are three
processes of meat from fresh to spoilage, as shown in Fig. 13c. The cluster with the
lowest response is the freshest meat, which was labeled “Fresher”, which contains 0 h
storage of three meats (as control), and from 12 h to 24 h storage of chicken, beef and
pork (The result is consistent with Fig.13a and 13b, which shows there no ammonia gas
release from meats from 0 h to 24 h). The middle response cluster, labeled “less fresh”,
contains 36 h storage of pork and beef meat as well as 48 h storage of beef (Ammonia
release has been detected, but not much from 24 h to 48 h for pork and beef meat, in
Fig.13a and 13b). The most responsive cluster, labeled “spoiled”, including the 36 h
storage of chicken, 48 h storage of chicken and pork, and 60 h storage of chicken, pork

and beef meats (The release of ammonia is too high, but after 48 h, the release of
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ammonia is relatively fast, in Fig.13a and 13b). The PCA score plot based on the first
two principal components display a similar pattern of clustering results as compared to
HCA with no overlap among clusters in Fig. S11. As with the previously discussed
SVM analysis of the individual gas analytes, a leave-one-out permutation cross-
validation gave perfect identification of all 16 classes (three meats at 5 times and the
control) with an error rate of <1% (Table S13).

Since a number of volatile nitrogenous compounds are released during the
spoilage process of high-protein foods, commonly referred as TVB-N, it is important
to determine them to assess the freshness of meat.[4] For instance, a TVB-N < 25.5
mg/100 g (for chicken meat) is considered as an acceptable value for fresh meat.[62]
When delivered from the supermarket, our fresh chicken batch showed a TVB-N =
14.16 mg/100 g (Fig. S12). After only 1.4 days (34 h), TVB-N exceeded 25.5 mg/I00 g,
indicating the beginning of meat spoilage, which continue to grow after two days,
reaching unacceptable values after 5 days. Such result is consistent with the conclusion
of our colorimetric sensor detection system (36h). The magnitude of overall response
time of 1 to ammonia with the same storage duration at 23+1 °C follows the order:
chicken > pork > beef. Such an order may be modified by differences in the protein
compositions of three type of meats (different muscle types) and pre-slaughter
conditions, and probably more importantly, by differences in the bacteria strains [63,64]
and bacterial activities [65] that are growing on the meats during spoilage. The results
suggest the potential practical applications of our colorimetric sensor to measure
ammonia in daily life, e.g. for food packaging, and air quality monitoring. The
performance of our sensor system against several disinfectants commonly used in the
meat and fish packaging industry,[66] including chlorine and peracetic acid, was
checked (Fig. S13). No effect was found showing the high resistance performances of
our sensor. For a commercial use, the sensor would need to be protected against food
contact, e.g. by embedding the sensor into silica gel to produce either particles which
would be placed in a transparent bag in the food packaging, or a film which could be

stuck on the food packaging itself.
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Fig. 13. (a) Response of 1 to three meat products stored at room temperature (23+1°C), (b)
concentrations of ammonia were measured by ammonia gas detector from meat products at
room temperature (23+1°C) (insert: Response of 1 to low concentration of ammonia), ()
dendrogram showing hierarchical cluster analysis of the spoilage of meat (chicken, beef and
pork) at room temperature (23+1°C) with different time; All experiments were performed in
triplicate. The Euclidean distance corresponds to the total length of the 6-dimensional color
vector shown in Table S10.

3.5 Reproducibility of meat sample measurements

To assess the consistency of our colorimetric sensing method, a reproducibility
study was conducted on three separately prepared colorimetric sensors (at one month
interval), by comparing their response to chicken meat.[24] In addition, comparisons

were made among three separate chicken batches bought at a day interval, which were
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each tested with 1.[24]| For the study, chicken meat (30 g) was stored at room
temperature for 48 h, and measurements were done in triplicate.

Reproducibility for the colorimetric sensing was evaluated from the average
Euclidean distance from triplicate trials (Fig. S14 and Table S14). Three preparations
of 1 afforded an Ed = 151+8 on single chicken batches. For comparison, the
reproducibility of three chicken batches was tested too affording an Ed = 156+14.
Combined with relative standard deviation (RSD), the differences in the batches of
colorimetric sensors were found smaller compared to the differences among the chicken
meat originating from separate purchases (Table S14).

Comparison of the ability to assess the freshness of meat by different sensor
materials is shown in Table 2. At room temperature, small organic molecules released
from spoiled meat can quench fluorescence of existing sensors.[22,67,68]| Although this
method is very effective, the measurement of fluorescence intensity is not widely
available for public use due to price and professional technical factors, thus limiting
any reliable application. On another ground, pH-sensitive films were applied to food
packaging with color changes being detected by naked eyes.[69] However, since
everyone has a different level of color perception by naked eye, such methods directly
using the naked eye to identify whether the food is fresh or not, is obviously subjective
and inaccurate. In contrast, our complex 1 combined with a smartphone is not only
highly sensitive, powerless, low cost, but also can real-time and in-situ evaluate the
freshness of meat, and is available to everyone with the simple use of a handy

smartphone.

Table 2 Analysis and comparison of different sensor materials on real samples.

Sensor Meat T (°C) Unsafe time (h) Ref.
FN chicken 25 >36 [22]
pork 25 >36
pH-sensitive films chicken 30 >24 [69]
CSA chicken
beef 25 >24 [65]
pork
1 pork 23+1 >24
chicken 23+1 >24 This work
beef 23+1 >24

FN: Fluorescent Nanotubes; CSA: Colorimetric Sensor Array.

4. Conclusions
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In summary, a novel type and high-performance gas colorimetric material based
on a nonporous Fe(Il) complex was designed for quantitative detection of NHs. It
provides a real-time monitoring and in-situ assessment of meat freshness using a simple
color recognition by smartphone. In addition, the colorimetric material can effectively
discriminate hazardous gases with amino groups at room temperature and allows trace
detection of ammonia (the detection limit is 105 ppb for NH3(g)). The complex also
features has an excellent regenerating ability too. The coloration mechanism involves
a partial spin state change of Fe(Il) ions after adsorption with an additional role of
hydrogen bonding. Overall, such colorimetric material could provide broadly
selectivity towards various hazardous gases with amino groups and high sensitivity to
ammonia, opening up an opportunity to develop a new generation of room temperature
portable electronic nose systems for real-time assessment and in-situ measurement of
the freshness of meat, e.g. by inserting our sensor into food packaging, via processing

a thin film.
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Appendix A. Supporting Information

The Supporting Information is available free of charge on the Elsevier publications
website. Overview of FT-IR, Powder X-ray diffractograms, Diffuse-reflectance
spectroscopy, °'Fe Mdssbauer spectroscopy parameters, Temperature-dependent yT
plots, all data of Euclidean distance of 1 before and after adsorption of different guest
molecules at room temperature, the influence of acids and different humidity on sensor
properties and all data of applications in the assessment of meat (chicken, beef and pork)

freshness by the colorimetric sensor.
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