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Abstract 

In recent decades, the spread of industry has led to better living conditions for the human 

population, but as a consequence, an exponential increase in environmental pollution has 

also been observed. Numerous volatile compounds and gases are released into the 

environment from chemical plants, causing potentially hazardous conditions for human 

health. For this reason, there is great interest in developing new molecular chemosensors 

capable of ensuring rapid, highly selective and sensitive, low-cost and on-site detection of 

these compounds. Among these, optical and electrical chemosensors have received 

increasing attention for their advantages over classical sensing methods, such as simpler 

detection, fast response times, cheaper instrumentation, ease of fabrication, and on-site 

detection. Zn(salen)-type Lewis acid complexes have been extensively studied in recent 

years, providing insights into their aggregation/deaggregation processes and, more 

interestingly, their solid-state optical properties, suitable for the development of molecular 

sensors for the detection of air pollutants.  

This Ph.D. thesis, promoted within the framework of the SAMOTHRACE project, 

deals with the development of novel molecular chemosensors for the selective and sensitive 

detection of vapors of nitrogen-containing volatile organic compounds (N-VOCs) and 

ammonia, and can be mainly divided in three parts: i) detection of mono- and diamine 

vapors, n-butylamine (BA) and  ethylenediamine (EDA), using a vapochromic/ 

vapoluminescent Zn(salen)-type complex, 1, on paper-based films (PBFs); ii)  detection of 

pyridine (Py) vapors by PBFs of a vapochromic Zn(salen)-type complex, 2; and iii) detection 

of NH3 using conductometric sensors based on 1/lutetium bis-phthalocyanine (LuPc2) 

heterojunctions.   

In the first part, the vapochromic/vapoluminescent response of 1-PBFs towards vapors 

of different classes of VOCs is explored, to then achieve the selective and sensitive detection 

of BA vapors. To this end, the optimization of the 1-PBFs fabrication procedure and the 

investigation of their appropriate storage conditions were first studied to achieve high 

repeatability and optical uniformity of the films, as a fundamental prerequisite for 

quantitative detection studies. Annealed 1-PBFs are found to selectively detect BA vapors 

over all other VOCs involved, with a LOD down to 2.0 ppm, below the OSHA permissible 

exposure limit of 5 ppm. As-prepared and annealed 1-PBFs also enabled detection of the 

IDLH (300 ppm) established by NIOSH for BA vapors. The high selectivity of 1-PBFs was 

demonstrated by competitive experiments, in which the optical response of 1-PBFs is found 

to be selective for BAs over other relevant primary aliphatic amines, especially at low 

concentrations (tens of ppm). The color change of 1-PBFs detected with a smartphone-

assisted color recognition app and appropriate RGB color analysis, including normalization 

to the rgb values and ΔErgb color difference, also enabled the quantification of BA vapors, 

useful for on-site detection studies. BA vapor leakage simulation experiments showed that 

both as-prepared and annealed 1-PBF1s allow the detection of IDLH and PEL-C values, thus 

demonstrating their suitability for real-time detection of indoor amine contamination in 

semi-confined environments. 

As-prepared and annealed 1-PBFs also enabled discriminative and sensitive detection of 

volatile diamine vapors from those of monoamines, since their vapochromic and 
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vapoluminescent response is accompanied by distinct color changes and fluorescence 

quenching. Therefore, selective detection of EDA vapors, compared to other volatile 

diamines, allowed to estimate a LOD of 6.6 ppm, lower than the PEL value of 10 ppm. 

Overall, a sensing mechanism for the detection of EDA and BA vapors using 1-PBFs was 

proposed, also based on XRD and TGA measurements. 

In the second part, the vapochromic response of 2-PBFs to various N-VOCs and 

oxygenated VOCs (O-VOCs) are explored. Analogously to the previous part, the 

optimization of the preparation procedure and storage conditions for 2-PBFs was first 

studied. Selective detection of Py vapors, among all the other VOCs involved, results in 

peculiar color and optical absorption changes after exposure to Py vapors. The observed 

relevant color changes were exploited for the quantification of Py vapors also using a proper 

RGB color analysis of the films over a very broad concentration range, from tens to 

thousands of ppm, including the IDLH value (1000 ppm). A thorough study was conducted 

on the reliability of the RGB approach used, demonstrating that RGB color analysis for 

sensing applications using non-normalized RGB values can lead to unreliable and hardly 

repeatable results. Therefore, 2-PBFs combined with smartphone-assisted RGB color 

analysis ensure high portability for on-site detection of Py vapors, and these features are 

unique among chemosensors for Py vapor detection. 

The third part reports the preparation and characterization of conductometric sensors 

based on complex 1 in combination with a conductive material, such as LuPc2. In particular, 

1/LuPc2 bilayers and 1:LuPc2 mixed films were obtained on indium tin oxide interdigitated 

electrodes, and then morphological, optical and electrical characterizations of these films 

were performed. A different surface morphology characterizes bilayer and mixed films, as 

uniform rough surface and pillar-like or alveolar structure, respectively. Optical microscope 

images and related Raman spectra of 1:LuPc2 mixed films having a specific mass ratio show 

a uniform surface morphology, consistent with AFM results, and the presence of LuPc2 

domains. Annealed bilayer and mixed films, show interesting changes in both optical and 

electrical properties. The peculiar electrical properties of these films can be related to the 

different interface architecture, such as planar heterojunction for bilayers and bulk 

heterojunction for mixed films, as determined by electrochemical impedance spectroscopy. 

The potential application of these films as conductometric chemosensors for the gas-phase 

detection of NH3 was also explored. Both bilayers and 1:2 mixed films can discriminate 

different NH3 concentrations in a range from 10 to 90 ppm, resulting in improved sensing 

performance compared to starting materials 1 and LuPc2, especially for the mixed films, thus 

highlighting the unique behavior of these heterojunction devices. 
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Chapter 1 

Introduction 

The last decades (after 1960) have been characterized by the growth of the human 

population (as never observed in other historical periods), with the consequent expansion of 

cities, the growth of industries and the development of new technologies. Industrial 

development has allowed this enormous expansion and population growth because it 

guarantees better living conditions, but one of the main problems caused by the spread of 

industries is the environmental pollution. 

Environmental pollution is a generic expression that indicates the release into the 

environment of some substances, commonly called “pollutants” (such as solids, liquids or 

vapors/gases), that can modify the properties of ecosystems and, in some cases, lead to the 

death of animals or plants because of their toxicity.1,2,3,4 Furthermore, various phenomena 

such as climate change, global warming, acid rain, eutrophication, the frequency of 

catastrophic events, etc., can be related to the presence of these pollutants in the 

environment.1,5,6 Pollutants do not only derive from anthropogenic activities, but also from 

biogenic origin. For example, heavy metals are intrinsic components of the soil, but the 

pollution associated with them is related with their high localized concentration caused by 

human activity (e.g., extraction from mines, wastewaters of metallurgic industries, etc.).7 

Environmental pollutants can be found in soil, water and atmosphere. 

Soil pollution is typically associated with the presence of pesticides, hydrocarbons, 

chemical solvents, fertilizers, heavy metals, particulate matter, plastics, etc. Some of these 

pollutants are introduced in the soil directly (e.g., pesticides), while others arise mainly from 

improper treatment of urban and industrial wastes.8,9 Through the soil, some of them can 

reach underground aquifers and become water contaminants. Their presence in high 

concentrations can represent a problem for plants, animals, and human health.2 

Water pollution is associated with the presence of hydrocarbons, surfactants, chemical 

solvents, anions, heavy metals, insecticides, industries wastewaters, etc.,10 and represents a  

relevant issue. Ingestion of contaminated water can cause some health problems such as 

headaches, nausea, diarrhea, cancer, etc.11,12 Furthermore, the presence of nitrogen-

containing compounds and phosphorus oxides in lakes can induce the phenomenon of 

eutrophication, which consists in the growth of microalgae on the water surface, resulting in 

the consumption of dissolved oxygen and the death of fish and algae.5 

Air pollution is a widespread and dangerous type of pollution, also because air pollutants 

can travel long distances and enter in human and animal bodies through the respiratory 

system. The presence of air pollutants represents a problem for the human population 

because it can cause respiratory problems, cancer, headaches, asthma, irritation of throat, 

etc.13 Volatile organic compounds (VOCs), particulate matter, carbon monoxide and dioxide, 

nitrogen oxides, sulphur oxides, polycyclic aromatic hydrocarbons, etc., are known as air 

pollutants. 
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Among air pollutants, VOCs are a class of organic compounds that can easily volatilize 

at room temperature and atmospheric pressure from solid or liquid substances.14 Their 

presence in the environment can derive from natural and/or anthropogenic sources. Natural 

sources of VOCs include forest fires, aerobic and anaerobic microbial processes, emission 

from plants, etc., while VOCs derived from anthropogenic sources are mainly related to 

industrial emissions, the evaporation of organic solvents, tobacco smoke, the combustion of 

hydrocarbons, the use of pesticides, etc. Some VOCs are toxic for human health (e.g., 

formaldehyde, chloroform, benzene, etc.)14 and can be associated with carcinogenic effects, 

respiratory problems, allergic responses, etc.15,16,17 Furthermore, these volatile substances are 

responsible for some environmental phenomena, such as climate change, photochemical 

smog (O3 into the troposphere), depletion of stratospheric ozone, etc.18  

VOCs can be classified on the basis of their volatility or chemical structure. In the first 

case, four different classes of VOCs can be distinguished as: very volatile organic compounds 

(VVOCs, b.p. < 50°C), VOCs (b.p. = 50 – 260°C), semi-volatile organic compounds (SVOCs, 

b.p. = 260 – 400°C), and particulate organic matter (POM, b.p. > 400°C ).18  In the second 

case, they can be distinguished based on their functional group into: halogenated VOCs 

(HVOCs), oxygenated VOCs (O-VOCs), nitrogen-containing VOCs (N-VOCs), volatile 

organic sulfur compounds (VOSCs), and non-methane VOCs (NMVOCs). Due to their 

volatility, organic solvents are mostly air pollutants and often fall into the category of VOCs. 

Among N-VOCs, aliphatic and aromatic volatile amines are widely involved in 

chemical industries as reactants,19,20 and some of them can be used as food freshness 

indicators in food industries.21,22,23 Exposure to high concentrations of these substances can 

lead to several health diseases, from respiratory problems to carcinogenic effects.24 To 

prevent serious health effects on workers, the permissible exposure limit (PEL) to amine 

vapors and/or other toxic substances in industries is strictly regulated worldwide by some 

institutions, such as the Occupational Safety and Health Administration (OSHA) in the 

United States. In addition to the negative effects on human health, the release of volatile 

amines during industrial chemical processes poses a serious risk of environmental 

contamination.25,26,27,28 For all these reasons, their selective and sensitive detection is very 

important for human and environmental safety. 

For these VOC pollutants, there are different standard procedures and analytical 

techniques that allow their detection. The most common techniques are GC-MS, ESI-MS, 

ICP-MS, HPLC, voltammetry, potentiometry, conductometry, etc.29,30 These techniques offer 

good reproducibility and sensibility, low limit of detection (LOD), and good dynamic linear 

range of detection. However, they often require expensive instrumentation, time-consuming 

sample pretreatment, and skilled operators. Therefore, the development of detection 

methods, e.g., chemosensors, that can directly detect VOCs of interest is highly desirable. 

The term “chemosensors” refers to materials that exhibit a change in their chemical-

physical properties in the presence of a specific analyte or class of analytes. The broad and 

growing interest in their study depends both on the search for new low-cost, portable, and 

reusable/disposable devices with selective and sensitive properties, and on the optimization 

of their performance, such as fast response times, simple, and on-site detection 

methods.31,32,33,34 Depending on the chemical-physical property that changes after the 

interaction between sensor and analyte, chemosensors can be distinguished in 
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electrochemical,35 optical,36 piezoelectric,37 etc.31,32 Various molecular systems and/or 

nanomaterials have been widely investigated as chemosensors, for example organic 

molecules,38 metal complexes,39 polymers,40 metal organic frameworks (MOFs),41 carbon 

based materials,42 etc. 

Metal complexes of tetradentate Schiff bases show tunable spectroscopic properties  

useful for the development of new molecular materials for sensing pollutants and toxic 

substances.43,44 In particular, Zn(II) complexes derived from salicylaldehyde, or its 

derivatives, and 1,2-diamines, namely Zn(salen)-type complexes, have been investigated for 

their interesting optical absorption/fluorescence properties. Their Lewis acidic character 

associated with the metal center, allows the facile interaction with Lewis bases, in solution 

and/or in the solid phase.43 The significant changes in their structure and spectroscopic 

properties, upon coordination to the Zn(II) atom of Lewis bases, are useful to explore these 

molecular materials for the detection of VOCs, e.g., volatile amines, having Lewis basicity. 

The research activity reported in this doctoral thesis is focused on the development of 

optical/conductometric chemosensors, based on Zn(salen)-type complexes, for the sensitive 

and selective detection of VOCs and gases. All aspects such as the synthesis of the metal 

complexes used, film preparation, standardization of exposure methods, evaluation of 

detection performance under different conditions and validation of detection methods are 

discussed. A brief summary of the structure and contents of this thesis is given below. 

Chapter 2 provides an overview of optical and electrical chemosensors, and their 

application for the detection of VOCs/gases, including properties of Zn(salen)-type 

complexes. 

Chapter 3 reports all the experimental procedures used in this thesis, including the 

synthesis, film preparation, apparatus used for exposure to VOCs and ammonia, and the 

methods used. 

Chapter 4 describes the vapochromic/vapoluminescent properties of glass- and paper-

based films of a Zn(salen)-type complex, 1, and its ability to detect specific volatile aliphatic 

mono- and diamines. Selective and sensitive detection of n-butylamine (BA) vapors using 

vapochromic and vapoluminescent optical changes as well as RGB color analysis is 

described. A detailed investigation of the effect of temperature, relative humidity, exposure 

time, and potential interfering factors on detection performance is also reported. 

Chapter 5 describes the sensitive and selective detection of pyridine (Py) vapors using 

paper-based films of a Zn(salen)-type complex, 2. The vapochromic response of the films is 

evaluated by UV-vis reflectance spectra and a detailed RGB color analysis. 

Chapter 6 describes the preparation and characterization of conductometric sensors 

based on complex 1 and lutetium bis-phthalocyanine (LuPc2), such as 1/LuPc2 bilayers and 

1:LuPc2 mixed films. Evaluation of the morphological, optical, and electrical properties of 

the obtained heterostructures is reported, in addition to their potential application in NH3 

gas sensing. 

All the research activity reported in this thesis was developed mainly at the University 

of Catania, with the exception of the results of Chapter 6, which are related to a six-month 

research activity at the “Institut de Chimie Moléculaire de l'Université de Bourgogne 

(ICMUB)” in Dijon (France).
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2.1. Introduction 

In recent years, there has been a growing interest in the development of chemical 

systems and devices for the detection of VOCs and gases, mainly for two reasons. First, 

several VOCs and gases are known as toxic substances that pose a relevant risk to human 

safety.15,16,18 Secondly, the evolution of technologies has caused a widespread of industries 

and some changes in several industrial processes, which sometimes involve the use or 

production of these substances.45,46 Consequently, they are also considered environmental 

pollutants due to their potential release into the environment from industries.47 Therefore, 

rapid, simple and quantitative detection of VOCs and harmful gases is a very important topic 

in a wide range of applications, involving human and environmental safety.15,47 

The most powerful technique for VOC/gas detection is clearly gas chromatography-

mass spectrometry (GC-MS), which provides high sensitivity and specificity for the 

identification and detection of thousands of VOCs.29,30,48,49 This technique is widely used in 

laboratory settings, but due to its bulky and expensive equipment, time-consuming operation, 

and the need for skilled operators, it is not suitable for portable VOC detection.50 

An emerging approach for the detection of VOCs and gases is the development of 

materials called chemosensors.31,34 The International Union of Pure and Applied Chemistry 

(IUPAC) define a chemosensor as “a device that transforms chemical information, ranging 

from the concentration of a specific sample component to total composition analysis, into an 

analytically useful signal”.51 In other words, the term chemosensor indicates a material that 

exhibits a change of its chemical-physical properties in the presence of specific analyte or 

class of analytes. Typically, a chemosensor consists of three basic parts, such as: i) a signaling 

unit, which transforms the chemical response into a physical signal; ii) a receptor unit, 

containing a binding site for the analyte; and iii) a mean of communication between them 

(Figure 2.1a).52,53 Alternatively, chemosensors can be formed of an integrated system 

containing both receptor and signaling units (Figure 2.1b).54 

 

Figure 2.1. Schematic sketch of a chemosensor composed by (a) receptor (blue) and signaling (green) units and 

(b) an integrated system of these when interacting with an analyte (red). 

 

The analytical signal obtained by the interaction between the receptor part and the 

analyte can derive from a physical, chemical or biochemical interaction.52,54 Usually, physical 

interactions involved during physisorption processes are characterized by weak 

intermolecular interactions (van der Waals forces, hydrogen bonding, π−π interactions), and 

the analyte can be easily removed from the binding site of the receptor under specific 

conditions.52,55 Thus, these non-covalent interactions may lead to a reversible or partially 
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reversible response of the chemosensor. On the other hand, chemical and/or biochemical 

interactions involve a chemical reaction resulting in the formation/breaking of chemical 

bonds that are responsible of the change in the analytical signal.52,54 In this case, covalent 

bonds can provide high selectivity and sensitivity, and often leads to an irreversible response. 

The specific type of interaction is determined by the chemical structure of the sensing 

material and the analyte. Thus, the sensing properties of a chemosensor, such as sensitivity, 

selectivity, and reversibility, can be modulated by a proper design of the involved molecular 

system and/or functionalization of the receptor/signaling unit.54 Depending on the type of 

interaction involved, chemosensors are characterized by the formation of reversible 

interactions between the receptor and the analyte, while, if the interaction with the analyte 

is irreversible, they are called "chemodosimeters".56 

Commonly, the classification of chemosensors is also based on the chemical-physical 

property that changes during the binding process between the sensor and analyte.57 Thus, 

they can be distinguished in optical (e.g. colorimetric and fluorimetric),36,58 mass sensitive (e.g. 

piezoelectric),37,59 electrical (e.g. conductometric),60,61,62,63 and electrochemical (e.g. 

amperometric and potentiometric).35,64,65 Among these different categories of chemosensors, 

the growing interest in the development of electrical and optical sensors is paralleled by the 

development of simpler analytical tools, such as portable instruments for on-site detection of 

analytes,50,66 which can enable their application in various fields such as medical 

diagnosis,67,68 environmental safety,69,70 and food quality monitoring.23,71,72  

2.2. Optical Sensors 

Optical chemosensors are characterized by a change in their optical properties in the 

presence of specific analytes. In general, several optical properties of a material such as color, 

absorbance, fluorescence, reflectance and refractive index are involved in the optical sensing 

of VOCs and gases.58 In addition to simply comparing the absolute absorbance/fluorescence 

intensity values, etc. before and after interaction with the analyte, changes in other parameters 

such as fluorescence lifetime, light scattering, diffraction, resonance, polarization, etc. can 

also be useful for analyte recognition.73 

The optical sensing of VOCs/gases involves three main components: i) a light source; 

ii) the pure chemosensor or a transducer functionalized with a VOC-sensitive material; and 

iii) a light detector. Different types of optical sensors can be distinguished on the basis of the 

physical parameter that changes upon the interaction with the analyte. For example, a 

change in the intensity of diffracted light in the presence of VOCs/gases can be detected for 

transducers based on a diffraction structure,74 changes in interference patterns caused by the 

presence of VOCs (which introduce a difference in the phase of the two interfering beams) 

characterize interferometers,75 variation in the polarization state of light passing through a 

transducer influenced by VOCs related to polarization-based sensors,76 while the interaction 

with VOCs/gases influences the propagation of evanescent waves in optical fibers and 

plasmonic structures.77,78,79 Among the different classes of optical sensors, a very wide interest 

is related to optical sensors based on materials that change their color/emission properties 

upon interaction with VOCs, and typically provide a visual response that can usually be 

observed even with the naked-eye.80,81 In the latter case, the signaling unit is a 
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chromophore/fluorophore. It is therefore possible to distinguish two categories of optical 

chemosensors: colorimetric (or chromogenic) chemosensors and fluorometric (or 

fluorogenic) chemosensors. Depending on their molecular structure and the analyte 

involved, different detection mechanisms can be ascribed to these classes of chemosensors, 

resulting in peculiar optical responses.73 

Compared to electrical sensors, optical sensors do not rely on electric fields or high-

power inputs, and external factors such as humidity and temperature typically interfere less 

with the sensitive detection of analytes. Many optical chemosensors are immune to 

electromagnetic interference (e.g., diffraction and fiber-based sensors), thus they can be 

implemented in industrial processes associated with strong electromagnetic fields. In relation 

to the high suitability of optical chemosensors in real-world applications, non-dispersive 

infrared (NDIR) sensors are predominant among commercial optical VOC sensors,82 and 

enable the detection of these analytes by monitoring changes at specific wavelengths due to 

the unique absorption of VOC radiation, resulting in a reduction of the radiation reaching 

the detector.  

Several types of chemosensors based on porphyrins,83 hybrid materials,84 polymers,85,86 

MOFs,87 metal complexes,88 perovskites,89 etc.90,91 are reported in literature for the 

development of optical chemosensors for the detection of VOCs/gases. In general, optical 

chemosensors are characterized by high selectivity, high sensibility, low cost, and fast 

response time.73 In addition, many optical sensors can also provide real-time measurements 

and are suitable for remote sensing, which are crucial for continuous monitoring applications 

in industrial and environmental safety.66,92 Optical sensors also offer significant potential for 

miniaturization, especially in the case of optical fibers and plasmonic structures, making 

them suitable for the development of portable and/or wearable devices.  

A more detailed discussion about colorimetric and fluorometric optical sensors is 

reported in the following sections. 

2.2.1. Colorimetric Sensors 

Colorimetric sensors are a class of optical sensors involving a visible color change in the 

presence of analytes. The changes in optical absorption properties of these sensors are related 

to variations in energy levels involved in the chemisorption process. For example, in metal 

coordination complexes different mechanisms are involved to explain this behavior such as 

metal coordination, demetallation, metal-to-ligand charge transfer (MLCT), ligand-to-metal 

charge transfer (LMCT), etc.91,93  

Colorimetric sensors are widely investigated in VOC/gas sensing mainly for their wide 

response to analytes, low cost, disposability, straightforward readability of their signal 

responses, high selectivity, and environmental tolerance,81,94 making them highly attractive 

in a broad range of fields including clinical diagnosis, food safety, and environmental 

monitoring.  In general, colorimetric sensors can provide intuitive detection for qualitative 

(e.g., naked-eye observation) and quantitative (e.g., UV–vis reflectance/absorbance or 

smartphone-based observation) sensing applications.94 This clearly represents a great 

advantage over other detection platforms, as it enables direct and sensitive detection of 

analytes on-site, without the need for expensive instrumentation.92 Common classes of 
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sensing materials for the development of colorimetric sensors include porphyrins and 

metalloporphyrins,83 nanoparticles,95 metal complexes,88 polymers,96 etc.  

When the quantification of VOCs/gases involves optical absorption spectroscopy, the 

response of the colorimetric chemosensor can be evaluated on the basis of the Beer-Lambert 

Law:97 

𝐼 = 𝐼0 exp (−𝛼𝑙)                                                   (2.1) 

where I and I0 are transmitted and incident light, respectively, α is the absorption coefficient 

of the sample and l is the optical length. A change in the values of I can be caused by changes 

of the absorption coefficient or in the optical length. The interaction between VOCs/gases 

and the sensing material, e.g. a layer, depends mainly on the architecture and design of the 

film, as well as the nature of the sensing material.54 

The rich visual color changes of colorimetric chemosensors can also be estimated using 

methods that can quantitatively describe the color change using portable cameras or 

smartphones for detection of harmful analytes.92,98,99,100  Recently, many examples have been 

reported in the literature on the evaluation of color changes using RGB (Red, Green, and 

Blue), HSV (Hue, Saturation, Value), or CIE (Commission Internationale de l'Eclairage) 

color models applied to colorimetric sensors.100,101,102 Nowadays, the RGB color space is 

widely used in digital displays and allows the digitization of colors by combining three 

parameters as the intensity values of red, green and blue (ranging from 0 to 255 for each 

value). It also has several advantages over other color spaces, such as simplicity, compact 

data representation, ease of implementation in sensing systems, and direct mapping to 

device-specific color spaces.101 

For example, Garcia et al. reported a new colorimetric chemosensor that enabled the 

detection of 14 different VOCs and hazardous gases.103 In particular, the solid sensing 

material as an iron salt having formula [Fe(H2btm)2(H2O)2]Cl2 (H2btm = di(1H-tetrazol-5-

yl)methane) was exposed to different common solvents, acids and amines, leading to peculiar 

color changes, detectable by naked eye, especially in the case of amine vapors. Very high 

sensitivity (0.58 ppm for NH3, 0.62 ppm for hydrazine, 0.45 ppm for isobutylamine, and 0.71 

ppm for diethylamine) and fast response (<2 min) to these analytes were achieved. The 

sensor response was also evaluated using RGB color analysis. In addition, the color changes 

after exposure to all the involved analytes were classified from the hierarchical cluster 

analysis (HCA).  

Recently, there has been a growing interest in the development of sensor arrays 

composed of the combination of multiple colorimetric sensors with different response to 

specific analytes, with potential advantages of improved selectivity and sensitivity.98  

For example, Aimiao et al. reported a paper-based colorimetric sensor array with an 

integrated smartphone to achieve visual detection of traces of H2S, SO2, and NO2 gases.104 

Silver nanoparticles were synthesized, capped by long-chain hydrophobic molecules (Figure 

2.2) and high-molecular hydrophilic polymer, and printed on a porous hydrophobic PVDF 

paper as substrate obtaining a 1×12 linear array pattern. The fabricated sensor array exhibits 

excellent fast response (5 min exposure) sensitivity to H2S, SO2, and NO2 gases, with 

calculated LODs of 12.8 ppb for H2S, 131.8 ppb for SO2, and 23.1 ppb for NO2, respectively. 

In all cases, the achieved LODs are below their respective permissible exposure limits. The 
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selectivity recognition ability of the sensor array was also evaluated considering 19 common 

VOCs/gases (acid, amines, aldehydes, ketones, alcohols, sulfur- containing, nitrogen-

containing gases) as potential interferents. Among these, the sensor series showed a high 

selective colorimetric response towards H2S, SO2, and NO2 gases, even in low concentrations 

(0.5 ppm). Additionally, the sensor array fabricated and integrated with the smartphone was 

tested by monitoring the freshness of chicken at room temperature for 24 hours.  

 

Figure 2.2. Molecular structures of capping agents used by Aimiao et al. Adapted from ref. 104. 

 

Wang et al. described a wearable, readable colorimetric sensing system with a 

microchannel structure for in-situ detection of complex VOCs.105 The highly gas-sensitive 

materials include eight dye/MOF composites that respond to various VOCs, and two 

Pd2+/dye/MOF composites that are sensitive to ethylene. These materials were further 

deposited on an electrospun nanofiber membrane. The final wearable olfactory visualization 

system is formed by two adhesive layers, a PDMS microfluidic channel, the colorimetric 

sensing arrays, a PDMS cap, and an image processing marker. Five VOCs, namely trans-2-

hexenal, benzaldehyde, 3-carene, ethanol, and ethyl acetate, were selected as characteristic 

VOCs due to their high concentration and significant variation in amounts during fruit 

ripening, and all detection parameters were optimized based on the response to the first 

analyte. The spots in the RGB difference became brighter as the concentration of trans-2-

hexenal increased, and a linear dynamic response range from 5 to 500 ppm was observed, 

with a LOD of 5 ppm. The discriminative ability of the colorimetric sensor array was 

evaluated using principal component analysis (PCA) and HCA based on dataset obtained 

from RGB values. Finally, the sensor array was attached on the surface of different fruits 

(bananas, mangoes, and kiwis) to collect and monitor VOCs using the DenseNet 

classification method,106 enabling in-situ detection and accurate classification of fruit ripeness. 

Although RGB color analysis is a powerful tool for quantifying VOC/gas concentration 

using colorimetric sensors, its main limitations are its dependence on lighting conditions, 

difficult reproducibility of some color hues (e.g., pastel and neon hues), and the difficulty of 

using color comparisons between different devices. 

2.2.2. Fluorometric Sensors 

Fluorometric chemosensors exhibit a change in fluorescence emission upon binding to 

a proper analyte. It is important to distinguish fluorescence and phosphorescence 
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phenomena. In both cases, photon emission is observed due to the change of state of an 

excited electron, but the fluorescence phenomenon is characterized by a shorter emission 

lifetime than phosphorescence.107 Furthermore, the fluorescence emission process involves 

singlet states, while in the case of phosphorescence, an excited triplet transition state is 

involved. 

In fluorometric sensors, the wavelength difference between the excitation (higher 

photon energy and lower wavelength) and emission (lower photon energy and higher 

wavelength) states is known as the Stokes shift, and the emission changes of the sensor can 

be useful to detect VOCs and gases.39,80 The presence of these analytes can be observed with 

the aid of an UV lamp for qualitative detection, or with a fluorescence spectrometer for 

quantitative detection.108 Typically, fluorogenic chemosensors are more sensitive than 

colorimetric chemosensors.  

Analogously to colorimetric sensors, changes in the properties of fluorescent 

chemosensors are ascribed to the electronic interactions between the sensor and VOC/gas. 

In general, depending on the nature of the chemosensor-analyte interaction, four types of 

signals can be observed: i) shift of the emission peak; ii) fluorescence quenching; iii) 

fluorescence enhancement (or fluorescence turn-on); iv) resonance energy transfer (RET). 

Different mechanisms are interested in these processes, such as photoinduced electron 

transfer (PET), fluorescence resonance electron transfer (FRET), aggregation induced 

emission (AIE), chelation enhanced fluorescence (CHEF), intramolecular charge transfer 

(ICT), and electronic energy transfer (EET).73,109 

A wide variety of sensing materials have been designed for VOC detection by 

monitoring their fluorescence response, such as metal complexes,39 conjugated polymers,40 

MOFs,110,111 supramolecular systems,112 etc. Fluorescent chemosensors have a great potential 

in the detection of a wide range of analytes and are usually characterized by flexible 

synthesis, convenient processing, high sensitivity, good reproducibility, and 

biocompatibility.113 

Sun et al. developed a fluorescent gas sensor (named CA-SCH3) based on an 

indanonalkene structure for the quantitative detection of volatile amines.114 Star shaped test 

papers were used as substrate and loaded with the molecular material by drop-casting of a 

CH2Cl2 solution. Initially the sensor is non-emissive under 365 nm irradiation, but a turn on 

of the fluorescence is obtained after exposure to NH3 vapors (Figure 2.3) produced from its 

ammonium salt (NH3·H2O).  

 

Figure 2.3. Sensing mechanism for the detection of NH3 by CA-SCH3. Adapted from ref. 114. 

 

In particular, a moderate linearity in a concentration range of 0 – 624 ppm of NH3 and 

a calculated LOD of 36 ppm are obtained. In addition to NH3, an enhancement of in the 

emission of the system was also observed in the presence of different amines including 
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benzylamine, hydrazine, ethylamine, putrescine, 1,3-propylene diamine, cadaverine, 

trimethylamine and dimethylamine, while no response was obtained for aniline, p-

bromoaniline, and histamine. Also, the real-world application of the sensor was tested by 

monitoring the spoilage of a cod fillet sealed in a plastic box and stored at 4 °C for 5 days. 

A very interesting example in the application of a fluorometric sensor array was recently 

reported by Fang et al.115 In particular, a column-shaped fluorometric sensor array was 

prepared using a capillary filled with fluorophore-loaded silica particles (∼40 μm) compared 

to the commonly reported plane-shaped sensor arrays. Modified silica particles were loaded 

with four different fluorophores (Figure 2.4) dissolved in CH2Cl2, dried by heating, and 

arranged into a capillary (diameter 2.5 mm) at a fixed length (6 mm). Then the sensing and 

discrimination ability of the sensor array was evaluated by exposure to six alcohols: 

methanol, ethanol, isopropanol, sec-butanol, tert-butanol, and tert-amyl alcohol. Thanks to 

the different emission changes of the four fluorophores, the fluorometric array allowed the 

six tested alcohols to be distinguished as primary, secondary, or tertiary and to be identified 

individually. Furthermore, a better illustration of the sensor array responses towards these 

alcohols was also reported using absolute RGB values of the corresponding fluorescence 

changes taken from digital pictures of the array. 

 

Figure 2.4. Molecular structure of the four fluorophores used by Fang et al. Adapted from ref. 115. 

2.2.3. Vapochromic/Vapoluminescent Sensors 

An interesting class of colorimetric/fluorometric chemosensors is represented by 

molecular systems having vapochromic behavior. The term “vapochromism” was 

introduced by Mann et al. in 1995 after the observation on the optical behavior of [Pt(aryl 

isonitrile)4][Pd(CN)4] salts in the presence of some organic solvents.116 The same group also 

introduced the term “vapoluminescent” referring to an electronic nose transducer array 

based on platinum double salts.117 

Generally, the term vapochromism refers to the reversible optical absorption and/or 

emission of a solid substance exposed to specific vapors and/or gases. The 

vapochromic/vapoluminescent response to these analytes is usually produced by a shift in 

an electronic absorption band of a molecule.118 In particular, the vapochromic response of 

chemosensors towards VOCs/gases can be distinguished in two fundamental types of 

vapochromism: type I and type II vapochromism. In type I vapochromism, structural 
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changes in crystal packing and alterations in intermolecular interactions (such as 

metal−metal interactions, π-stacking, and hydrogen bonding) are involved, while direct 

interactions between the molecule  and the analyte occurs in type II vapochromism.118 

Many d6, d8, or d10 metal complexes containing strong-field coordination donors (e.g., 

C, N, P, or S atoms) and/or extended π-system are characterized by a visible color/emission 

via intraligand (IL), metal-to ligand charge transfer (MLCT), ligand-to-metal charge transfer 

(LMCT) or ligand-to-ligand charge transfer (LLCT) transitions. Solid-state stacked structures 

of these metal complexes are characterized by strong intermolecular interactions such as 

metallophilic contacts, π–π stacking, and hydrogen bonding. These interactions can be 

perturbed incorporating vapor/gas molecules into the solid phase, thus inducing dramatic 

changes in color and/or emission intensity, easily observable by the naked-eye. Metallophilic 

interactions and/or π-stacking are common in many Pt(II) and Au(I) containing 

substances,119,120,121 therefore the related vapochromism in the presence of vapors/gases falls 

under the type I vapochromism mechanism. 

On the other hand, the occurrence of changes in the first coordination sphere, including 

the variation of both the coordination number and the coordination geometry, is common 

for several V(IV), Co(II), Ni(II), Cu(II), and Zn(II) metal complexes122,123 and 

metalloporphyrins. In this case, the color/emission changes due to interaction with 

VOCs/gases can be attributed to type II vapochromism.   

In general, in addition to the mentioned complexes, various molecular systems have also 

been reported in recent literature as vapochromic/vapoluminescent materials, such as 

supramolecular polymers124 and organic molecular crystals.125 Recent studies have also 

focused on development of vapochromic multifunctional systems that exhibit additional 

functions (e.g., conductivity or magnetic properties) in order to expand the potential 

applications of vapochromic materials.126 

A vapochromic sensor array based on MOFs characterized by distinct responses to 

VOCs and humidity has been developed by Park et al.127 This sensor array consists of 

dicopper paddlewheel clusters and dimethylamine azobenzene as binary colorimetric sensing 

moieties. Monolayers of MOF crystals glass films were prepared using the liquid–air 

interfacial self-assembly technique and then transferred into a transparent cover glass 

substrate by simply lifting the substrate out of the water. After exposure to 14 different VOCs, 

the sensor displays a broad spectrum of colors, ranging from green to red, and exposure to 

different concentrations of THF vapor (range 50 – 200 ppm) results in a linear response and 

a LOD of 25 ppm for this substance obtained by quantifying the response using a smartphone 

camera. 

Kato et al. reported a light-on sensor based on a coordinatively unsaturated Cu(I) 

complex (CuI(xantphos)) that could detect N-heteroaromatic vapors by luminescence 

changes.128 First, the vapochromic properties of powders of the Cu(I) complex were 

evaluated in the presence of Py and 2-methylpyrazine (Mepyz) vapors, showing bright blue-

green and yellow emissions, respectively (Figure 2.5). Then, a vapoluminescent thin film was 

fabricated using the Cu(I) complex and polyvinylpyrrolidone (PVP) via spin-coating. The 

response of the system to vapors is very fast (about 15 s) and, again, luminescence changes 

similar to those of the powder samples are observed after exposure to Py and Mepyz vapors. 
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Vapochromic/vapoluminescent materials certainly represent promising, but still little 

explored, chemosensors for VOCs and gases.  

 

Figure 2.5. Molecular structure of Cu(I) complex used by Kato et al. and upon interaction with Py and Mepyz. 

2.3. Electrical Sensors 

Electrical sensors are characterized by a change of the electrical properties of the sensing 

material induced by the interaction with target analytes. These changes can be related to a 

few main physical parameters including electrical conductivity, work function, and 

permittivity.129 The transduction process of these properties in a measurable electrical signal 

results in changes of current, capacitance, resistance/impedance, voltage, or electrical 

potential depending on the electronic components constituting the electrical sensor.130 

Further processing of these electrical signals including amplification, filtering, analysis, or 

display, which allows for information regarding the identification of the specific analyte and 

its quantification.131 

A key role in determining the sensing properties of electrical devices such as sensitivity, 

selectivity, stability, and biocompatibility is related to the specific type of interaction between 

the sensing material and the target analyte, and the device architecture.91 It is therefore 

possible to distinguish three different fundamental mechanisms responsible for the variations 

of one or more physical parameters in electrical sensors such as: i) Schottky barrier; ii) 

modulation of the doping level; and iii) formation of dipole and interfacial layer. 

A Schottky barrier (rectifying contact) or an Ohmic contact can be generated at the 

interface between two materials characterized by different work functions.132 The formation 

of a Schottky barrier is usually observed in electrical devices containing a metal – 

semiconductor junction because of the mismatch in their work functions. The height of the 

Schottky barrier depends on the work function difference of the two materials in electrical 

contact.133 When a bias is applied to the junction, a bend of the barrier is observed on the 

semiconductor side, but this does not change the height of the barrier on the metal side. Thus, 

the Schottky barrier facilitates the unilateral flow of electrons. A change in the barrier height 

at the metal – semiconductor junction can be observed as a consequence of the adsorption of 

analytes at the semiconductor interface.133 This event can cause a change in the doping level 

of the material, and consequently on its work function. On the other hand, an Ohmic 

junction is formed when the work function of the semiconductor is higher than the 

conducting component.132 The Ohmic contact facilitates the flow of electrons between the 

metal and semiconductor materials in both forward and reverse-biased directions. 

The doping process usually results in a change of the electrical properties of a 

semiconductor, and in an improved conductivity of the material due to the excess of electrons 
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(n-type) or holes (p-type) introduced. The doping level of a material can be defined as primary 

or secondary doping. The primary doping (inherent doping) involves the introduction of 

impurities, e.g. metal ions, in the lattice of a pure semiconductor.134,135 This process is carried 

out during the synthesis of the semiconducting materials or during the 

chemical/electrochemical preparation processes.135 On the other hand, in the interaction 

between the sensing material (semiconductor) and the analyte, the latter can act as an 

electron donor (n-type dopant) or acceptor (p-type dopant). This process is attributed as 

secondary doping of semiconducting sensing materials.134 In both cases, modulation of the 

majority charge carriers through doping processes modify the density of states and the 

majority of charge carriers, and consequently the conductivity of the sensor.136 Thus, changes 

in the conductivity of an electric sensing device due to a secondary doping process is closely 

related to the occupation of the sensing material surface by the analyte molecules. In this 

case, the sensing mechanism is described considering that the atoms on the surface of the 

sensing material can act as binding sites for molecular adsorption processes.137 

Another possibility in the interaction of analytes with the semiconducting material can 

be the polarization or ionization of the analytes at the surface of the material.129 In this case 

the redistribution of the electrical charges in the polarized/ionized layer (depletion region) 

causes the band bending at the material/metal interface.138 The corresponding output signal, 

e.g. current, is related to the amount of the analyte adsorbed on the surface of the sensing 

material. This mechanism is evident in n-type metal oxide semiconductors under an  

oxygen−rich atmosphere because of the adsorption of oxygen molecules on the surface of 

the metal oxide.139 Also, an equilibrium between the concentration of charge carriers at the 

material surface, and at the metal electrode/material interface is reached when an analyte is 

adsorbed on the surface of a semiconducting material. This result in the formation of an 

interfacial layer between the metal and semiconductor. Interactions with analytes can cause 

a modification of the barrier height, and consequently of the current flowing across the 

metal/semiconductor interface.138 This will cause either an increase in the barrier height and 

an improvement in the rectification current-voltage behavior, or a reduction in the energy 

barrier and an improvement in the ohmic current-voltage behavior.132 Furthermore, the 

interfacial layer should be able to support the transport of electrons or holes across the 

interface. 

In general, electrical sensors offer several advantages over traditional analytical methods 

(e.g., GC-MS), such as low cost, the possibility of miniaturization, intuitive reading, and low 

power consumption.129 Many inorganic materials, like metal oxides,140,141,142,143 are widely 

used for the fabrication of electrical devices, even for the development of commercially 

available electrical sensors,82 but they present some problems. Typically, the preparation of 

inorganic devices requires very lengthy processes (e.g., lithography) and expensive 

equipment, and then these devices require high working temperatures for gas sensing 

applications. In parallel, the development of organic semiconductors shows several 

advantages such as solution processability, mechanical flexibility, low cost, and multiple 

molecular designs.144 All these features also have effects on the sensing performance of 

organic semiconductors such as fast response, high sensitivity, and good selectivity. Thanks 

to these advantages and their interesting electrical properties, molecular materials such as 

perylene diimide derivatives,145 zeolite-based materials,146 covalent organic frameworks,147 
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radical phthalocyanines,144 semiconducting nanoparticles,148 hybrid materials,84 conductive 

polymers,42 graphene-based materials,149 etc., have been widely studied for the development 

of VOC/gas sensing devices.42,150,151,152 

The architectures of these chemical sensors, with few exceptions, fall into five categories: 

chemical diodes, capacitive sensors (or chemicapacitors), field−effect transistors (FETs), 

conductometric sensors (or chemiresistors), and electrochemical sensors.129  

In the latter case, the working principle of electrochemical sensors is related to the 

oxidation/reduction of the target VOC/gas that occurs during the vapor/gas diffusion of the 

analyte to the working electrode interface inside an electrochemical cell containing a solid, 

liquid, or gaseous electrolyte or ionic conductor.35,153 Such electrochemical reaction results in 

a charge transfer process and/or current flow change proportional to the VOC/gas 

concentration.64 Several examples of such sensors are reported in literature involving their 

use in different fields such as safety and security,154 air pollution,155 food quality 

monitoring,156 etc. 

Electrochemical sensors include a wide variety of systems that can be classified on the 

basis of the measurable response involved in the presence of VOCs/gases in potentiometric, 

voltametric, amperometric, and impedimetric sensors.153 

The following sections provide a discussion of the general configuration and working 

mechanism of electrical sensors that do not involve redox reactions (Figure 2.6). 

 

Figure 2.6. Schematic representation of electrical sensor architectures of chemical diodes, field effect transistors, 

capacitive sensors and conductometric sensors. 

2.3.1. Chemical Diodes 
A diode is a two−terminal electronic component characterized by a low resistance to 

the current flow in one direction, and a high resistance in the opposite direction. Two types 

of chemical diodes can be distinguished, such as Schottky diodes and p−n junction diodes. 

Schottky diode sensors are composed of a p-type or n-type semiconducting material that 

is in electrical contact with the electrode.157 Schottky diodes require simple fabrication 

procedures, without the need of high-temperature diffusion/oxidation steps or 

photolithographic processes. Typically, the electrical response of Schottky diode-based 

sensors towards vapors or gases is described by current-voltage (I – V) characteristics, but it 

is also possible to consider analogous current density – voltage (J – V) curves. The interaction 
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with the analyte results in an induced voltage shift at a given diode current I (or current 

density J) extracted from I – V characteristics.157 

The current changes in Schottky diodes can be explained by a charge carrier transport 

mechanism described by the following equation:136 

𝐼 = 𝐼𝑆 [𝑒𝑥𝑝(𝑒𝑉
𝑘𝑇⁄ ) − 1]                                                (2.2) 

where e is the fundamental charge, V is the forward bias voltage, k is the Boltzmann constant, 

T is temperature, and IS is the reverse bias saturation current, and is defined as: 

𝐼𝑆 = 𝑒𝑁𝐶µ𝑒𝐸𝑚𝑎𝑥 𝑒𝑥𝑝(−
𝛷𝑏

𝑘𝑇
)                                              (2.3) 

where ϕb is the Schottky barrier height for an ideal contact between a metal and a 

semiconductor, e is the fundamental charge, k is the Boltzmann constant, T is temperature, 

NC is the effective density of states in the conduction band of an inorganic semiconductor, μe 

is the electron mobility, and Emax is the maximum field strength at the metal/semiconductor 

interface. 

The generation of an electric signal in Schottky barrier diodes in the presence of specific 

analytes originates from a Schottky barrier height change (Section 2.3) or by an alteration 

the built-in voltage in the device.133 Thus, the sensing response can be due to either the 

formation of a dipole layer by adsorption of species at the surface of a metal that affects the 

interfacial polarization, or caused by the adsorption of analytes on the semiconductor 

(secondary doping), which changes its work function and, hence, the contact potential or 

built-in voltage of the diode. The former mechanism is usually encountered in Schottky 

barrier diodes based on inorganic semiconductors, while the latter is related to diodes based 

on organic semiconductors.134 

As described in the previous section, usually electrical devices based on inorganic 

materials need high operating temperatures. However, Paily et al. developed a sensor based 

on a zinc oxide (ZnO) Schottky diode that can detect carbon monoxide (CO) at very low 

concentrations (as low as one ppm) at room temperature.158 Three sensors were fabricated 

using a microcantilever printing system, changing the device channel system for the first two 

samples and using drop-casting of the ZnO ink on the silver nanoparticles (AgNP) electrodes 

for the third sensor. Different barrier heights characterize the three sensors, but all the sensors 

show a response after exposure to different concentrations of CO (from 1 up to 40 ppm) with 

a LOD between 549 and 608 ppb. The selectivity of the sensors towards CO compared to 

other gases and VOCs commonly present in breath was also tested, highlighting a lower 

response for all other gases and VOCs involved at a concentration of 40 ppm. 

On the other hand, a p−n junction diode is formed by the combination of a p-type 

semiconductor (conduction by holes) with a n-type semiconductor (conduction by 

electrons).159 When two different types of semiconductors are combined, band bending 

occurs at the interface between the two materials, and the electronic properties are changed 

at that interface. Considering inorganic materials, three different types of p−n junctions can 

be distinguished, such as straddling gap (type I), staggered gap (type II), and broken gap (type 

III) depending on the band alignment of the two materials. Again, the diode sensing response 

is related to the mechanisms described for Schottky barrier diodes.  



Chapter 2: Chemosensors for Detection of Volatile Organic Compounds and Gases 

______________________________________________________________________ 

 

17 

 

Recently, Li et al. reported a very interesting diode-type gas sensor based on a two-

dimensional MoS2/black phosphorus (BP) heterojunction (Figure 2.7).160  MoS2 and BP 

nanoflakes were prepared from their bulk crystals and transferred on SiO2/silicon wafers 

from viscoelastic PDMS stamps. Then, thermal evaporation was used to deposit Ti/Au 

(20/80 nm) contacts on the nanoflakes. Under a forward bias voltage, the sensor shows a 

high response and good selectivity to 100 ppm of NO2 at room temperature, while in self-

powered mode, it exhibits an open circuit voltage of 0.36 V, a fast recovery rate (27.3 s), and 

low power consumption (20 nW). Furthermore, the dynamic response of the sensor to 

different NO2 concentrations in a range 1 – 100 ppm was evaluated, showing good response 

and recovery characteristics at 3 V bias voltage and 0 V under 405 nm illumination. A gas 

sensing mechanism was proposed on the basis of energy potential, photoluminescence, 

Raman spectra measurements, and the DFT calculations before and after exposure to NO2.  

 

Figure 2.7. Device architecture of the p-n junction diode used by Li et al. Adapted from ref. 160. 

 

In general, chemical diodes are effective sensors characterized by good sensitivity and 

low power consumption, but the electrical connection between the semiconductive material 

and the electrode must be precisely controlled, and their sensitivity depends on the applied 

voltage. The latter is the main disadvantage of chemical diodes because it requires 

semiconductor materials to be stable under higher bias voltages than other classes of electrical 

sensors, e.g. conductometric sensors.129,161 

2.3.2. Capacitive Sensors 
A capacitor is a device formed by two conducting electrodes separated by an insulating 

material, or in general by a non-conducting substance, called “dielectric”.162 In capacitive 

sensors (or chemicapacitors) the dielectric material is usually deposited or self-growth on the 

conducting electrodes, and act as the sensing layer involved in the detection of VOCs or 

gases. 

In general, the capacitance value depends on the distance between the electrodes, the 

surface area of each plate, and the relative permittivity (or dielectric constant) of the sensing 

layer. In fact, the capacitance can be expressed in terms of geometry of the device and relative 

permittivity of the dielectric:163 

𝐶 =  𝜀𝑟  
𝜀0𝐴

𝑑
                                                             (2.4) 
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where C is the capacitance in Faraday (F), εr is the relative static permittivity of the material 

between the plates, ε0 represents the permittivity of free space (8.854 ×10−12 F/m), A is the 

area of each plate (m2), and d corresponds to the separation distance of the two plates (m). 

Changes in the capacitance of a capacitive sensor are related to adsorption and/or 

binding of analytes onto the dielectric material, which result in changes of the thickness 

and/or in the relative permittivity of the sensing material.164 The relative permittivity of most 

inorganic gases (except H2O) are very similar, thus chemical capacitors based on the change 

of dielectric constant are rarely applied to gas sensing applications. However, chemical 

capacitors characterized by changes in dielectric layer thickness are more frequently found 

in gas sensing.165 

Gonçalves et al. reported a capacitive gas sensing system prepared using a MOF and 

Ionic Liquids (ILs).166 First, ZIF-8 nanoparticles were synthesized and incorporated with ILs 

(Figure 2.8) using three different weight ratios as 1:0.1, 1:0.4 and 1:1. This results in ionic 

conductive materials ranging from solid porous inks to partially porous inks. Then ZIF-8 and 

ZIF-8/IL dispersions were spray-coated on the metallic contacts of a system composed of 

four flat parallel capacitors with a distance between terminals of 1 mm and 3 mm in length, 

to produce thirteen different capacitive sensors. The sensing performance of these sensors 

was evaluated in the presence of acetone, isopropanol, ethanol, and water vapor. A very fast 

(ca. 10 s to reach the 90% of the maximum response) and linear response was achieved for 

all ZIF-8/IL samples in a wide range of concentration (from 104 to 105 ppm), with calculated 

LOD around thousands of ppm for each VOC involved.  

 

Figure 2.8. Structures of ZIF-8 and the cations and anions in ILs used by Gonçalves et al. 

 

Capacitive sensors are characterized by a simple device configuration, ease of 

miniaturization, low cost, and good sensitivity to specific gas concentrations. In addition, 

the ideal non-dissipative sensing mechanism makes chemical capacitors suitable for their use 

in energy-constrained applications. However, chemical capacitors are generally less selective 

compared to other categories of electrical sensors, high concentrations of relative humidity 

can interfere with the gas sensing measurement because of the high dielectric constant of 

water.167 
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2.3.3. Field-Effect Transistors 
Field−effect transistors (FETs) are characterized by the presence of two electrodes, 

called source and drain, connected by a semiconducting layer (channel), and an insulating 

gate oxide that separates the semiconducting material from a gate electrode.168 In FET-based 

chemical sensors, the channel is composed of an inorganic or organic semiconducting 

material responsible of the sensitive detection of the analyte. In this type of electrical devices, 

the current flows from the source to the drain electrode through the semiconducting channel. 

The current intensity is regulated from an electric field originating between the gate electrode 

and the source by an applied voltage, that is perpendicular to the semiconducting layer. The 

intensity of the electric field regulates the number of mobile charge carriers in the 

semiconductor, and consequently, controls the current.169 Thus, the conductivity of the 

channel is a function of the potential applied across the gate and source terminals, and the 

drain current (IDS) is calculated from the following equation: 

𝐼𝐷𝑆 =  
𝐶𝑖µ𝑊

𝐿
 [ (𝑉𝐺𝑆 − 𝑉𝑡ℎ) − 0.5𝑉𝐷𝑆 ]𝑉𝐷𝑆                                 (2.5) 

where Ci is the capacitance of the gate insulator, μ is the charge carrier mobility in the 

channel, W/L is the width to-length ratio of the channel, VGS and VDS are the applied 

gate−source and drain−source voltage, and Vth is the threshold voltage, defined as the 

minimum voltage required on the gate to create a layer of minority charge carriers under the 

insulating layer. 

In FET-based chemical sensors the current change upon the adsorption of target analytes 

on the semiconducting layer is monitored. The semiconductor – analyte interaction can 

induce a change in the height of a Schottky barrier because of a secondary doping process, 

resulting in a change in the intensity of the current.169 The electrical conductivity of the 

sensing material can be modulated by: i) type of the semiconducting sensing layer (p-type vs 

n-type); ii) morphology of the sensing material; iii) nature of the analyte (reducing vs 

oxidizing); and iv) geometry of the device. In fact, the sensing performance of FETs is 

governed by the intrinsic properties of the sensing layer, such as the work function, carrier 

mobility, and band gap. 

FET-based chemical sensors can work in both gas and liquid environments, allowing 

detection of a wide range of analytes including gases, ions, and biomolecules. For example, 

Zhang et al. designed a carbon-based FET gas sensor with a dual-gate structure (Figure 2.9).170 

First the randomly arranged carbon nanotubes (CNTs) were distributed on a Si/SiO2 

substrate (creating the FET channel) using the soaking deposition technique, and then 

ultraviolet photolithography, reactive ion etching, and electron beam evaporation allowed 

the preparation of all the other components of the carbon-based FET.  

 

Figure 2.9. Device architecture of the carbon-based FET used by Zhang et al. Adapted from ref.170. 
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Gas sensing measurements showed a maximum of response for a gate voltage of -8 V 

for exposure to 10 ppm on NH3. Using the same gate voltage, dynamic exposure experiments 

in a NH3 concentration range of 40 – 100 ppb were performed, and a theoretical LOD of 

14.29 ppb was calculated. Finally, the selectivity of the carbon-based FET towards NH3 was 

demonstrated by comparing the sensing response after exposure to 10 ppm of other analytes 

as toluene, methane, sulfur hexafluoride, benzene, formaldehyde. 

In addition to classical FETs, organic FETs (OFETs) are attracting considerable 

attention due to the intrinsic advantages of organic semiconductors (Section 2.3). In OFET-

based sensors the interaction with the target analyte can occur at the interface, grain 

boundaries, or on the surface of the OFETs, depending on the different organic 

semiconductor morphology and device geometry.171 Recently, Katz et al. reported OFET 

sensors based on diketopyrrolopyrrole (DPP)-based co-polymers.172  In particular, seven 

different DPP-based co-polymers (Figure 2.10) were prepared and used for the successive 

preparation of XLPS/SiO2 OFET sensors. The sensing response of these sensors was 

evaluated after exposure to different concentrations of acetone (5, 10, 20 and 50 ppm) in a 

gate voltage range from 0 to -50 V. LODs ranging from 43 ppb to 16 ppm were obtained 

depending on the DPP-based co-polymers involved. Also, the sensing performance of the 

OFET devices was evaluated for acetone, dimethyl carbonate, and acetic acid, in solution 

phases.  

 

Figure 2.10. Molecular structure of some DPP-based co-polymers used by Katz et al. Adapted from ref. 172. 

 

FET sensors possess high long-term stability and robustness, ease of miniaturization 

(microscale and/or nanoscale), high sensitivity, fast response and facile integration in 

electronic manufacturing processes. However, their fabrication is complex because the 

integration of materials into FET devices requires advanced techniques (e.g., lithography) 

and a high degree of control over the material morphology.173 
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2.3.4. Conductometric Sensors 
Conductometric (or chemiresistive) sensors consist of two electrodes connected by a 

chemiresistive material deposited onto an insulating support (e.g., glass).174 The sensing 

material used for the fabrication of conductometric sensors can be either semiconductive 

(e.g., metal oxides) or metallic. The overall resistance of a conductometric sensor can be 

mainly divided into two components such as i) the resistance of the sensing material; and ii) 

the sum of contact resistance originating from the sensing material/electrode junction and 

from junctions generated within the sensing material (e.g., between grains). In general, the 

conductivity of a material (σ) is given by the following equation:175  

𝜎 = 𝑒(µ𝑒𝑛𝑒 +  µℎ𝑛ℎ)                                                  (2.6) 

where e is the fundamental charge, μe and μh are the charge carrier mobility of electrons and 

holes, nh and ne are the electron and hole populations. The mobility of these carriers depends 

on the drift velocity under the influence of an electric field, while the population of charge 

carriers is related to the bandgap of the conductive material. 

For conductometric sensors, a change in the conductivity (or its reciprocal called 

resistivity) of the sensing material can be observed due to a modification of the chemical 

surroundings induced by interactions with different analytes,176 thus the concentration of the 

analyte can be evaluated by measuring the change in the recorded current or resistance of the 

sensor.174 

Various processes may be involved on the surface of the sensing layer, such as 

chemisorption, surface adsorption (physisorption), redox reactions, catalytic 

decompositions, and direct charge transfer from analyte to surface, or vice versa,177 

depending on the chemical nature of the sensing material. The sensing process of 

chemiresistive devices after exposure to VOCs and/or gases can be due to the three main 

distinct mechanisms described in Section 2.3, such as i) modulation of Schottky barrier; ii) 

change of the doping level (secondary doping); and iii) modulation of the junction distance. 

Considering semiconducting materials as the sensing layer, changes in the current (or 

resistance) after interaction with VOCs and/or gases are related to the type of the 

semiconductor (p- or n-type) and the chemical nature of the analyte. Classifying 

semiconductor materials based on their doping levels is critical when using conductometric 

sensors to detect VOCs and gases, because the chemical nature of the gas results in different 

variations in the electrical signal.60,174 For example, exposure of a p-type semiconductor to 

electron donating analytes (e.g., NH3) results in a decrease in the concentration of the 

majority charge carriers (holes) due to an electron transfer from the analyte, resulting in a 

decrease in conductivity. On the other hand, exposing the same material to electron-

absorbing analytes (e.g., NO2) results in an increase in hole concentration due to electron 

transfer from the p-type semiconductor material to the analyte and, consequently, an 

improvement in sensor conductivity. Obviously, the opposite behavior characterizes n-type 

semiconductors. 

Recently, Ferlazzo et al. reported a conductometric sensors based on samarium oxide 

(Sm2O3).178 Sm2O3nanorods were prepared from hydrothermal synthesis using cetyl trimethyl 

ammonium bromide (CTAB) as organic surfactant. Then, the gas sensor was fabricated by 

drop casting an aqueous suspension of nanorods onto an alumina support with dimensions 
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(6 × 3 mm) equipped with interdigitated Pt electrodes and a Pt heater located on the back 

side. The sensing properties of Sm2O3 nanorods at high temperatures (≥ 250 °C) towards 

some representative VOCs such as acetone, ethanol and formaldehyde, were evaluated. In 

particular, the sensor performance was tested at various concentrations of formaldehyde 

(from 25 to 400 ppm), acetone (from 1 to 40 ppm) and ethanol (from 10 to 400 ppm), resulting 

more responsive at low concentrations of acetone than those of ethanol and formaldehyde. 

Further investigations at low concentration of acetone (from 1 to 5 ppm) revealed good 

sensitivity and selectivity, and the response to 1 ppm of acetone was relatively fast (response 

and recovery times of 125 and 43 s, respectively). 

Among the different categories of electrical sensors, conductometric sensors are the most 

widely used for sensing of VOCs and gases thanks to several advantages over the other device 

architectures such as simple fabrication, compatibility with conventional DC circuits, low 

cost, good sensitivity, good reproducibility, low power consumption, predictable electrical 

properties, and the ease of high precision measurement.174 

2.4. Zn(salen)-Type Complexes as Optical Chemosensors 

Among various classes of optical chemosensors, metal complexes of tetradentate Schiff 

bases are characterized by tunable spectroscopic properties that can be useful for the 

development of novel molecular materials for the detection of environmental pollutants (e.g., 

VOCs) and toxic substances. In literature they have found applications as sensing materials,44 

catalysts,179 fungicides,180 anticancer agents,181 etc. In particular, Zn(II) complexes of 

tetradentate Schiff bases derived from salicylaldehyde, or its derivatives, and 1,2-diamines, 

namely Zn(salen)-type complexes, have been extensively studied for their interesting 

spectroscopic properties arising from their peculiar Lewis acidic character.44,182 

A more detailed discussion on their properties is reported in the following sections.  

2.4.1. Lewis Acidic Character and Aggregation Properties 

Commonly, the Zn(II) ion tends to form highly stable tetra-coordinated metal 

complexes with a tetrahedral geometry in the presence of monodentate or bidentate ligands 

(Figure 2.11). In the case of the tetradentate Schiff base ligands, however, the related Zn(II) 

complexes are characterized by a structure that constrains the Zn atom in a pseudo-planar 

coordination. As a result, in Zn(salen)-type complexes the metal center is coordinatively and 

electronically unsaturated.183,184 Therefore, these complexes possess Lewis acidic character 

and can coordinate Lewis bases, leading to a penta-coordinated square pyramidal geometry, 

to saturate their Zn(II) coordination sphere.  

 

Figure 2.11. Distorted planar geometry and tetrahedral geometry of tetracoordinated Zn(II) complexes. 
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Zn(salen)-type complexes can be classified on the basis of the di-imine bridge as shown 

in Figure 2.12. Their Lewis acidic character is clearly an intrinsic property derived from their 

geometry, but it is also possible to tune the acidity by modifying the structure of the di-imine 

bridge. Di Bella et al. investigated a series of Zn(salen)-type complexes having different 1,2-

diimine bridge structures184 and, based on the calculated atomic charge on the Zn atom, it 

was found that the complexes having conjugated bridges possess a higher Lewis acidity than 

those having non-conjugated bridges. More recent studies based on DFT calculations have 

further supported these findings.183 

 

Figure 2.12. Chemical structure of Zn(salen)-type Schiff base complexes with different di-imine bridges. 

 

Thanks to their Lewis acidic character, Zn(salen)-type complexes possess interesting 

aggregation properties both in solution182 and in the solid state.43 In the absence of Lewis 

bases (e.g., in non-coordinating solvents) the metal center tends to fulfill a penta-coordination 

by intermolecular Zn····O axial interactions with the phenolic oxygen of another molecule, 

resulting in the formation of dimeric or aggregate species (Figure 2.13).185 On the other hand, 

in coordinating solvents the Zn(II) center can be axially coordinated by the solvent itself, 

with the formation of monomeric adducts. Addition of Lewis bases to dimeric/aggregated 

species in non-coordinating solvents results in their disaggregation with formation of 

monomeric adducts.186 Analogously, even in coordinating solvents, the presence of strong 

Lewis bases can induce the formation of monomeric adducts (Figure 2.13). In both cases, 

the adducts are characterized by a distorted square-pyramidal geometry. 

 

Figure 2.13. Behavior of Zn(salen)-type complexes in non-coordinating and coordinating solvents (S), and in the 

presence of Lewis bases (B). 
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Supramolecular structures and architectures can be observed in the presence of 

polytopic Lewis bases (e.g., diamines),187,188 or by the interaction with appropriate donor 

substituents present in the ligand framework, respectively (Figure 2.14a and Figure 

2.14b).189,190,191,192 There are very few exceptions to the penta-coordination mode related to 

the structure/stereochemistry of the 1,2-diimine bridge, but in the case of non-conjugated 

bridges it is possible to obtain structures with a tetrahedral coordination (Figure 2.14c).193 

 

Figure 2.14. Structures of Zn(salen)-type complexes upon axial coordination of a) ditopic Lewis bases and b) 

donor substituents of the ligand framework. c) Tetrahedral coordination of Zn atom in a dinuclear complex with 

a helical structure. Adapted from ref. 43. 

 

More interestingly, aggregated species and monomeric adducts possess different 

spectroscopic properties thanks to the different electronic environment around the metal 

center.182 Therefore, the changes of the optical properties of these compounds are useful for 

the detection of analytes with Lewis basicity. 

2.4.2. Optical Sensing of Lewis Bases  

As anticipated, optical spectroscopic changes are observed for Zn(salen)-type complexes 

upon deaggregation. Several studies report the detection of various Lewis bases in non-

coordinating solvents,182 however several detection studies have also been conducted using 

coordinating solvents.44,194,195,196 In both cases, the formation of monomeric adducts is 

observed. Several detection studies have been reported involving a disaggregation 

mechanism by the formation of adducts, including chiral species,197,198,199 anions,200 

amines,201,202 and amine derivatives.203,204,205 

Interestingly, recent studies have reported a dinuclear Zn(salen)-type complex that act 

as a molecular tweezer upon interaction with ditopic diamines (Figure 2.15).206 This system 

is characterized by a color change, from purple to magenta, and the appearance of a strong 

orange fluorescence upon the addition of stoichiometric amounts of histamine to CH2Cl2 

solutions of the complex, in accordance with deaggregation of the monomeric intramolecular 

aggregates and the formation of 1:1 adducts. 

Furthermore, a linear dynamic range from 0 to 10 μM was obtained from 

spectrophotometric/spectrofluorometric titrations performed by increasing the amount of 

histamine, with calculated LODs of 1.02 and 0.18 μM in the colorimetric and fluorometric 

detection modes, respectively. The high selectivity of the molecular tweezer was 

demonstrated by competitive experiments. Histamine quantification was also performed in 

a fish matrix (canned tuna), obtaining a good recovery rate, up to 77% and 82%, by optical 

absorption and fluorescence measurements, respectively. 
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Figure 2.15. Molecular structure of a dinuclear Zn(salen)-type complex for the detection of ditopic bases. 

 

Other sensing studies have involved anions detection, but in coordinating solvents. In 

this case, a solvent displacement mechanism was involved.44 Obviously, the Lewis basicity 

of the anions involved must be higher than the basicity of the solvent, so these detection 

studies are usually performed in solvents with a weak Lewis basicity, such as acetone207 or 

ethanol.208,209  

Other studies have involved Zn(salen)-type complexes in aqueous solutions for the 

detection of ATP and ADP,210 monohydrogensulfide,211 α-aminoacids,212 and anions.213 In 

these cases, sensing mechanisms involving secondary interactions are proposed. Also, 

Zn(salen)-type complexes have been studied as optical probes for cell imaging,214,215,216,217,218 

thanks to their very good fluorescent properties.219 

2.4.3. Optical Sensing of Metal Cations 

Transmetalation allows the preparation of various organometallic complexes220 and is 

also the key reaction in many important cross-coupling reactions.221,222 Moreover, 

transmetallation reactions can also be useful in other fields, such as catalysis223,224 and optical 

sensing.225 In this regard, Zn(salen)-type Lewis base adducts in solution influence the ability 

of the Zn(II) ion to transmetalate with other metal ions. Recent studies reported by Di Bella 

et al. have demonstrated immediate and complete transmetalation with Cu2+ ions using 

Zn(salmal) complexes (Figure 2.16),226,227 also involving selective and sensitive optical 

detection of Cu2+ ions in aqueous solutions.228 In particular, from spectrophotometric and 

spectrofluorometric titrations performed by the progressive addition of Cu2+ to ACN solution 

of a Zn(salmal) complex, similar LOD values (0.60 and 0.90 µM, respectively) were 

obtained, resulting lower than the recommended concentration of Cu(II) in drinking water 

established by the European Union (about 30 µM), based on the World Health Organization 

(WHO) guidelines for water quality. The high selectivity of the Zn(salmal) complex towards 

Cu2+ was proven by competitive experiments in the presence of other potential interfering 

cations. The practical application of this complex for the sensitive detection of Cu2+ ions in 

real water samples was tested by spiking/recovery experiments. 

 

Figure 2.16. Detection of Cu2+ ions using a Zn(salen)-type complex through a transmetalation mechanism. 
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2.4.4. Responsive Solid-State Nanostructures  

Non-mutual intermolecular Zn···O interactions lead to the formation of large aggregate 

species in Zn(salen)-type complexes which, in turn, can self-assemble into solid-state 

nanostructures.43 Nanostructured Zn(salphen) complexes having alkoxy groups in the 

bridge229,230,231 or in the salicylidene rings,232,233,234 obtained from casting and/or solvent 

evaporation of solutions of these complexes in coordinating solvents are reported in 

literature. The presence of π–π stacking interactions between aromatic rings and 

interdigitation of alkyl side groups can contribute to the stabilization of Zn(salen)-type 

complexes nanostructures. The formation of columnar mesomorphic structures, 

characterized by fluorescent properties, has been reported for a series of Zn(salphen) and 

Zn(salen) complexes with 4,4′-n-alkoxysalicylidene substituents (n = 2, 12, 14, and 

16).233,235,236,237,238 Recently, Ramos et al. starting from a symmetrical dinuclear Zn(salphen) 

complex functionalized with phenyl groups, reported the formation of nanosized rings.239 

These nanostructured self-assembled systems based on Zn(salen)-type complexes also 

represent emerging materials for the development of materials for sensing and optoelectronic 

applications.44 In fact, because of the interesting photophysical properties of this class of 

metal complexes, responsive nanomaterials based on these molecular systems have also been 

reported. Figure 2.17 provides an overview of the Zn(salen)-type complexes reported in 

literature with known vapochromic properties. 

 

Figure 2.17. Molecular structure of Zn(salen)-type complexes with vapochromic properties. 

For example, a Zn(salmal) complex, having 4,4′-alkoxy substituents in the salicylidene 

rings, shows marked vapochromic240 and chemiresistive241 properties upon interaction with 

vapors of volatile Lewis bases. The complex deposited onto interdigitated gold masks, 

characterized by a 2D nanostructure, shows a clear ohmic behavior in the range from -5 to 5 

V, before and after exposure to amine vapors, with a marked decrease in resistance (from 

130 to 17 GΩ), obtained from the I – V characteristics. 

Analogously, vapochromic and chemiresistive properties were observed for a 

nanofibrillar molecular material composed of a Zn(salphen) complex derivative having 4,4′-

decycloxy substituents as lateral groups.242 Recently, the vapochromic properties of a 
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Zn(salmal) complex having the 5,5′-tert-butyl- bulky substituent on the salicylidene rings 

towards various VOCs have also been explored.243 Other recent investigations reported a 

multi-responsive behavior of benzothiadiazole-bridging and phthalonitrile-bridging 

Zn(salphen) derivatives, with mechanochromic characteristics, in addition to their 

vapochromic properties.244,245  

Overall, the Lewis acidic character of Zn(salen)-type complexes explored in solution is 

also reflected in their solid-state properties. The vapochromic and chemiresistive properties 

of these complexes represent a very good starting point for further investigations and 

development of optical/electrical chemosensors for volatile pollutants, such as VOCs and 

gases, having Lewis basicity. 
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3.1. Chemicals 
All chemicals used were purchased from Sigma-Aldrich (Merck) and used as received. 

All substances used as prototypes of different classes of VOCs were used as received, with 

the exception of pyrrole and pyrrolidine, which were purified over calcium hydride by 

fractional distillation at atmospheric pressure. 

Cylinders of NH3 in synthetic air (1000 ppm mol/mol) and synthetic air were purchased 

from Air Liquide, France, and used without further purification for gas exposure 

experiments. 

3.2. Syntheses 
The synthesis of LuPc2 was achieved as previously reported.246 

3.2.1. Synthesis of 2-hydroxy-4-(undec-10-enyloxy) benzaldehyde 

The synthesis of 2-hydroxy-4-(undec-10-enyloxy) benzaldehyde was carried out in the 

presence of 2,4-dihydroxysalicylaldehyde (1.26 g, 9.12 mmol), 11-bromo-1-undecene (2.0 

ml, 9.12 mmol), potassium bicarbonate (0.91 g, 9.12 mmol), and tetrabutylammonium 

bromide (0.29 g, 0.91 mmol) as depicted in Scheme 3.1. 

 

Scheme 3.1. Synthesis of 2-hydroxy-4-(undec-10-enyloxy) benzaldehyde. 

 

All the reagents were put into a round flask (250 ml) and dissolved in acetone (45.0 ml). 

The reaction was carried out under reflux and nitrogen atmosphere and was monitored by 

TLC (SiO2, cyclohexane/ethyl acetate = 90/10). After 7 days, the solution was cooled to 

room temperature, filtered and dried under vacuum. The brown oil obtained was portioned 

between HCl (1 M) and Et2O. The aqueous phase was discharged, while the organic phase 

was extracted (two times) with a saturated solution of NaCl, dried with sodium sulphate, 

filtered, and evaporated to dryness. After anhydrification, the yellow oil obtained was 

purified by column chromatography on silica gel and eluted with a mixture of 

cyclohexane/ethyl acetate (98/2). The product of interest was obtained as a yellow oil (1.91 

g, 6.58 mmol, 72%).  
1H NMR (Varian Unity S500, 500 MHz, 27 °C, CDCl3): δ (ppm) = 1.30–1.55 (m, 12H; 

-OCH2CH2CH2(CH2)6CH=CH2), 1.80 (m, 2H, -OCH2CH2CH2(CH2)6CH=CH2), 2.14 (m, 

2H, -OCH2CH2CH2(CH2)6CH=CH2), 4.00 (t, 3JHH = 12.5 Hz, 2H, -

OCH2CH2CH2(CH2)6CH=CH2), 5.00 (m, 2H, -CH=CH2), 5.80 (m, 1H, -CH=CH2), 6.41 (d, 
4JHH = 2.5 Hz, 1H, Ar-H), 6.52 (dd, 3JHH = 8.5 Hz, 1H, Ar-H), 7.40 (d, 3JHH = 8.5 Hz, 1H, Ar-

H), 9.70 (s, 1H, CHO), 11.48 (s, 1H, OH).  
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3.2.2. Synthesis of Zn(salmal) Complexes 1 and 2 

The synthesis of complex 1 was achieved as previously reported.247 In particular, the 

template synthesis of the Zn(salen-type) complex 1 was conducted under stirring in methanol 

(50 ml) in the presence of 2-hydroxy-4-(undec-10-enyloxy)benzaldehyde (1.16 g, 4.00 mmol), 

2,3-diaminomaleonitrile (0.22 g, 2.00 mmol),  zinc perchlorate hexahydrate (0.75 g, 2.00 

mmol), and triethylamine (2 ml). The reaction was carried out under reflux and nitrogen 

atmosphere (Scheme 3.2). After 24 h, the solution was cooled at room temperature, filtered 

and washed with diethyl ether. The orange solid was dried under vacuum at 140 °C for 2h. 

After drying a dark red-brown powder was obtained (1.27 g, 1.77 mmol, 88.4 %).  

C40H50N4O4Zn (716.24): calcd. C, 67.08; H, 7.04; N, 7.82; found C, 67.50; H, 6.99; N, 

7.94. MALDI-TOF: m/z = 715 ([C40H51N4O4Zn]+, (M+H)+, 100%). λmax (THF): 337 nm, 382 

nm, 447 nm, and 551 nm (ε = 45000) (Figure A1). 1H NMR (500 MHz, DMSO-d6, TMS):    

δ (ppm) = 1.25-1.42 (m, 24H; CH2), 1.72 (m, 4H; CH2), 2.01 (m, 4H; CH2-CH), 4.00 (t, 3JHH 

= 7.0 Hz, 4H; OCH2), 4.95 (m, 4H; CH=CH2), 5.79 (m, 2H; CH=CH2), 6.20 (d, 4JHH = 2.5 

Hz, 2H; ArH), 6.23 (dd, 3JHH = 9.5 Hz, 4JHH = 2.5 Hz, 2H; ArH), 7.35 (d, 3JHH = 9.5 Hz, 2H; 

ArH), 8.38 (s, 2H; CH=N) (Figure A2). 13C NMR (125 MHz, DMSO-d6, TMS): δ = 25.93, 

28.73, 28.91, 28.95, 29.19, 29.25, 29.40, 33.63, 39.49, 39.82, 39.99, 40.08, 40.15, 40.24, 

40.32, 40.41, 40.49, 40.58, 68.13, 105.08, 107.85, 112.47, 114.65, 115.10, 120.94, 138.48, 

139.30, 161.43, 167.00, 176.94. 

 

Scheme 3.2. Synthesis of complexes 1 and 2. 

Similar procedure was used for the synthesis of complex 2,227 using 5-t-butyl-2-

hydroxybenzaldehyde (342 µl, 2.00 mmol), 2,3-diaminomaleonitrile (0.108 g, 1.00 mmol),  

zinc perchlorate hexahydrate (0.559 g, 1.50 mmol), and triethylamine (1.0 ml) as reagents 

and methanol as solvent (15 ml). The dark-brown solid was dried under vacuum at 100 °C 

before used (0.333 g, 0.677 mmol, 68.0 %). 

C26H26N4O2Zn (491.90): calcd C, 63.49; H, 5.33; N, 11.39; found C, 63.51; H, 5.34; N, 

11.42. ESI-MS: m/z = 491 [C26H27N4O2Zn]+ (M+H)+. λmax (THF): 313 nm, 372 nm, 500 nm, 

and 586 nm (ε = 23680) (Figure A3). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 1.26 (s, 

18H, C(CH3)3), 6.76 (d, 3JHH = 9 Hz, 2H; ArH), 7.39 (d, 3JHH =9 Hz, 1H; ArH), 7.49 (dd, 3JHH 

= 9 Hz, 4JHH = 3 Hz, 2H; ArH), 8.60 (s, 2H, CH=N) (Figure A4). 13C NMR (125 MHz, 

DMSO-d6): δ = 31.39, 34.03, 112.26, 118.20, 121.97, 124.41, 131.82, 136.12, 136.97, 164.20, 

173.55. 

 



Chapter 3: Materials and Methods 

______________________________________________________________________ 

 

31 

 

3.3. Preparation of Films for Exposure Experiments 

3.3.1. Glass-Based Films of Complex 1 

The drop-casting technique was used for the preparation of glass-based films (GBFs) of 

complex 1 (1-GBFs), by casting a known volume of a THF solution of 1 (2.5 × 10-3 M) onto 

square glass substrates (2.5 cm × 2.5 cm). Before casting, four solvents such as cyclohexane, 

acetone, tetrahydrofuran (THF), and 2-propanol were used in this sequence for washing glass 

substrates. In particular, substrates were immersed into the solvent and sonicated for 5 

minutes. Then, the glass squares were dried under nitrogen flux for 1 min. This process was 

repeated for each washing solvent used in this phase. Clean glass substrates were pre-heated 

into an oven at 80 °C for 10 min before casting. Then, 0.5 ml of the THF solution of 1 were 

drop-casted onto the clean glass substrates. After solvent evaporation, orange films were 

obtained. Cast films were annealed by a thermal treatment at 140 °C for 10 minutes in an 

oven, resulting in a color change of films, from orange to purple. 

3.3.2. Paper-Based Films of Complexes 1 and 2 

The dip-coating technique was used to obtain paper-based films (PBFs) of complexes 1 

(1-PBFs) and 2 (2-PBFs). Filter paper was cut in squares (2.5 cm × 2.5 cm) before preparation 

of PBFs. 

1-PBFs were prepared by dipping Whatman-4 paper substrates into THF solutions of 1 

(5.0 × 10-3 M and 1.0 × 10-3 M) for 2 s, obtaining films named 1-PBF5 and 1-PBF1, 

respectively.  After dipping filter paper substrates into the THF solution of 1, orange films 

were obtained by evaporation of the solvent. Analogously to GBFs, a thermal annealing was 

carried out to obtain annealed films, conducted in air or under inert atmosphere for 1-PBFs 

used for colorimetric or fluorometric detection studies, respectively. In this latter case, the 

dip-coated films were placed into a three-necked flask (500 ml) and dry nitrogen was fluxed 

for 5 min. Then, the flask was heated to 150 °C with a heating mantle for 15 min, leading to 

a color change of films, from orange to purple. Finally, films were cooled in the flask under 

nitrogen flux to room temperature (15 min).  

2-PBFs were prepared inside a round flask by dipping paper squares into THF solutions 

of 2 (1.0 × 10-3 M and 4.0 × 10-4 M), under nitrogen atmosphere at room temperature, 

obtaining films named 2-PBF1 and 2-PBF4, respectively. Then, dipped films were kept 

horizontal in the flask, thus obtaining gray colored films after complete evaporation of the 

solvent.  

UV−vis diffuse reflectance and fluorescence measurements were performed on the top 

side of the dipped films. 

3.3.3. 1/LuPc2 Bilayers 

1/LuPc2 bilayers were prepared from successive deposition of the two different materials 

onto indium thin oxide (ITO) interdigitated electrodes (IDEs). IDEs were patterned on glass 

substrates using lithographic techniques and consist of two pairs of 16 ITO digits with a width 

of 75 μm and the same spacing between them (75 μm). Before the deposition process, ITO-

IDEs substrates were immersed in 10 ml of solvent and sonicated for 5 min. This procedure 



Chapter 3: Materials and Methods 

______________________________________________________________________ 

 

32 

 

was performed using two different solvents (CH2Cl2 and EtOH) and repeated three times for 

each solvent. Then, cleaned substrates were dried for 5 min under air and maintained into a 

desiccator before use. 

The low conductive 1 sub-layer was obtained by casting 30 µL of a THF solution of the 

complex (3.0 mg/mL) onto cleaned ITO-IDEs substrates. After the complete evaporation of 

the solvent, a high conductive top layer of LuPc2 was thermally evaporated using a UNIVEX 

250 thermal evaporator. The evaporation procedure was conducted under vacuum (initial 

pressure: 5.0  10-7 mbar) by heating the metalated phthalocyanine at 350 °C in order to 

obtain a constant evaporation rate of ca. 0.2 Å/s. Annealed bilayers were obtained by thermal 

treatment of the as-prepared bilayers at 140 °C for 10 min. 

3.3.4. 1:LuPc2 Mixed Films 

1:LuPc2 mixed films were prepared from solutions containing the two complexes using 

the drop-casting technique. THF stock solutions of complex 1 (3.0 mg/mL) were prepared 

by dissolving the appropriate amount of solid compound in 10 mL of solvent, while stock 

solutions of LuPc2 (ca. 0.20 mg/mL) were obtained from their saturated THF solutions after 

filtration. From these stock solutions, mixed solutions having different mass concentration 

ratios (1:2, 1:1, and 2:1 of 1:LuPc2, respectively) were prepared by mixing the appropriate 

volume of THF stock solutions. 

Mixed films were obtained by casting 100 µL of the mixed solution onto cleaned ITO-

IDEs substrates at room temperature. Then, annealed mixed films were obtained by thermal 

treatment of as-prepared films at 140 °C for 10 min.  

3.4. Measurements 

3.4.1. General Measurements 
1H NMR and 13C NMR experiments were performed using a Varian Unity S 500 

(499.88MHz for 1H) spectrometer at 27 °C. ESI-MS spectra of complexes 1 and 2 were 

recorded on acetonitrile solutions (4.0 × 10-6 M) using a Thermo Scientific LCQ-DECA ion 

trap mass spectrometer equipped with an ESI ion source (capillary temperature 350 °C, 

sheath gas 30 a.u., source voltage 5.0 kV, capillary voltage -10 V). Spectra were acquired in 

negative mode. Elemental analyses of complexes 1 and 2 were performed on a EuroVector 

EA3100 elemental analyzer. 

3.4.2. XRD and Thermogravimetric Measurements 

X-ray diffraction (XRD) patterns of as-prepared and annealed 1-PBFs were achieved 

before and after exposure to ethylenediamine (EDA) in grazing incidence mode (0.5°) using 

a Rigaku diffractometer, equipped with a rotating anode of Cu Kα radiation (λ = 1.5418 Å), 

operating at 45 kV and 200 mA. 

Thermogravimetric measurements were performed with a Mettler Toledo TGA2 by 

introducing complex 1 into a working chamber fed by a flow of pre-purified nitrogen (50 

sccm) at a heating/cooling rate of 5 °C/min at atmospheric pressure. Before recording the 
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thermograms, solid 1, after exposure to saturated BA and EDA vapors, was heated to 50 °C 

for 20 min under nitrogen flow. 

3.4.3. Optical Measurements 

Optical absorption measurements of as-prepared and annealed 1-GBFs, and 1/LuPc2 

and 1:LuPc2 films were performed in transmittance with an Agilent Cary 60 

spectrophotometer. UV−vis diffuse reflectance spectra on 1-PBFs and 2-PBFs were recorded 

with a JASCO V-750 spectrophotometer before and after exposure to VOCs.  

Raman spectra of 1/LuPc2 and 1:LuPc2 films were recorded using a Renishaw inVia 

Raman microscope equipped with a 473 nm laser (max power 12 mW), as excitation source. 

Spectra were collected using a variable laser power in a range of 400 – 2500 cm-1.  

Fluorescence measurements of as-prepared and annealed GBFs and PBFs were 

performed in a front-face configuration (incident angle of the excitation light 30°) with a 

Jasco FP-8200 spectrofluorometer equipped with a film holder, model FLH-809 (Ex/Em 

slits = 5/5 nm 

Sensitive detection measurements were carried out at room temperature (23 ± 3 °C) and 

in a relative humidity (RH) range between 40% and 60%.  

3.4.4. AFM Measurements 

Atomic Force Microscopy (AFM) measurements of as-prepared and annealed 1/LuPc2 

and 1:LuPc2 films were performed using an AFM Bruker Icon 2 under controlled 

atmosphere. Surface scans were performed in nanoDMA peak force tapping mode (using 

ScanAsyst-Air-HR Si probe of spring constant 0.4 N/m) with a scan rate of 0.5 Hz, a peak 

force frequency of 2 kHz and amplitude of 30 nm. All measurements were performed at room 

temperature, at a constant RH value of 25%. 

3.4.5. Electrical Measurements 

I – V characteristics of as-prepared and annealed 1/LuPc2 and 1:LuPc2 films were 

obtained using a Keithley 6517B electrometer in an applied bias range from -10 to +10 V. 

The applied bias was started and ended at 0 V to avoid any polarization effect. For each film, 

the I – V curve was recorded for three consecutive cycles.  

Impedance spectroscopy measurements were performed on as-prepared and annealed 

1/LuPc2 and 1:LuPc2 films using a Solartron SI 1260 impedance analyzer. The impedance 

signal was recorded in a range of frequencies between 100 Hz up to 10 MHz, and by varying 

the DC bias (from 0 up to 10 V) under a constant AC bias (100 mV). 

All electrical measurements were performed at room temperature and in a range of RH 

between 30 – 60 %. 
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3.5. Vapor Exposure Experiments 

3.5.1. Exposure to Saturated Vapors 

Exposure to saturated vapors of the involved VOCs was carried out at room temperature 

(23 ± 3 °C) in a sealed glass chamber (500 mL). In particular, 1-GBFs, 1-PBFs or 2-PBFs 

were placed inside the chamber in the presence of the volatile liquid (5 mL into a flat-bottom 

vessel). The saturated vapor concentration for each VOC was calculated with the following 

formula: 

                                                      𝐶 = (
𝑃𝑉𝑂𝐶 

𝑃𝑎𝑡𝑚
) × 106                                                (3.1) 

where C is the VOC concentration (ppm), PVOC is its vapor pressure (mmHg), and Patm is the 

atmospheric pressure (760 mmHg). The vapor pressure at 23 °C for each VOC was calculated 

from Antoine equation:248,249 

                                             𝑙𝑜𝑔10𝑃 = 𝐴 −
𝐵

𝑇+𝐶
                                          (3.2)                                          

where P is the vapor pressure of the VOC (mmHg), T is the temperature (°C), and A, B and 

C are Antoine coefficients. 

Annealed 1-GBFs, 1-PBFs and 2-PBFs were exposed to BA vapors for 5 min and 15 

min of all other investigated VOCs. In the case of detection of aliphatic diamine vapors, as-

prepared 1-PBFs were exposed for 10 min to EDA and 30 min for all the other amines, while 

annealed films were exposed 5 min for EDA and 10 min for the other volatile diamines. 

These exposure times allowed for maximum color change and saturation of the 

absorbance/fluorescence intensity for each film. 

3.5.2. Static Exposure Experiments 

The optical response of PBFs after exposure to known concentrations of all involved 

VOCs was investigated under static conditions. The experimental apparatus used for static 

exposure is reported in Figure 3.1. It consists of a three-necked flask of known volume (1.15 

L) in which the films were suspended in the central neck inside the flask by means of a copper 

wire and closed with a stopper. A multiparametric instrument, equipped with a thermo-

hygrometric probe for real-time monitoring of temperature and RH, is fitted in a lateral neck 

of the closed flask. The other neck is sealed with a suba seal cap, through which the 

appropriate volume of the volatile liquid is introduced into the flask, using a Hamilton 

microliter syringe, allowing its complete evaporation. The exposure time was set at 30 min 

for each VOC investigated using annealed 1-PBFs, 60 min for as-prepared 1-PBFs, and 90 

min for 2-PBFs, at room temperature (controlled with a heating mantle) and in a range of 

RH between 40% and 60%. These exposure times ensure the maximum color change and 

saturation of the absorbance/fluorescence intensity for each exposed film over the entire 

concentration range investigated. 

The desired concentration of the VOCs involved was calculated by the static liquid gas 

distribution method with the following formula:250 

                                          𝐶 = (
22.414 × 𝜌𝑎 × 𝑇 × 𝑉𝑎

273.15 × 𝑀𝑀𝑎 × 𝑉𝑇𝑂𝑇
) × 106                                      (3.3) 
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where C (ppm) is the concentration of the VOC, ρa (g/mL) is the density of the pure liquid 

VOC, T (K) is the temperature in the exposure conditions, Va (mL) is the volume of the pure 

VOC, MMa (g/mol) is the molecular mass of the VOC, and VTOT (L) is the total volume of 

the sealed glass chamber used for the static exposure.  

 

 

Figure 3.1. Experimental apparatus for static exposure of PBFs to VOC vapors. 

 

Since to achieve concentrations of the VOCs below 500 ppm would require adding sub-

microliter volumes of pure liquids into the sealed chamber, solutions of n-pentane (NP, b.p. 

36.1 °C) or diethyl ether (Et2O, b.p. 35.0 °C) were prepared, with a concentration of 0.473 M 

and 0.0473 M of the VOCs involved. These concentrations ensure that the maximum volume 

of solution added into the flask does not exceed 100 µL, such that 1 µL added = 1 ppm of the 

0.0473 M solution (covering the range 1 to 100 ppm), and 1 µL added = 10 ppm of the 0.473 

M solution (covering the range 10 to 1000 ppm). For NH3, methylamine (MA), and 

ethylamine (EA), aqueous solutions standardized by titration with 0.10 M aqueous HCl 

solutions were used. 

For vapor concentrations ≥ 1000 ppm, the appropriate volumes of the pure VOC, 

calculated with eq. 3.3, were injected into the sealed chamber, allowing their complete 

evaporation. Fluorescence measurements of 1-PBFs after exposure to BA and EDA were 

performed immediately after the exposure. 

3.5.3. Competitive Experiments 

Competitive experiments were performed by evaluating the fluorescence response of 

annealed 1-PBFs to BA vapors in the presence of potential interferents in a ratio of 1:10. Both 

BA and the interferent, 50:500 ppm, respectively, were introduced into the experimental 

apparatus described above (Figure 3.1) containing the film. Analogously to the BA detection 

experiments, the exposure time was set to 45 min.  
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3.6. RGB Color Analysis 

Photographic images of PBFs of complexes 1 and 2 before and after exposure to BA and 

Py vapors were collected using a Samsung Galaxy S23 smartphone camera, under defined 

illumination conditions (1600 – 2000 lux), and at a constant distance between the camera 

from the films (15 cm). RGB values of each film were obtained from their digital images or 

directly captured using an android app (Color Detector developed by Galaxy studio apps). 

Normalized rgb values were calculated using the following formulae:251 

                                   𝑟 =  
𝑅

𝑅+𝐺+𝐵
        (3.4) 

                                   𝑔 =  
𝐺

𝑅+𝐺+𝐵
        (3.5) 

                                   𝑏 =  
𝐵

𝑅+𝐺+𝐵
                   (3.6) 

where R, G, and B are the absolute values of red, green and blue, respectively. 

The color change of PBFs upon exposure to BA and Py was estimated from the color 

difference equation:252  

                      ∆𝐸𝑅𝐺𝐵 = √(𝑅𝑥 − 𝑅0)2 + (𝐺𝑥 − 𝐺0)2 + (𝐵𝑥 − 𝐵0)2               (3.7) 

where R0, G0, and B0 represent the RGB values of pristine films, while Rx, Gx, and Bx represent 

the same values after exposure. The same formula was used to calculate the color difference 

with normalized rgb values.  

Mean RGB or rgb values were calculated from at least three replicate measurements. 

Similar RGB values were obtained from RGB captured directly from films or from their 

digital images. 

3.7. Calculation of the Limit of Detection 

The limit of detection (LOD) was calculated in the dynamic linear range of the 

calibration curve with the following formula:253,254 

                                                        𝐿𝑂𝐷 = 𝐾 ×  
𝑆𝑏

𝑆
                                                    (3.8) 

where K is a constant, Sb is the standard deviation of the blank, and S is the slope derived 

from the linear fit curve. The calibration curve was obtained from the plot of the 

absorbance/fluorescence intensity, fluorescence intensity ratio, or mean ΔErgb data versus the 

concentration of the amine added.  

For vapoluminescent detection of BA vapors, the Sb was calculated from the 

fluorescence intensity values of annealed 1-PBF5s.  

For vapochromic detection of BA vapors, 1-PBF1s in addition to 1-PBF5s were used. 

The absorbance intensity of the longest wavelength absorption maximum and/or the mean 

ΔErgb data before and after exposure were monitored. 
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For EDA vapor detection, the calibration curve was obtained by considering the ratio 

I0/I, where I0 and I are the fluorescence intensity values of 1-PBF5s before and after exposure, 

respectively. Sb was estimated from n replicate measurements of the fluorescence emission, 

I0n, of the ratio I0/I0n, where I0 is the mean value of the fluorescence emission calculated on 

all the replicates. 

In the case of vapochromic Py detection, the absorbance intensity of the longest 

wavelength absorption maximum and/or the mean ΔErgb data from 2-PBFs before and after 

exposure, were monitored, using both 2-PBF1s and 2-PBF4s. Sb was estimated from the 

absorption maximum intensity and/or from the ΔErgb values calculated for all the replicate 

measurements.  

All data regarding the number of replicates, Sb, S and the calculated LOD values are 

reported in Table 3.1. Each point in the calibration curves was calculated as the mean value 

obtained from at least three replicate measurements.  

 
Table 3.1. Parameters used for the calculation of LOD values for 1-PBFs and 2-PBFs. 

Film 
Detection 

Method 

Volatile 

Amine 

Replicates 

of the blank 

Standard 

Deviation 
Slope 

LOD 

(ppm) 

1-PBF5 Fluorometric BA 100 27 28 2.0 

1-PBF5 
RGB color 

analysis 
BA 20 8.01  10-3 6.13  10-3 3.9 

1-PBF1 
RGB color 

analysis 
BA 25 3.91  10-3 4.18  10-3 2.8 

1-PBF5 Fluorometric EDA 120 0.031 0.014 6.6 

2-PBF1 
RGB color 

analysis 
Py 20 1.13  10-3 3.61  10-5 94 

2-PBF4 
RGB color 

analysis 
Py 30 6.75  10-4 5.61  10-5 36 

 

3.8. Gas Exposure Experiments 

Gas exposure experiments in the presence of specific concentrations of NH3 (from 10 up 

to 90 ppm) were performed on as-prepared and annealed 1/LuPc2 bilayers and 1:LuPc2 

mixed films having a specific mass ratio (1:2). Sensing experiments were conducted using a 

homemade workstation consisting of three interconnected fluidic lines equipped with mass 

flow controllers (MFCs) and electric valves (EV) that control the mass flow of NH3, synthetic 

dry air, and water vapor (constant total flow rate of 550 NmL/min), and mix them 

appropriately to obtain the desired concentration of NH3 and RH (Scheme 3.3).  

The RH value was controlled before starting each experiment (RH calibration) by 

switching the flow of synthetic air derived from MFC 2 to a RH sensor by EV2.  

During the exposure period, the flow of synthetic air was vented by switching EV3, 

while NH3 flow from MFC 1 and humid air from MFCs 3 and 4 were mixed and conveyed 
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to the test cell. Conversely, during the desorption period the synthetic air flow was through 

the EV3 and mixed with humid air, while NH3 was vented by EV1. 

The relative response (RR) of the films upon exposure to NH3 was calculated with the 

following formula:255 

                                          𝑅𝑅 (%) =  
𝐼𝑓− 𝐼0

𝐼0
 ×  100                                             (3.9)       

where RR is the relative response, I0 is the recorded current before exposure, while If  is the 

current at the end of the exposure time. 

All the experimental parameters, such as time of exposure/desorption, total flow, 

control of humidity value, and switching of the valves were controlled by a homemade and 

customized software. All NH3 sensing studies were performed at room temperature (23 ± 3 

°C) and RH of 45% using a test cell with a volume of 8 cm3. All experiments were repeated 

for four exposure/desorption cycles under a constant applied bias of 5V. 

 

Scheme 3.3. Schematic representation of the experimental apparatus used for dynamic exposure of bilayer and 

mixed films to NH3. 
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4.1. Introduction 

Amines are a class of organic compounds derived from ammonia, in which one, two, or 

all three hydrogen atoms are replaced by hydrocarbon groups. They are classified as primary, 

secondary, or tertiary amines on the basis of the number of carbon chains directly bounded 

with the nitrogen atom. Analogously to ammonia, these compounds possess basic properties 

due to the presence of a lone pair of electrons on the nitrogen atoms. The basicity of these 

compounds is higher with respect to ammonia, thanks to the greater electron density on the 

alkyl-amine nitrogen (inductive effect). The basicity of amines can be defined in terms of 

Brønsted or Lewis basicity. With the increase of the number and length of side chains, the 

basicity is influenced by an increasing inductive effect. In particular, considering the Brønsted 

basicity, tertiary amines are those with the stronger basicity. On the other hand, for Lewis 

basicity it is necessary to consider not only the inductive effect, but also the steric hindrance, 

which also depends on the reference Lewis acid. 

Aliphatic monoamines are widely involved in chemical industries as intermediates for 

production of plasticizers, fertilizers, detergents, polymers, etc.19 Also, their presence in food 

products is accompanied by unpleasant odors and is often related to food spoilage 

processes.256 Moreover, aliphatic monoamines with short chain length (C2 – C8) possess high 

volatility and toxicity at low concentration (ppm). In fact, eye, skin and throat irritation, 

corneal edema, and formation of nitrosamines are some effects related to their exposure for 

prolonged time.24,257 Among aliphatic amines, BA is used in chemical industries as reactant, 

or intermediate in many synthetic routes.258,259 The release of this amine into the environment 

can arise from industries or from decomposition processes of food products. Because of its 

high volatility (93 mmHg at 25 °C) the main risk for human health is the inhalation. At low 

concentration (tens ppm), several disorders such as headache, throat and eye irritation can 

occur after a short exposure time (few minutes). Instead, prolonged exposure can cause 

vomiting, nausea, and, in some cases, damage to the nervous system.260,261 Because of its 

toxicity, exposure to 300 ppm of BA is considered as the Immediately Dangerous for Life 

and Health (IDLH) value for the National Institute of Occupational Safety and Health 

(NIOSH).262 On the other hand, the OSHA established a PEL ceiling value (PEL–C) for BA 

vapors as 5 ppm,263 representing “the concentration that shall not be exceeded even 

instantaneously”. 

Diamines are a class of organic compounds characterized by the presence of two amine 

groups in their structure. They can be distinguished in aliphatic or aromatic diamines, 

depending on the presence of aliphatic chains (e.g., 1,6-diaminohexane) or aromatic rings 

(e.g., 1,4-phenylenediamine) between nitrogen atoms. In general, diamines are widely used 

in industrial production of copolymers (reaction between diamines and diacids), surfactants 

and many other chemicals.259,264 They possess basic properties like monoamines, and can 

therefore be classified as Brønsted or Lewis bases, and a lower volatility than their 

counterparts containing only one amino group. 

The simplest diamine is 1,2-diaminoethane or ethylenediamine (EDA), which is used 

as raw material for the production of some chemicals in industries as lubrication additives, 

composite explosives, etc.265,266,267,268 A noteworthy industrial application of this diamine is 

the production of ethylenediaminetetraacetic acid (EDTA), through the reaction between 
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EDA, formaldehyde and sodium cyanide.269 Exposure to EDA vapors (hundreds ppm) for 

short time can cause irritation of nasal mucosa, while prolonged exposure time can lead to 

several respiratory disorders.270 In fact, the NIOSH has established a concentration of 1000 

ppm as the IDLH value for this substance,271 while, the PEL time-weighted average value 

(PEL–TWA), as the concentration allowed for eight hours per day out of a total of forty 

hours per week, reported by OSHA is 10 ppm.272 

On the other hand, some aliphatic diamines (e.g., putrescine and cadaverine), together 

with some polyamines (e.g., spermine and spermidine), are regarded as biogenic amines 

(BAs).273 BAs are a very important class of amines, deriving from the enzymatic 

decarboxylation of amino acids, because they take part in different metabolic pathways and 

several biological processes in living organisms.274 The concentration of these substances may 

increase during spoilage processes in several types of food such as cheese, meat, fish, or 

wine.275,276,277,278 High concentrations of BAs are toxic for human health by ingestion or 

inhalation of their vapors. For example, ingestion of high amount of BAs (hundreds of 

mg/kg) can cause vomiting, diarrhea and nausea.279,280 Furthermore, BAs can be used as food 

freshness indicators.281,282 

In summary, exposure to high concentrations of mono- and diamine vapors poses 

significant risks to human health, and due to the widespread use of these substances in 

industry and their potential release into the environment, their quantitative detection is very 

important for both public and individual health and environmental safety. 

4.2. Optical Methods for Vapor-Phase Detection of Primary 

Mono- and Diamines  

Classical methods for the detection of primary mono- and diamines are typically GC, 

GC-MS, HPLC, LC-MS, etc.283,284,285,286,287 Among them, only few techniques (e.g., GC-MS) 

can be used for the vapor-phase detection of volatile amines, and expensive instrumentations,  

trained operators, and sample pretreatments before analysis are often required. As previously 

detailed in Section 2.1, development of chemical sensors, in particular optical chemosensors 

(Section 2.2), can represent a good alternative for the detection of these classes of analytes 

with the advantage of fast detection, good sensitivity, and simple analytical instrumentation. 

Several examples of optical sensors for the detection of volatile amines and BAs, using 

static or dynamic exposure experiments, are reported in the 

literature.288,289,290,291,292,293,294,295,296,297,298,299 Table 4.1 summarizes literature data for the 

quantitative detection of volatile primary aliphatic amine vapors. 

For example, referring to BA detection under static conditions, You et al. developed a 

tunable multicolor luminescent system by combining different fluorophores containing 

amino acids directly linked to 2-formylbenzenesulfonamide.300 The combination of three 

appropriate amino-containing fluorophores produces a white solution which, upon addition 

of an amine and/or a base, exhibits a color change from white to red, blue, or yellow. Then, 

acetonitrile solution of the fluorescent probe was written onto Whatman filter paper. In this 

case, a blue emission is observed under a 365 nm light after complete evaporation of the 

solvent. Exposure to BA vapors in a range 0 – 100 ppm shows an initial quenching of the 
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blue emission (0 – 0.10 ppm) and a subsequent formation of a new emission band 

corresponding to yellow emission (2.5 – 100 ppm). For the former range, a limit of detection 

for BA is calculated as 0.026 ppm. Some cycles of exposure to BA and HCl show also an 

excellent recyclability and switchability. 

 
Table 4.1. Literature data of optical chemosensors for the detection of primary aliphatic amine vapors. 

Material 
Volatile 

amine 

Detection 

method 

LOD or Lowest 

Detected Conc. 

(linear range) 

Selectivity 

Studies 

Exposure 

Method 
Ref 

Fluorescent 

Polymer 
benzilamine Fluorescence 30 ppm no static 301 

Organic 

Compound 
tert-butylamine 

Optical 

absorption 

1 ppb 

(0.14-1.4 ppm) 
no dynamic 302 

Metal-doped 

Carbon dots 
ethylamine 

Colorimetric 

array 

1.4 ppb 

(0.008–1600 ppm) 
yes static 303 

Metal-doped 

Carbon dots 
isopropylamine 

Colorimetric 

array 

39 ppb 

(0.05-828 ppm) 
yes static 303 

Organic 

Compound 
n-propylamine Fluorescence 29 ppm yes static 304 

Organic 

Compound 
sec-butylamine 

Optical 

absorption and 

Fluorescence 

1234.12 ppm yes static 305 

Metallo-

porphyrin 
BA 

Optical 

absorption 
0.1 ppm yes dynamic 306 

Metallo-

porphyrin 
BA 

Optical 

absorption 

50 ppm  

(90-3200 ppm) 
yes dynamic 307 

Conjugated 

Polymer 
BA 

Optical 

absorption and 

Fluorescence 

6.3 ppm yes dynamic 308 

Liquid 

Crystals 
BA 

Optical 

response 
10 ppm no static 309 

Organic 

Compound 
BA Fluorescence 

0.026 ppm  

(0 - 0.10 ppm) 
no static 300 

 

Yang et al. reported a liquid crystals sensor doped with lauric aldehyde as optical sensor 

for the detection of BA.309 Liquid crystals doped with appropriate concentration of lauric 

aldehyde are dispersed on clean glass slides (0.5 cm × 0.5 cm) and then exposure to BA 

vapors is conducted in a sealed chamber. Optical response of liquid crystals is observed 

through a polarized optical microscope in transmission mode. They found that liquid crystals 

doped with 0.1 wt% of lauric aldehyde allow the detection of 10 ppm of BA, observed by a 

bright-to-dark optical transition. Also, this system shows specificity to BA compared with 

the response obtained by exposure to other volatile compounds and reversible dark-to-bright 

transition when the sample is left in air.  
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Despite linear aliphatic diamines possess lower volatility than linear aliphatic 

monoamines containing the same chain length, linear aliphatic diamines having low 

molecular mass (NH2-(CH2)n-NH2, n = 2–5) are volatile at room temperature and 

atmospheric pressure. 

Several optical systems have been developed for the qualitative vapor-phase detection of 

diamine vapors, mainly EDA, as organic molecules, polymers, covalent organic structures, 

etc.295,310,311 Some of them are also used to detect these diamines in real samples, particularly 

in spoiled foods. These data are collected in Table 4.2 and Table 4.3. 

 
Table 4.2. Literature data of optical chemosensors for the qualitative detection of EDA vapors. 

Material 
Detection 

method 
Substrate 

Selectivity 

Studies 

Exposure 

Method 
Ref 

Metal complex Optical absorption  no static 312 

Inorganic metal 

compound 
Colorimetric Paper no static 313 

Metal-organic 

compound 
Optical absorption  yes static 288 

Metal-organic 

compound 
Optical absorption  no static 314 

Polymeric compound Optical absorption Glass no static 315 

Metal organogel Fluorescence Glass yes static 316 

Metal-organic 

framework 
Fluorescence Glass yes static 317 

Coordination polymer Optical absorption  yes static 318 

Metal complex Optical absorption Paper yes static 319 

Organic compound Fluorescence  yes static 320 

Organic compound Optical absorption  yes static 321 

 

Despite the great interest for these diamines, however, only few examples of molecular 

materials allowing the quantitative detection of their vapors are reported in the literature, 

summarized in Table 4.4. 

For quantitative EDA vapors detection, Dou et al. developed an o-phthalaldehyde 

(OPTA)/thiol molecular system that allows the detection of EDA in both solution and solid 

state.330 In particular, the reaction between OPTA and mercaptosuccinic acid (MSA) leads 

to the formation of a molecular intermediate that shows evident optical absorption and 

fluorescence changes in the presence of EDA. The OPTA-MSA solution shows a yellow 

color and an enhancement of the fluorescence emission after the addition of EDA in a range 

between 0 – 30 µM. The preparation of a hydrogel-based dual-mode sensing system for the 

detection of different EDA vapor concentrations (0-160 ppm) is also described. In this case, 
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the colorimetric and fluorescent changes are in accordance with whose observed in solution, 

and evaluated by RGB analysis, resulting that the hydrogel-based system is able to detect 

hundreds of ppb of EDA vapors in a dynamic linear range of 3.2 – 64.0 ppm.  

 

Table 4.3. Literature data of optical chemosensors for the qualitative detection of volatile aliphatic diamines 

vapors. 

Material 
Aliphatic 

diamine 

Detection 

method 
Substrate 

Selectivity 

Studies 

Exposure 

Method 
Ref 

Organic 

compound 
DAB Colorimetric 

Silica 

composite 
no static 322 

Organic 

compound 

DAB 

DAPe 
Fluorescence Silica gel yes static 323 

Metal 

complex 
DAB Fluorescence 

Paper and 

TLC plates 
no static 324 

Organic 

compound 
DAB 

Optical absorption 

and Fluorometric 
Glass no static 325 

Metal-organic 

framework 

EDA 

DAPr 
Fluorescence Paper yes static 326 

Organic 

compound 

EDA, DAPr, 

DAB, DAPe 
Fluorescence Glass yes static 327 

 

Table 4.4. Literature data of optical chemosensors developed for the quantitative detection of volatile diamines 

vapors under static conditions. 

Material 
Aliphatic 

diamine 

Detection 

method 
Substrate 

LOD or Lowest 

Detected Conc. 

(linear range) 

Selectivity 

Studies 
Ref 

Organic 

compound 
DAPe 

RGB analysis 

(Fluorescence) 
Paper 500 ppm yes 328 

Organic 

compound 
DAPe 

RGB analysis 

(Fluorescence) 
Paper 7.16 ppm yes 329 

Organic 

compound 
EDA 

RGB analysis 

(color and 

Fluorescence) 

PVA 

hydrogel 

700 ppb  

(3.2 – 64.0 ppm) 
yes 330 

Organic 

compound 
EDA Fluorescence Paper 28.5 ppm yes 331 

 

Koner et al. reported sensing studies of EDA and other diamines in solution and solid-

phase, using a ratiometric perylenediimide-based fluoroprobe.331 In this case, the sensing 

performance of this molecular system towards diamine vapors arises from an aggregation-

induced emission mechanism that allows the formation of a new emission band at 580 nm, 

with the concomitant decrease of the main emission band centered at 478 nm. The 

application for the detection of EDA and putrescine vapors using the pristine solid 

perylenediimide fluorophore and after deposition onto paper substrates is also reported. The 
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lowest detected concentration under static exposure to EDA and putrescine vapors is 28.5 

and 4.3 ppm, respectively. For both substances quenching of the fluorescence emission is 

observed, and it is accompanied by a color change from bright orange to red (EDA) or purple 

(putrescine).  

4.3. Properties of the Zn(salmal) Complex 1 

Complex 1 has been previously investigated by Di Bella et al. in several studies for its 

interesting properties and wide range of applications, both in solution and in solid 

phase.201,203,226,241 In particular, studies on solutions of complex 1 in non-coordinating solvents 

suggest the presence of aggregated species, through the formation of intermolecular axial 

Zn····O interactions between two or more molecules of the complex. On the other hand, in 

coordinating solvents, monomeric adducts are formed, by axial coordination of the Zn(II) 

center with the solvent.182 Di Bella et al. also demonstrated the deaggregation of 1 dissolved 

in a non-coordinating solvent (dichloromethane, DCM) by addition of a certain amount of 

a coordinating solvent (e.g., THF) (Figure 4.1) or a Lewis base, resulting in the formation of 

monomeric adducts.247,332 

 

Figure 4.1. Schematic representation of deaggregation of 1 in the presence of a coordinating solvent. 

 

More importantly, on switching from aggregate species to monomeric adducts, dramatic 

changes in the optical absorption and fluorescence properties of 1 are observed. In fact, 

optical absorption spectra of aggregate species and adducts are very different, with an 

enhancement of the fluorescence intensity upon deaggregation (fluorescence quantum yields, 

Φ = 0.08 – 0.16 for aggregates, vs. Φ = 0.24 for monomeric adducts).247 Therefore, complex 

1 was investigated for the colorimetric/fluorometric sensing in solution of different classes 

of Lewis bases.201,226  

Di Bella et al. have also investigated the thermochromic and vapochromic properties of 

complex 1 in the solid phase.240 Complex 1 was obtained as orange-red powder after 

crystallization from methanol. When this solid is heated at 140 °C for 10 min, a color change 

from orange-red to red-brown is observed. The comparison of the XRD patterns of these two 

solids shows two different phases. In particular, a lamellar structure is associated with the 

orange-red powder (H-aggregates), while a hexagonal columnar structure (red-brown 

powder, J-aggregates) is obtained by a thermally-induced phase-transition (Figure 4.2). 

Differential scanning calorimetry thermograms show an irreversible endothermic phase-

transition at 131 °C accompanied by a naked-eye color change from the starting orange-red 

solid to the red-brown solid.  
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Figure 4.2. Irreversible phase-transition of 1 from H-aggregates to J-aggregates induced by thermal treatment. 

Exposure of the heated solid to saturated vapors of isopropylamine (IPA), used as 

reference volatile Lewis base, involves a color change from red-brown to red. In this case, 

the XRD pattern is very different with respect to that of the starting or the heated. 

Thermogravimetric analysis (TGA) of the solid after exposure shows a weight loss consistent 

with the IPA content, thus suggesting a stoichiometric chemisorption of amine vapors. 

Interestingly, the complete restoration of the initial color of the powder is observed upon a 

thermal treatment of the exposed solid (140 °C), indicating a reversible vapochromic 

behavior. 

Thin films of 1 were obtained by drop-casting of a DCM solution of the complex onto 

glass substrates. As-prepared films were obtained after the complete evaporation of the 

solvent, while annealed films were obtained by thermal treatment of the as-prepared films. 

The colors of these films are very similar to those observed for powders of 1 before and after 

thermal annealing. XRD patterns of films are almost similar compared with the powder 

samples, thus suggesting an analogous structure. Also, vapochromic properties of annealed 

films upon exposure to IPA vapors are comparable with those of the powder samples.  

These results represent good starting points for further investigations on the 

vapochromic properties of 1, and the potential application of this molecular material as a 

chemosensor for VOCs with Lewis basicity. 

4.4. Aim of this Study 

This chapter describes the development of a molecular material based on a Zn(salen)-

type complex for the selective and sensitive detection of specific volatile pollutants. In 

particular, the Zn(salmal) complex, 1, having alkoxy chains (-OC11H21) as lateral substituents 

was investigated for its known vapochromic properties. This material has also been found to 

possess vapoluminescent properties. Both vapochromic and vapoluminescent properties 

were applied for the development of simple, disposable, and low-cost paper-based films of 1 

(1-PBFs) as chemosensors for the selective and sensitive detection of mono- and diamine 

vapors. To this end, the following section is divided in four parts. 

The first part (Section 4.5.1) explores the vapochromic/vapoluminescent properties of 

aggregates of complex 1 as films deposited on glass substrates. In particular, the vapochromic 

and vapoluminescent properties of 1-GBFs were initially investigated by exposure to 

different classes of VOCs under saturated vapor conditions. 

In the second part (Section 4.5.2), the optimization of the preparation procedure of 1-

PBFs was first achieved by comparing different substrates and deposition techniques, as well 
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as their optimal storage conditions, in order to achieve high repeatability and optical 

uniformity of the chemosensor. Then, the vapoluminescent response of annealed 1-PBFs 

prepared from a 5.0 × 10-3 M THF solution of 1, named 1-PBF5s, upon exposure to defined 

vapor concentrations of the involved VOCs and the sensitive detection of BA, chosen as 

reference volatile aliphatic monoamine, were studied. 

The third part (Section 4.5.3) describes the sensitive vapochromic detection of BA 

vapors using as-prepared and annealed 1-PBFs. In particular, 1-PBFs prepared from a 1.0 × 

10-3 M THF solution, named 1-PBF1s, were used in addition to 1-PBF5s. The color changes 

of these films after exposure were analyzed by UV-vis reflectance spectra and RGB color 

analysis. Simulated experiments of BA vapor leakage have also been reported. 

The fourth part (Section 4.5.4) is focused on the vapoluminescent response of 1-PBF5s 

towards volatile aliphatic diamines and the sensitive detection of EDA, chosen as reference 

volatile diamine. 

 The quantitative detection of BA and EDA was performed by static exposure to specific 

vapor concentrations using 1-PBFs and color/fluorescence emission changes. Furthermore, 

a selective fluorescence response to these analytes compared to other classes of VOCs has 

been demonstrated. Finally, a sensing mechanism based on XRD and thermogravimetric 

analyses of films before and after exposure is proposed.  

 

4.5. Results and Discussion 

4.5.1. Optical Properties of Aggregates of Complex 1 

4.5.1.1. Optical absorption and fluorescence emission of 1-GBFs 

Films of 1 were prepared by drop-casting of a THF solution of 1 (2.5 × 10-3 M) onto 

glass substrates, as previously described (Section 3.3.1). After solvent evaporation, the as-

prepared films show an orange color comparable to that of films previously obtained from a 

DCM solution of 1 (1.0 × 10-3 M),240 but with higher optical uniformity. Annealed films were 

obtained by thermal treatment of as-prepared 1-GBFs into an oven at 140 °C for 10 min. 

Optical properties of as-prepared and annealed films were investigated by optical absorption 

and fluorescence measurements (Figure 4.3).  

Different optical absorption spectra for as-prepared and annealed 1-GBFs are observed 

(Figure 4.3a). In particular, the optical absorption spectrum related to the as-prepared films 

shows a broad band at λ = 442 nm and a stronger absorption band envelope centered at ca. 

350 nm. After thermal annealing, the formation of a new band centered at λ = 563 nm and a 

hypochromism in the region between 300 and 400 nm are observed, in agreement with the 

color variations observable to the naked eye, from yellow-orange to red-brown.  

Interestingly, both the as-prepared and annealed 1-GBFs also exhibit 

photoluminescence. In particular, an emission band centered at 600 nm characterizes the as-

prepared 1-GBFs, while an emission band is observed at 641 nm for the annealed 1-GBFs 

(Figure 4.3b). Again, the wavelength relative to the emission maximum for the as-prepared 

and annealed films is consistent with the color observed with the naked eye under an UV 

lamp (λexc = 365 nm). Therefore, in addition to the vapochromic characteristics, the 
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fluorescence emission properties of 1-GBFs suggest that this material also behaves as 

vapoluminescent. 

 

Figure 4.3. Optical absorption (a) and fluorescence (b) spectra (λexc = 500 nm, related to an isosbestic point) of 

as-prepared and annealed 1-GBFs. Insets: photographic images of as-prepared and annealed films under natural 

light (left) and under 365 nm light (right). 

4.5.1.2. Vapochromic and vapoluminescent properties of 1-GBFs 

In order to evaluate the vapochromic and vapoluminescent properties of 1-GBFs, as-

prepared and annealed films were exposed to BA, used as reference volatile Lewis base. 

Exposure to saturated vapors of BA (113088 ppm at 23 °C) was performed into a sealed glass 

chamber, as previously described (Section 3.5.1). The optical absorption spectra of as-

prepared films after exposure to BA vapors show two new absorption bands in the region 

between 420 and 530 nm, with maximum of absorption centered at λ = 451 nm and λ = 501 

nm, and small changes in the region between 300 and 400 nm (Figure 4.4a). These changes 

in optical absorption properties are accompanied by a change in color of the as-prepared 1-

GBFs from yellow-orange (before exposure) to orange (after exposure). Fluorescence 

emission spectra show the formation of a new, more intense band centered at λ = 613 nm 

after the exposure to saturated vapors of BA (Figure 4.4b).  

 

Figure 4.4. Optical absorption (a) and fluorescence (b) spectra (λexc = 473 nm, related to an isosbestic point) of 

as-prepared 1-GBFs before and after exposure to saturated BA vapors. Insets: photographic images of as-prepared 

and exposed films under natural light (left) and under 365 nm light (right). 
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Figure 4.5. Optical absorption (a) and fluorescence (b) spectra (λexc = 538 nm, related to an isosbestic point) of 

annealed 1-GBFs before and after exposure to saturated BA vapors. Insets: photographic images of annealed and 

exposed films under natural light (left) and under 365 nm light (right). Optical absorption (c) and fluorescence (d) 

intensity changes at λabs = 501 nm and λem = 608 nm, respectively, upon cycles of exposure to saturated vapors of 

BA and subsequent thermal heating at 120 °C. 

 

The optical absorption spectra of annealed 1-GBFs recorded before and after the 

exposure to BA are completely different (Figure 4.5). In particular, analogously to as-

prepared films, two new absorption bands centered at λ = 451 nm and λ = 501 nm are 

observed after exposure. The region between 300 and 400 nm is also profoundly different, as 

shown in Figure 4.5a. The observed changes in optical absorption spectra can be related to 

the color change from red-brown to red observed with the naked eye. Fluorescence emission 

spectra show the formation of a new emission band at λ = 608 nm, about five times more 

intense than the emission of the annealed film (Figure 4.5b). Under the UV lamp, clear color 

changes from red to orange are observed. Thus, in addition to vapochromism, the annealed 

films exhibit marked vapoluminescence, never previously observed for this family of 

molecular materials. Furthermore, only few other examples of vapoluminescent Zn(II) 

coordination complexes are reported in literature.333,334 

The vapochromic and vapoluminescent properties of 1-GBFs were demonstrated by 

successive cycles of exposure of the annealed films to saturated vapors of BA, followed by 

thermal treatment at 120 °C for desorption of BA. The variation of the optical absorption 

and fluorescence emission intensity of annealed 1-GBFs in the maximum of absorption and 

emission after exposure to BA vapors (λabs = 501 nm and λem = 608 nm, respectively), are 

reported in Figure 4.5c and Figure 4.5d. A complete restoration of the initial optical 
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absorption/fluorescence spectrum is observed for 5 cycles of exposure/heating. This 

demonstrates a complete sorption/desorption process involved in the detection of BA 

vapors. Furthermore, comparing these results, a greater variation in fluorescence intensity is 

observed than the variation in optical absorption. Thus, this demonstrates the 

vapochromic/vapoluminescent properties of complex 1 supported on glass substrates, which 

will be further explored in the following section by exposure to different classes of VOCs.  

4.5.1.3. Vapochromic and vapoluminescent response of 1-GBFs to VOCs 

The comparison between the optical absorption and fluorescence emission changes after 

exposure to saturated vapors of BA for as-prepared and annealed 1-GBFs, clearly indicate 

that the latter possesses a better response respect to the as-prepared films. Therefore, annealed 

films were chosen to explore their optical response to different families of VOCs having 

Lewis basic character.  

The following volatile compounds were chosen as prototypes for the various classes of 

VOCs: methanol (MeOH) for alcohols; diethyl ether (Et2O) for ethers; acetone (ACE) for 

chetons; acetaldehyde (AA) for aldehydes; acetonitrile (ACN) for nitrile compounds; THF 

for oxygenated heterocycles; n-butylthiol (BuSH) for mercaptans; ethyl acetate (AcOEt) for 

esters; acetic anhydride (Ac2O) for anhydrides; acetic acid (AcOH) for carboxylic acids; N,N-

dimethylformamide (DMF) for ammides; BA for primary amines; diethylamine (DEA) for 

secondary amines; triethylamine (TEA) for tertiary amines; aniline (AN) for aromatic 

amines; Py for heterocyclic aromatic amines; EDA for primary diamines. 

In order to explore the vapochromic and vapoluminescent properties of 1-GBFs, 

annealed films were initially exposed to saturated vapors of these VOCs and then optical 

absorption and fluorescence emission spectra were recorded (Figure 4.6). Exposure to 

saturated vapors of each involved VOC was carried out into a sealed glass chamber for 15 

min, except for BA and EDA (5 min).  

 

Figure 4.6. Optical absorption spectra of annealed 1-GBFs exposed to saturated vapors of (a) N-VOCs and (b) 

O-VOCs. 

 

For BuSH, Et2O, ACE, AA, ACN and Ac2O no relevant optical absorption changes of 

annealed 1-GBFs are observed (the color of the films remained unchanged). For the other 

investigated VOCs, a color change of annealed films, from red-brown to red or orange, is 

observed by naked-eye and measured by optical absorption spectra. On the basis of their 
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functional group and the different response achieved, they were divided in N-VOCs and O-

VOCs. In particular, for N-VOCs it is possible to observe a common absorption maximum 

around λ = 455 nm and at longer wavelength (between 493 and 508 nm) and the formation 

of two new absorption bands in the region between 300 and 400 nm (Figure 4.6a). In the case 

of EDA vapors, the formation of two new absorption bands centered at 406 and 643 nm is 

observed, in addition to the optical absorption changes observed for all other N-VOCs. A 

color change of the annealed films from red-brown to red is observed for all the investigated 

N-VOCs, with the exception of EDA, which shows a color change from red-brown to brown. 

On the other hand, completely different absorption spectra are observed for exposure of 

annealed 1-GBFs to O-VOCs. In particular, for AcOH and MeOH a hyperchromism is 

observed in the region between 300 and 400 nm and a new absorption band centered at λ = 

458 nm, while for THF an absorption is found at λ = 440 nm (Figure 4.6b). Furthermore, 

after exposure to AcOH and MeOH a color change from red-brown to orange is observed, 

while for THF the color change is from red-brown to yellow-orange. 

Analogously, the vapoluminescent response of annealed 1-GBFs was investigated after 

exposure to saturated vapors of various VOCs and then their emission was recorded by front-

face fluorescence spectroscopy (incident angle of excitation light of 30°). Based on the 

absorption spectra (Figure 4.6), to ensure comparable absorbance, fluorescence spectra were 

collected with a λexc = 508 nm for N-VOCs and λexc = 459 nm for O-VOCs (Figure 4.7). 

 

Figure 4.7. Fluorescence spectra of annealed 1-GBFs exposed to saturated vapors of (a) N-VOCs (λexc = 508 nm) 

and (b) O-VOCs (λexc = 459 nm).   

 

In agreement with the observed optical absorption spectral variations, no fluorescence 

spectral changes are observed after exposure to BuSH, Et2O, ACE, AA, ACN and Ac2O, 

while for the remaining analytes the formation of a new fluorescent emission band is 

observed. In particular, for N-VOCs the new fluorescent emission bands are between 601 

and 612 nm, while for O-VOCs between 605 and 610 nm. Surprisingly, and in sharp contrast, 

the formation of a new, less intense emission band, centered at 670 nm, is observed after 

exposure to saturated vapors of EDA. Furthermore, an important difference in the response 

of the annealed 1-GBFs can be observed when considering the fluorescence emission 

intensity. Indeed, with the exception of EDA, a higher fluorescence intensity is observed 

after exposure to N-VOCs than to O-VOCs.  
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Complete restoring of the initial optical absorption or fluorescence spectra of the 

annealed films is also observed by successive exposure/heating cycles towards all these 

investigated VOCs having Lewis basic character. 

In addition to VOCs with Lewis basic character, the response of annealed GBFs was 

also explored by exposure to aliphatic and aromatic VOCs, such as n-pentane (NP), DCM, 

cyclohexane (Cy), and benzene (Bz). As expected, exposure to saturated vapors of these 

VOCs for 15 minutes shows no significant optical or color changes. 

4.5.2. Vapoluminescent Detection of Primary Monoamine Vapors by 

1-PBFs 

In the previous Sections (4.5.1.2 and 4.5.1.3), a larger change in fluorescence intensity 

than that of optical absorption upon exposure to BA vapors and a different fluorescence 

response towards VOCs having Lewis basicity were obtained for annealed 1-GBFs. 

Therefore, in order to obtain a simple, disposable and portable system with improved optical 

uniformity for selective and sensitive detection of VOCs, paper substrates were investigated 

to support complex 1 and then the films were annealed to be used for fluorescent detection 

studies.  

4.5.2.1. Preparation procedure and storage conditions of 1-PBFs 

Paper is a low-cost, flexible, and lightweight material. In recent years, paper used as a 

substrate has attracted increased interest due to its versatility in the development of sensors 

and devices.335,336,337,338 

As described for GBFs, the drop-casting technique was initially used also for the 

preparation of films of 1 using paper substrates, but in this case a low optical uniformity was 

obtained (Figure A5). For this reason, the dip-coating approach was used to prepare 1-PBFs. 

Dip-coating is a simple deposition technique consisting in dipping the substrate into a 

solution containing the sensing material. This technique was used to obtain 1-PBFs by 

dipping paper squares (2.5 cm × 2.5 cm) into a THF solution of 1 (2.5 × 10-3 M). After solvent 

evaporation at room temperature, orange films were obtained and, analogously to GBFs, a 

color change from orange to red-brown was observed upon thermal annealing at 140 °C for 

10 min. 

In order to optimize the optical properties of 1-PBFs, some tests were performed, such 

as keeping the paper immersed in the solution of 1 for different times (2 s, 30 s, 1, 2, 5 and 

10 minutes) before the evaporation of the solvent. However, the time of dipping was found 

to be irrelevant on the properties of 1-PBFs, thus the shortest time of 2 s was chosen for 

successive preparations. Also, different concentrations (2.5 × 10-3 M, 3.5 × 10-3 M, 5.0 × 10-3 

M, and 6.5 × 10-3 M) of the THF solution of 1 were tested. An increase in the intensity of the 

reflectance spectrum of the annealed 1-PBFs prepared with these solutions is observed, in 

line with the gradual increase in color tone, easily observable by the naked eye (Figure A6), 

together with a linear dependence (R2 = 0.9880) of the absorbance intensity at 547 nm with 

increasing concentration of the starting THF solution of 1. The latter results suggest an 

increasing amount of the complex adsorbed on paper substrates. In order to verify the 

effective amount of 1 deposited on paper, 1-PBFs were washed with 7 mL of pure THF for 
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three times, to dissolve the complex adsorbed on paper substrates. Then, UV-vis absorption 

spectra of the solutions of 1 were collected and the concentrations for each solution were 

calculated using the Beer-Lambert equation. From the concentration, the mole amount of 1 

deposited on paper substrates were calculated. The results show a good linearity between the 

concentration of the starting solution of 1 used for the preparation of 1-PBFs and the effective 

amount of the complex deposited on the paper substrates (Figure A6). Among different 

concentrations tested for the preparation of 1-PBFs, the concentration of 5.0 × 10-3 M was 

chosen for the successive preparations of the films (1-PBF5s) used for vapoluminescent 

investigations, because it represents the lowest concentration that avoids the interference due 

to the fluorescence emission of the paper substrate (Figure A7).  

The repeatability and uniformity of fluorescence intensity of 1-PBF5s is a crucial feature 

for their application as vapoluminescent chemosensors for VOCs. To this end, different kinds 

of filter paper were tested for the development of 1-PBF5s, using the aforementioned 

optimized procedure. In particular, six types of filter paper with different thickness and pore 

size were explored: Whatman-4, Whatman-42, Scharlau T2, Scharlau T3, Scharlau T4, and 

Albet DP 412 110. Among these, Whatman-4 filter paper ensures better repeatability, with a 

fluorescence intensity comparable to that of other types of filter paper (Figure A8). However, 

paper films prepared with this procedure suffer from small fluctuations of the fluorescence 

intensity signal, that seems to be strongly related to the change in the RH during the 

annealing process. Therefore, to avoid this drawback, the annealing was performed under 

nitrogen atmosphere, as described in Section 3.3.2. Using this optimized procedure, similar 

optical absorption and fluorescence spectra of the as-prepared and annealed 1-PBF5s (Figure 

A9) were obtained compared to the GBFs (Figure 4.3), and complete repeatability and 

uniformity of the fluorescence intensity of the films is ensured, as a key prerequisite for 

quantitative detection of VOCs. 

Stable fluorescence emission of 1-PBF5s is also essential for their use. However, it was 

observed that fluorescence tends to decrease over time in the case of annealed films. To 

explain this behavior, two possible phenomena can be hypothesized: i) degradation of the 

complex caused by the acidity of the paper;339 or ii) adsorption of water vapor from the air. 

For this reason, before dipping, the paper squares were washed with ethanol or basic 

solutions of Ca(OH)2. However, fluorescence spectra of annealed 1-PBF5s with or without 

this pre-treatment show negligible differences. Therefore, the decrease of fluorescence 

intensity for the annealed 1-PBF5s was monitored in different RH conditions. The results 

show first a fast and then a less pronounced decrease of the fluorescence intensity of 1-PBF5s, 

monitored within 7 h, with a more pronounced decrease with increasing in the RH value 

(Figure 4.8). 

These results suggest that 1-PBF5s should necessarily be maintained under a nitrogen 

atmosphere before being used for fluorescence measurements. In fact, the fluorescence of 

annealed films, kept under this condition and monitored for one month, remain almost 

unchanged. For the same reason, the as-prepared 1-PBF5s were also stored under nitrogen 

atmosphere before being used. Therefore, all following studies on the vapoluminescent 

properties of 1-PBF5s were carried out on films maintained under an inert atmosphere before 

exposure to VOCs. 



Chapter 4: Selective and Sensitive Detection of Primary Mono- and Diamine Vapors 

______________________________________________________________________ 

 

55 

 

 

Figure 4.8. Fluorescence intensity of annealed 1-PBF5s (λexc = 500 nm) within 7 h under inert atmosphere (red-

wine), at 40 % RH (blue) and at 60 % RH (red). 

 

4.5.2.2. Sensing performance of 1-PBFs 

The results reported in the previous Section (4.5.1.3) demonstrated the vapochromic and 

vapoluminescent properties of GBFs to various classes of VOCs, with a more favorable 

response in terms of fluorescence. Analogously to GBFs, the vapoluminescent response of 

the annealed 1-PBF5s in the presence of BA vapors, prepared with the optimized procedure 

described above, was also investigated (Figure 4.9). 

 

Figure 4.9. (a) Fluorescence spectra (λexc = 522 nm, related to an isosbestic point) of annealed 1-PBF5s before 

and after exposure to saturated BA vapors. Inset: photographic image of annealed and exposed films under 365 

nm light. (b) Fluorescence intensity changes at λem = 608 nm upon cycles of exposure to saturated vapors of BA 

and subsequent thermal heating at 120 °C. 

 

Fluorescence emission spectra of annealed 1-PBF5s before and after exposure to 

saturated vapors of BA were performed using λexc = 522 nm, as an isosbestic point determined 

from the UV-vis reflectance spectra (Figure A10). Annealed films are characterized by an 

emission band centered at 644 nm. After exposure to BA vapors, an enhancement of the 

fluorescence and the formation of a new emission band at λem = 608 nm is observed. Under 

the UV lamp, color changes similar to those observed for GBFs, from red to orange, are 

observed. 
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The vapoluminescent properties of 1-PBF5s were also demonstrated by successive cycles 

of exposure/heating of annealed films to saturated vapors of BA (Figure 4.9b), using the 

same conditions described for GBFs. The variation of the fluorescence emission intensity of 

annealed 1-PBF5s at λem = 608 nm shows a complete restoration/disappearance of the band 

emission at 608 nm for 5 cycles of exposure/heating. Analogously to GBFs, this result further 

demonstrates a complete sorption/desorption process involved in the detection of BA also 

for annealed 1-PBF5s, with stronger and, hence, more favorable vapoluminescence and 

superior fluorescence homogeneity.  

 

Figure 4.10. Fluorescence spectra of annealed 1-PBF5s (λexc = 500 nm) exposed to saturated vapors of (a) N-

VOCs and (b) O-VOCs.  

The fluorescence response of annealed 1-PBF5s towards different classes of VOCs was 

also explored. Fluorescence spectra of the annealed 1-PBF5s after exposure to saturated 

vapors of involved VOCs (Figure 4.10) compare well with those previously obtained with 

GBFs (Figure 4.7), except for a small blue-shift of the emission maximum (less than 6 nm 

for all the VOCs, except for DMF, 10 nm), and a stronger fluorescence intensity. Therefore, 

given the advantages of increased optical uniformity and sensitivity, 1-PBF5s have been used 

for further investigations on VOCs detection.  

 

4.5.2.3. Selectivity studies towards primary monoamines  

In evaluating the response of 1-PBF5s to various VOCs it is important to note that under 

saturated vapors conditions the concentrations of the VOCs investigated are very different 

(Table B1). Therefore, an appropriate comparison of the fluorescence can be made by 

exposing 1-PBF5s to the same concentration for each VOC. To this purpose, the 

concentration of 300 ppm was chosen because it represents the IDLH value reported by 

NIOSH for BA,262 as the volatile Lewis base used as reference.  

Since to achieve concentrations of the VOCs below 500 ppm it would be needed to add 

sub-microliter volumes of the pure liquids into a sealed chamber (1.15 L), it was therefore 

necessary to prepare solutions of VOCs with appropriate concentration. To choose the 

appropriate solvent for the preparation of these solutions, the fluorescence response of 

annealed 1-PBF5s after exposure to 500 ppm of BA as pure liquid and that after exposure to 

500 ppm of BA dissolved in various solvents, such as NP, DCM, and Cy, was compared. 
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Results show a negligible decrease in the fluorescence intensity for NP and DCM solutions, 

while higher decrease is observed for Cy solutions, compared to the fluorescence response 

after exposure to the pure liquid (Figure A11). Therefore, NP was chosen as the solvent for 

preparing the solutions because it is chemically inert to the VOCs involved and does not 

interfere with the sensing response of 1-PBF5s. NP solutions with a concentration of 0.473 

M and 0.0473 M of each analyte were prepared by diluting the appropriate volume of the 

pure analyte into volumetric flasks. The appropriate volume of the pure liquid was calculated 

using the static liquid gas distribution method (eq. 3.3).  

 

Figure 4.11. Fluorescence intensity of 1-PBF5s after static exposure to different VOCs at 300 ppm and 50 ppm. 

In the diagram I is the fluorescence intensity after exposure and I0 is the fluorescence intensity of the starting 

annealed films at λem = 617 nm (λexc = 500 nm). 

Exposure to 300 ppm of each investigated VOC was carried out under static conditions 

for 30 min and the fluorescence spectra were collected immediately after exposure. Under 

these conditions, a fluorescence response of 1-PBF5s occurs only for BA, AN and Py (Figure 

4.11). Moreover, a further selective response of 1-PBF5s is evident by decreasing the 

concentration of the involved VOCs to 50 ppm. In fact, going from 300 ppm to 50 ppm, 1-

PBF5s show a selective response to the primary amines BA and AN, with a higher response 

for the former. Therefore, in the following sections the quantitative detection of BA 

compared to all other VOCs investigated will be further explored. 

 

4.5.2.4. Effect of relative humidity, time of exposure and temperature on 

sensing performance  

The sensing performance of annealed 1-PBF5s for the detection of volatile primary 

amines under real-world conditions was also investigated. When a chemosensor is used for 

the detection of vapors or gases, two parameters need to be considered: i) temperature and 

ii) RH. Both are two very important parameters, especially when quantitative detection is 

involved. Furthermore, paper substrates can easily absorb water molecules, and their 

presence can potentially interfere with the sensing performance of 1-PBF5s. In the previous 
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Section (4.5.2.1), the stability of annealed 1-PBF5s under different percentages of RH 

overtime was evaluated, showing a decrease of the initial fluorescence emission for RH of 

40% and 60%, while no relevant changes are observed under nitrogen atmosphere. 

Analogously, the potential effect of RH on the response of annealed 1-PBF5s after exposure 

is considered here.  

In particular, exposure to 50 ppm of BA was conducted for 30 min in a RH range 

between 30% and 80%. Fluorescence spectra collected immediately after exposure show a 

lower fluorescence intensity (less than 10%) for an RH value of 80% and a slight increase in 

fluorescence emission (about 5%) for an RH value of 30% compared to the fluorescence 

response collected at an RH value of 50% (Figure 4.12a). On the other hand, small differences 

in the fluorescence after exposure to BA are observed for RH values near the reference value 

of 50%, such as 40% and 60% (+1.8% and -0.9% respectively). Therefore, it can be concluded 

that the response of 1-PBF5s is almost independent in a RH range between 40% and 60% 

(Figure 4.12b).  

 

Figure 4.12. (a) Fluorescence spectra of 1-PBF5s (λexc = 500 nm) after exposure to 50 ppm of BA vapors recorded 

in a RH range between 30 – 80%. Each spectrum was recorded in an independent experiment. (b) Variation of 

the fluorescence intensity at 617 nm of 1-PBF5s after exposure to 50 ppm of BA vapors recorded as a function of 

the relative humidity. (c) Fluorescence spectra of 1-PBF5s after exposure to 50 ppm of BA vapors (T = 23 °C) 

recorded as a function of exposure time. Each spectrum was recorded in an independent experiment. (d) Variation 

of the fluorescence intensity at 617 nm as a function of exposure time to 50 ppm of BA vapors (RH = 50%) at 

three different temperatures. 

 

Considering the reference RH value of 50%, the response of annealed 1-PBF5s to 50 

ppm of BA at room temperature (23 °C) was explored overtime (Figure 4.12c). The 
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formation of the new emission band at 617 nm, and a gradual increase of the fluorescence 

emission are observed, reaching a saturation point after an exposure time of 30 min. Thus, 

this exposure time was considered for the successive exposure experiments involving 

annealed 1-PBF5s conducted at room temperature. 

Also, the potential effect of temperature on the sensing performance of 1-PBF5s was 

evaluated. In this case, 1-PBF5s were exposed to 50 ppm of BA at different temperatures, 

under a constant RH of 50%, and then the fluorescence emission was measured. Exposure 

to BA vapors at temperatures lower and higher (8 °C and 32 °C) than room temperature (23 

°C) was performed after pre-cooling/heating of the glass chamber used for the static exposure 

experiments (Figure 3.1). Under these conditions, similar fluorescence emission of 1-PBF5s 

at 617 nm is obtained for exposure at 32 and 23 °C, while lower fluorescence intensity is 

observed at 8 °C. As expected, monitoring the fluorescence emission at 617 nm after 

exposure to BA vapors for different exposure times, a faster reaching of the saturation point 

is observed with increasing temperature (Figure 4.12d). In particular, considering the 

exposure time of 30 min at 23 °C as a reference, the saturation point is reached approximately 

20 min after exposure at 32 °C, while 30 min are required for exposure at 8 °C. 

In summary, slight changes in the fluorescence response of 1-PBF5s to BA vapors are 

observed in a RH range of 40 – 60%. Also, the interaction between the chemosensor and the 

volatile amine is independent from the exposure temperature. Moreover, different kinetics 

associated with the interaction process as a function of the exposure temperature are 

observed, with the reaching of a saturation point for different exposure times. All these results 

demonstrate the potential application of annealed 1-PBF5s for real-world detection of 

primary amine vapors under average indoor or outdoor RH and temperature conditions. 

4.5.2.5. Quantitative detection of primary monoamine vapors  

In the previous Section 4.5.2.3, the selective response of annealed 1-PBF5s towards 

primary amines was demonstrated. Therefore, quantitative detection experiments were 

carried out by exposure to specific concentrations of BA (0 – 1000 ppm) and AN (0 – 300 

ppm). The excitation wavelength was chosen to be approximately related to the longest 

wavelength absorption maximum for the involved species (500 nm for BA, and 508 nm for 

AN). 

Exposure of annealed 1-PBF5s to BA vapors involves the formation of a new emission 

band centered at λem = 617 nm after the addition of 25 ppm, which progressively increases 

up to 375 ppm (Figure 4.13a), accompanied by a gradual color change, from red to orange, 

observable by naked-eye under a UV lamp (Figure 4.13b). For higher concentrations of BA, 

a slight shift of the emission maximum to 608 nm is also observed. An exponential increase 

of the fluorescence emission intensity at λem = 617 nm is achieved, with a saturation point 

reached for a concentration around 750 ppm (Figure 4.13c). Moreover, a dynamic linear 

range of response of annealed 1-PBF5s is obtained from 0 up to 50 ppm (Figure 4.13d), with 

a good linearity coefficient (R2 = 0.9965). The LOD value, calculated from the standard 

deviation of blank and the slope derived from the linear fit in the range 0 – 50 ppm, is 2.0 

ppm.  
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Figure 4.13. (a) Fluorescence spectra of 1-PBF5s exposed to increasing concentrations of BA vapors (λexc = 500 

nm). Each spectrum was recorded in an independent experiment. (b) Photographic images of 1-PBF5s under 365 

nm light after exposure to different concentrations of BA (range 0 – 250 ppm). (c) Variation of fluorescence 

intensity at λem = 617 nm as a function of the concentration of BA. (d) Linear best fit in the dynamic linear range 

from 0 up to 50 ppm of BA (weight given by data error bars). 

 

This response to low ppm concentrations of BA vapors is very important for the 

potential application of annealed 1-PBF5s for air quality monitoring. As abovementioned, 

the OSHA PEL–C and IDLH values for BA vapors are 5 and 300 ppm, respectively.262,263 

The calculated LOD for BA vapor detection (2.0 ppm) using 1-PBF5s is below the PEL–C 

established by OSHA. Furthermore, for concentrations above 50 ppm the response of 1-

PBF5s is non-linear, however it is possible to distinguish 300 ppm from similar BA 

concentrations (e.g., 150 or 500 ppm) by evaluating the emission intensity at 617 nm of 1-

PBF5s after exposure. Therefore, 1-PBF5s are useful for detecting PEL–C and IDLH values 

for BA vapors. 

These results compare favorably with optical sensors reported in the literature developed 

for the quantitative detection of BA vapors, both in static.309,300 and dynamic 

conditions306,307,308 (Table 4.1), since annealed 1-PBF5s represent a unique example 

combining enough sensitivity (lower than the PEL–C), high selectivity (compared to most 

common N-VOCs) and an adequate dynamic linear range.  
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Figure 4.14. (a) Fluorescence spectra of 1-PBF5s exposed to increasing concentrations of AN vapors (λexc = 508 

nm). Each spectrum was recorded in an independent experiment. (b) Photographic images of 1-PBF5s under 365 

nm light after exposure to different concentrations of AN (range 0 – 100 ppm). (c) Variation of fluorescence 

intensity at λem = 615 nm as a function of the concentration of BA. (d) Linear best fit in the dynamic linear range 

from 40 up to 80 ppm of AN (weight given by data error bars). 

 

Exposure of 1-PBF5s to AN vapors shows different results than those obtained with 

exposure to BA. In particular, an initial decrease in fluorescence emission is observed up to 

40 ppm of AN, then the formation of a new emission band centered at λem = 615 nm is 

obtained with exposure to 70 ppm, which progressively increases up to 140 ppm (Figure 

4.14a). The increase of the fluorescence emission band is accompanied by a gradual color 

change from red to red-orange observable under UV light (Figure 4.14b). In this case, the 

saturation point is reached at 120 ppm (Figure 4.14c). A dynamic linear range from 40 up to 

80 ppm is obtained (Figure 4.14d), with a good linearity coefficient (R2=0.9959). 

Although in the case of AN vapor detection, 1-PBF5s are clearly not the most sensitive 

system developed for their quantitative detection, however, similarly to BA, no competitive 

experiments are reported for the other existing optical chemosensors (Table B2). 

Therefore, although it is not possible to calculate an LOD, it is possible to distinguish 

AN vapor concentrations lower than those reported as the IDLH value by NIOSH (100 

ppm)340 in the linear dynamic range obtained, with the advantage of a selective response in 

the absence of other volatile monoamines. 
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4.5.2.6. Competitive experiments 

The selective detection of toxic and/or dangerous compounds for human health is an 

important feature of sensors, in order to discriminate them and estimate the risk of exposure 

in their presence. Many chemical sensors reported in literature possess interesting sensing 

performances but suffer of low selectivity to specific analytes.  

The selectivity of annealed 1-PBF5s was further evaluated by competitive experiments 

performed at room temperature (23 °C) and at constant RH value (50%), considering BA as 

reference primary monoamine in the presence of other potential interferents (Py, DEA, TEA, 

DMF, MeOH, DMF, ACE, AA, Et2O, Ac2O, ACN, AcOEt) in a ratio of 1:10. The mixture, 

BA/interferent (50:500 ppm respectively) was introduced by a Hamilton microliter syringe 

into the same apparatus used for quantitative detection experiments, and the time of  

exposure was established as 30 min. Then, fluorescence spectra were collected, and the 

fluorescence response was compared with the response obtained for the exposure of 1-PBF5s 

to 50 ppm of BA and 500 ppm of the interferent.  

Competitive experiments were carried out in two different static exposure conditions: i) 

both BA and the interferent were introduced together into the sealed chamber containing the 

1-PBF5; and ii) BA and the interferent were first introduced into the sealed chamber and 

then, after 10 min, the 1-PBF5 was introduced into the chamber. Considering Py as 

interferent, the results showed negligible differences in the fluorescence intensity using the 

two different methods, thus the following competitive experiments were carried out 

considering the first exposure method. 

 

Figure 4.15. Comparison of the fluorescence response of 1-PBF5s upon exposure to 50 ppm of BA (red bars), 

exposure to BA:interferent in a ratio 1:10 (orange bars), and exposure to 500 ppm of the interferent (yellow bars).  

 

Figure 4.15 shows an increase in fluorescence intensity in the presence of Py (<16%) 

and DMF (<6%), a slight increase in the presence of DEA (<0.5%), while no relevant 

differences are observed for all other analytes, compared to the fluorescence intensity 

obtained in the presence of 50 ppm of BA. The response of annealed 1-PBF5s upon exposure 

to 500 ppm of each interferent was also considered. In particular, exposure to 500 ppm of Py 
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shows the formation of a new emission band centered at λem = 633 nm, with an emission of 

fluorescence intensity almost similar to that before exposure, while negligible changes are 

observed for all other interferents, compared to the fluorescence intensity of the starting 

annealed 1-PBF5s (Figure A12). 

In summary, competitive experiments further demonstrate the very high selectivity of 

the annealed 1-PBF5s for BA vapors compared to the other investigated VOCs.  

4.5.2.7. Vapoluminescent response to other primary monoamines and ammonia 

Since the high selectivity to BA vapors over other classes of VOCs was demonstrated, 

further investigations on the vapoluminescent response of annealed 1-PBF5s toward other 

relevant aliphatic primary amines were performed. In particular, the fluorescence response 

to sec-butylamine (s-BA), tert-butylamine (t-BA), propylamine (PA), isopropylamine (IPA), 

ethylamine (EA), and methylamine (MA) was investigated and compared to that of BA. 

Furthermore, ammonia was also considered.  

Exposure of PBFs to 300 ppm of these volatile amines shows a color change from red-

brown to red (with different color tone) easily observable by naked-eye for all the amine 

involved, while no significant color changes are observed for NH3. The fluorescence spectra 

recorded after exposure of 1-PBF5s to these amines show the formation of a new emission 

band centered at ca. 617 nm for all the aliphatic amines involved, with the exception of t-BA 

and NH3 (Figure A13). Considering the fluorescence intensity of the starting annealed 1-

PBF5s as reference, higher fluorescence emission is observed for s-BA, PA, and IPA, while 

less intense emission is obtained for EA and MA. Interestingly, for lower vapor 

concentration (50 ppm), a relevant change of the fluorescence emission intensity is achieved 

only for PA (Figure A13).  

A further comparison of the fluorescence response obtained after exposure to BA versus 

all other volatile aliphatic amines involved is reported in Figure 4.16. Although the 

fluorescence response upon exposure to 300 ppm of all the other amines is lower than that 

of BA, it is interesting to note that s-BA shows a fluorescence response comparable to PA, 

while t-BA and IPA show a similar response to EA. Furthermore, going from 300 ppm to 50 

ppm, an appreciable and similar fluorescence response is observed in the case of s-BA and 

PA. Although a fluorescence response is observed for s-BA and PA at these concentrations, 

their presence in the atmosphere is still limited compared to BA vapors.341 Thus, these results 

also demonstrate a selective response of the annealed 1-PBF5s towards low vapor 

concentrations (≤ 50 ppm) of BA along the volatile aliphatic primary amine series. 

The response obtained for NH3 and the other primary amines could be related to their 

different Lewis basicity in gas/vapor-phase,342,343 but this property alone cannot completely 

explain the results obtained. On the other hand, the parent chain length seems to play a 

relevant role in the observed vapoluminescent response. Indeed, a clear increase in the 

fluorescence response is observed with increasing length of the parent chain (comparison of 

the fluorescence response of BA with PA, EA or MA), while similar responses are obtained 

for amines having the same parent chain (s-BA and PA, or t-BA, IPA and EA). Furthermore, 

a parent chain length ≥ 3 seems to be critical to obtain a relevant fluorescence response of 1-

PBF5s at low vapor concentration (50 ppm).  
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Figure 4.16. Fluorescence intensity of 1-PBF5s after static exposure to different primary aliphatic amines at 300 

ppm and 50 ppm. In the diagram I is the fluorescence intensity after exposure and I0 is the fluorescence intensity 

of the starting annealed PBFs at λem = 617 nm (λexc = 500 nm).  

4.5.3. Vapochromic Detection of BA Vapors by 1-PBFs 

The fluorescence response of annealed 1-PBF5s towards BA vapors (Section 4.5.2.5) 

allowed the detection of very low concentrations (LOD = 2.0 ppm), but is limited for on-site 

detection. On the other hand, in addition to the fluorescence changes, significant optical 

absorption (Section 4.5.1.3) and color changes, from red-brown to red, are also observed after 

exposure of 1-PBF5s to vapors of this volatile monoamine (Figure A10). Therefore, based 

on the vapochromic properties of annealed 1-PBF5s, the quantitative detection of BA vapors 

was also explored by analyzing the RGB color changes of the films before and after exposure. 

4.5.3.1. Preparation procedure and storage conditions of vapochromic 1-PBFs 

As-prepared and annealed films of 1 used for vapochromic investigations were prepared 

using the optimized procedure described in Section 4.5.2.1, with small modifications. After 

evaporation of the solvent at room temperature, an orange color is obtained for the as-

prepared 1-PBF5s and 1-PBF1s, while red-brown films are achieved after thermal annealing 

in air at 140 °C of the as-prepared films. Thus, nearly identical colors and comparable UV-

vis reflectance spectra of 1-PBF5 and 1-PBF1 are obtained for annealed films prepared by 

heating at 140 °C for 10 min in air or nitrogen atmosphere. Therefore, the heat treatment of 

the as-prepared 1-PBFs to obtain the annealed 1-PBFs used for subsequent colorimetric 

investigations was performed in air, without the need to operate under nitrogen atmosphere.  

The color stability of 1-PBFs was monitored by UV-vis reflectance spectra. First, the 

effect of different illumination conditions (50, 200, 1500 lux) was evaluated on as-prepared 

and annealed 1-PBFs stored into round flasks under nitrogen atmosphere and at room 

temperature (22 ± 3 °C). No relevant changes in reflectance spectra are observed for as-

prepared 1-PBF5s and 1-PBF1s at low lighting levels (≤ 200 lux) monitored for two weeks, 

while very small changes are observed only at higher illumination levels (≥ 1500 lux) (Figure 

4.17a and Figure 4.17b). 
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Figure 4.17. UV-vis reflectance spectra of as-prepared (a,b) and annealed (c,d) 1-PBFs stored under nitrogen 

atmosphere after two weeks of exposure to different illumination conditions. UV-vis reflectance spectra of freshly-

prepared films are reported as reference. 

 

Conversely, while no significant color changes are observed for annealed 1-PBF5s and 

1-PBF1s kept in the dark (≤ 50 lux), as monitored by UV-vis reflectance spectra 

(measurements up to two weeks), a significant reduction in the intensity of the reflectance 

spectra is observed for films exposed to light, with a more marked effect in the case of the 

highest illumination level (Figure 4.17c and Figure 4.17d).  

The effect of RH on the color stability of both as-prepared and annealed 1-PBFs was 

also considered. 1-PBFs were stored in the dark in a RH range from 30 to 70%. The effect of 

the RH was found to be irrelevant on the reflectance spectra and, hence, on the color stability 

of all 1-PBFs involved (measurements up to two weeks). Indeed, identical reflectance spectra 

were obtained by comparing the reflectance spectra of films stored under different RH 

conditions with those of 1-PBF stored under nitrogen. 

Overall, as-prepared and annealed 1-PBFs, even when obtained in air and stored at room 

temperature under nitrogen atmosphere or at average RH conditions in the dark, are quite 

stable over time and hence suitable for on-site sensing applications. 

4.5.3.2. Selectivity of 1-PBFs towards primary amine vapors 

Analogously to the investigations on the vapoluminescent response of 1-PBFs towards 

various N-VOCs and O-VOCs (Section 4.5.2.3), the vapochromic response of as-prepared 

and annealed 1-PBFs was also evaluated considering the same VOCs. Again,  the 

concentration of 300 ppm was considered first because it represents the IDLH value for 

BA,262 as the reference volatile Lewis base. 
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Figure 4.18. Absorbance intensity of (a) annealed 1-PBF5s and (b) annealed 1-PBF1s after static exposure to 

different VOCs at 300 ppm and 50 ppm. In the diagram I is the absorbance intensity after exposure and I0 is the 

absorbance intensity of the starting annealed 1-PBF5s and 1-PBF1s at λabs = 500 nm and λabs = 503 nm, 

respectively. 

 

Starting from annealed 1-PBF5s, exposure to 300 ppm of each investigated VOC under 

static conditions for 30 min, results in a relevant response in the presence of BA and AN, 

and in a very weak response for Py, DEA, and DMF (Figure 4.18a). Compared to 1-PBF5s, 

a similar trend in the vapochromic response to BA and AN, characterized by a greater 

variation of the (I – I0)/I0 ratio, is obtained using annealed 1-PBF1s (Figure 4.18b), with a 

more marked response also in the case of Py, DEA, and TEA. Moving to lower vapor 

concentrations, from 300 ppm to 50 ppm, a selective vapochromic response towards BA and 

AN is obtained using both annealed 1-PBF5s and 1-PBF1s. These results further confirm the 

high selectivity of annealed 1-PBFs towards volatile primary amines, as previously observed 

in the case of vapoluminescent detection studies using annealed 1-PBF5s (Section 4.5.2.3).  

Analogously, as-prepared 1-PBF5s and 1-PBF1s show a significant vapochromic 

response for BA and AN (Figure A14), and a weaker response mainly toward Py and DEA 

upon exposure to 300 ppm of the involved VOCs (exposure time 1 hour). Again, a higher 

variation in the response is obtained for 1-PBF1s than for 1-PBF5s. 

Thus, as previously demonstrated by vapoluminescent studies, a selective vapochromic 

response to primary amines compared to all other VOC classes studied is obtained also for 

both as-prepared and annealed 1-PBFs. Therefore, further investigations regarding the 

quantitative vapochromic detection of BA vapors will be explored in the following sections. 

4.5.3.3. Vapochromic response of annealed 1-PBFs towards BA vapors 

Annealed 1-PBF5s were exposed to different concentrations of BA, and the UV-vis 

reflectance spectra before and after exposure were collected (Figure 4.19a). Reflectance 

spectra of the annealed 1-PBF5s show an envelope in the range 300 – 400 nm, and two 

absorption bands centered at ca. 436 and 547 nm. After exposure to increasing concentrations 

of BA, small changes are observed in the region between 300 – 400 nm and a small shift of 

the band at 436 nm (from 436 to 445 nm), while the region between 480 – 550 nm is 

characterized by the disappearance of the band at 547 nm and the appearance of a new 

characteristic band centered at 500 nm.  
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Figure 4.19. (a) UV-vis reflectance spectra of annealed 1-PBF5s exposed to increasing concentrations of BA. 

Each spectrum was recorded in an independent experiment. (b) Photographic images of 1-PBF5s under natural 

light after exposure to different concentrations of BA (range 0 – 50 ppm). Variation of (c) the absorbance at 500 

nm and (d) mean ΔErgb values as a function of the concentration of BA vapors, and linear best fit in the dynamic 

range (weight given by data error bars). The data points marked in red are not included in the linear fit. 

 

In particular, the formation of the new absorption band at 500 nm is observed upon 

exposure to 20 ppm of BA, according to a visible color change from red-brown to red (Figure 

4.19b), which progressively increases up to 50 ppm. Considering the absorbance intensity at 

500 nm, a linear response is obtained in the range 0 – 50 ppm (Figure 4.19c), showing a good 

linearity coefficient (R2 = 0.9930). A LOD of 4.6 ppm is calculated in this dynamic linear 

range. Therefore, comparing these results with previous investigations on the fluorescence 

response of annealed 1-PBF5s (Section 4.5.2.5), the same dynamic linear range of response 

after exposure to BA vapors is obtained, with a comparable LOD.   

Then, color changes were also evaluated by acquiring the RGB values of each film using 

an Android smartphone app (Color Detector developed by Galaxy studio apps). RGB values 

were captured directly on the films under constant illumination (ca. 200 lux) using a Samsung 

Galaxy S23 smartphone camera, then normalized rgb values were obtained from equations 

3.4 – 3.6 (Section 3.6), and finally the color difference (ΔErgb) was calculated for each exposed 

film (eq. 3.7). In this case, a smaller linear range of response is obtained from the ΔErgb plot 

versus BA concentration (0 – 35 ppm, R2 = 0.9931), than that obtained from the related UV-

vis reflectance spectra, but with a comparable calculated LOD (3.9 ppm) (Figure 4.19d). 

These results demonstrate the potential application of the RGB color analysis approach for 

quantitative detection of BA vapors using annealed 1-PBF5s. 

Interestingly, improvements in the sensitivity of annealed 1-PBFs to BA vapors were 

achieved by using a more dilute THF solution of 1 (1.0 × 10-3 M) for their preparation. In 

this case, annealed 1-PBF1 films are characterized by UV-vis reflectance spectra of very 
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similar shape (Figure 4.20a), compared to those of the films prepared from more 

concentrated THF solution (Figure 4.19a), but less intense and with a lighter color visible to 

the naked eye (Figure 4.20b). After exposure to BA vapors, the appearance of a new 

absorption band at 503 nm is observed, with a linear response in the range from 0 to 30 ppm 

(R2 = 0.9872) (Figure 4.20c). Furthermore, a lower LOD is obtained in this case with respect 

to annealed 1-PBF5s (3.7 vs 4.6 ppm). Considering the RGB color analysis (Figure 4.20d), a 

smaller dynamic linear range (0 – 20 ppm) and, again, a lower LOD (2.8 ppm) are obtained 

compared to those observed for annealed 1-PBF5s (0 – 35 ppm and 3.9 ppm). Note that, the 

calculated LOD from RGB color analysis (2.8 ppm) is very similar to that obtained using 

annealed 1-PBF5s for the fluorometric detection of BA vapors (2.0 ppm, Section 4.5.2.5). 

Also, the sensing performance of annealed 1-PBFs stored for two weeks in round flasks 

at RH = 50% was also evaluated. In particular, annealed 1-PBF5s and 1-PBF1s were exposed 

to 25 and 15 ppm of BA vapors, respectively, and UV-vis reflectance spectra were collected 

after exposure. Very interestingly, an almost similar response of these films stored in the dark 

for two weeks is achieved compared to freshly prepared films (Figure A15).    

 

Figure 4.20. (a) UV-vis reflectance spectra of annealed 1-PBF1s exposed to increasing concentrations of BA. 

Each spectrum was recorded in an independent experiment. (b) Photographic images of 1-PBF1s under natural 

light after exposure to different concentrations of BA (range 0 – 30 ppm). Variation of (c) the absorbance at 503 

nm and of (d) mean ΔErgb values as a function of the concentration of BA vapors, and linear best fit in the dynamic 

range (weight given by data error bars). The data points marked in red are not included in the linear fit. 

 

In summary, the potential colorimetric detection of BA vapors using the vapochromic 

properties of annealed 1-PBFs was first investigated by reflectance spectral analysis. The 

decrease in the concentration of the THF solution of 1 (from 5.0 × 10-3 M to 1.0 × 10-3 M) 

leads to an increase in the sensitivity of 1-PBFs towards BA vapors (from 4.6 ppm for 1-

PBF5s to 3.7 ppm for 1-PBF1s). Interestingly, comparable results, with improved sensitivity 

(3.9 and 2.8 ppm), are also obtained from a simple RGB color analysis of vapochromic films 
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before and after exposure, which in turn is almost similar to that obtained from fluorescence 

measurements, although with a reduced linear dynamic range. In all cases, LOD values 

lower than the PEL–C established by OSHA for BA vapors (5 ppm)263 are obtained.  

4.5.3.4. Vapochromic response of as-prepared 1-PBFs towards BA vapors 

Based on the results reported in the previous section for the sensitive vapochromic 

detection of BA vapors, further investigations on the colorimetric response of 1-PBFs were 

performed using as-prepared films. Again, to obtain as-prepared 1-PBFs, THF solutions of 1 

having concentrations of 5.0 × 10-3 M and 1.0 × 10-3 M were used and then exposure to 

specific concentrations of BA vapors was carried out.  

Starting from the as-prepared 1-PBF5 films, exposure to increasing concentrations of 

BA vapors in a range from 100 up to 4000 ppm leads to relevant changes in the reflectance 

spectra (Figure 4.21a). In particular, the formation of a new absorption band centered at 497 

nm is observed upon exposure to 1000 ppm, which gradually increases up to 3000 ppm. By 

monitoring the absorbance intensity at 497 nm, a progressive increase is obtained with the 

saturation point reached around 4000 ppm BA (Figure 4.21b). A dynamic linear range of the 

response of as-prepared films towards BA vapors, characterized by a good linear coefficient 

(R2 = 0.9879) is obtained from 100 up to 500 ppm (Figure 4.21c). Analogous results are 

obtained for as-prepared 1-PBF1 films, but with a saturation point observed at ca. 2000 ppm 

of BA (Figure 4.22). 

 

Figure 4.21. (a) UV-vis reflectance spectra of as-prepared 1-PBF5s exposed to increasing concentrations of BA. 

Each spectrum was recorded in an independent experiment. (b) Variation of the absorbance intensity at 497 nm 

as a function of the concentration of BA. (c) Linear best fit in the dynamic linear range from 100 up to 500 ppm 

of BA (weight given by data error bars). 
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RGB color analysis of as-prepared films before and after exposure to BA vapors was also 

performed. Again, RGB values were captured directly on the films under constant 

illumination (ca. 200 lux), using a smartphone camera of Samsung Galaxy S23 and then used 

for the calculation of ΔErgb. For the as-prepared 1-PBF5s a gradual color change, from yellow-

orange  orange, easily observable by naked-eye, is detected in the range 100 – 500 ppm of BA 

(Figure 4.23a). A good linear relationship (R2 = 0.9563) is obtained from the color difference 

plot versus the BA concentration in this range (Figure 4.23c), analogously to the results of 

the reflectance spectral changes (Figure 4.21c). Similar results are also obtained for as-

prepared 1-PBF1s, but with a more marked color change in the BA vapor concentration 

range 100 – 500 ppm, and a higher linear coefficient (R2 = 0.9639, Figure 4.23b and Figure 

4.23d).   

 

Figure 4.22. (a) UV-vis reflectance spectra of as-prepared 1-PBF1s exposed to increasing concentrations of BA. 

Each spectrum was recorded in an independent experiment. (b) Variation of the absorbance intensity at 497 nm 

as a function of the concentration of BA. (c) Linear best fit in the dynamic linear range from 100 up to 500 ppm 

of BA (weight given by data error bars). 

 

The overall results show a visible color change, accompanied by changes in the UV-vis 

reflectance spectra, for both as-prepared 1-PBFs after exposure to higher concentrations of 

BA (from hundreds to thousands of ppm) compared to the corresponding annealed 1-PBFs. 

Moreover, as-prepared 1-PBFs allow to estimate the 300 ppm vapor concentration of BA, 

representing the IDLH value established by NIOSH,262 both by evaluating the absorbance 

intensity at 497 nm and by the color difference of 1-PBFs after exposure. Therefore, even if 

as-prepared films have a lower sensitivity to BA vapors than the corresponding annealed 

films, unlike the latter they allow the detection of the IDLH value (300 ppm) established for 

this substance. 
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Figure 4.23. Photographic images of 1-PBF5s (a) and 1-PBF1s (b) under natural light after exposure to different 

concentrations of BA (range 0 – 500 ppm). Variation of mean ΔErgb values as a function of the concentration of 

BA vapors of 1-PBF5s (c) and 1-PBF1s (d), and linear best fit in the dynamic range (weight given by data error 

bars). 

4.5.3.5 Detection of BA vapors in semi-confined spaces from simulated leakage 

experiments 

In order to assess the reliability of the vapochromic response of 1-PBFs under conditions 

closer to practical use, a series of tests were carried out for simulating the accidental release 

of BA vapors in poorly ventilated or semi-confined spaces. For this purpose, the narrow glass 

tail of a sealed conical flask, containing 10 mL pure BA, was used as a model for simulating 

an accidental release of BA vapors within semi-confined spaces (Figure 4.24). Such 

experimental configuration can be regarded as a potential simulated leakage model of indoor 

pollution caused by the accidental release of volatile amines. In fact, the progressive diffusion 

of BA from a localized leakage point, and its detection over time, closely resembles the 

behavior of indoor contaminants in semi-confined spaces. 

A 1-PBF1 was placed at a certain distance (l = 60 cm) from the tail of the flask and its 

vapochromic response was monitored over time, while the release of BA vapors occurred 

through the tail of the glass, via a nitrogen stream (P = 0.5 bar) that forced the evaporation 

of pure BA (Figure 4.24). A naked-eye color change of 1-PBF1 is observed after 30 s of 

exposure inside the semi-confined environment (Figure 4.24). A plausible quantitative 

estimation of the detected BA vapor concentration was further investigated by RGB color 

analysis of the films before and after the accidental BA release. RGB values, captured directly 

on the films using a Samsung Galaxy S23 smartphone camera under indoor illumination (ca. 

200 lux), were normalized to the corresponding rgb values (Figure 4.24, eqs. 3.4 – 3.6), and, 

consequently, the ΔErgb was calculated for the exposed film, according to eq. 3.7. 

Interestingly, by means of the linear fit reported in Figure 4.20d, the ΔErgb calculated is 
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consistent with a BA concentration of about 4 ppm, close to the PEL–C established by OSHA 

for BA vapors (5 ppm).263 

 

Figure 4.24. Experimental setup for simulating an accidental release of BA vapors within a semi-confined space 

in the presence of annealed 1-PBF1s. Pure BA (10 mL) is contained in a sealed conical flask (volume = 500 mL). 

The conical flask is connected to a continuous nitrogen stream operating at 0.5 bar in order to force the 

evaporation of BA. The glass tail (diameter = 5 mm) of the conical flask acts out the escape of BA vapors. The 

annealed 1-PBF1 is placed 60 cm from the BA steam outlet and monitored over time.   

 

Similar simulated leakage experiments were carried out by using the as-prepared 1-

PBF1s. Changes in its rgb values of the film were monitored over time, with a progressive 

color change visible by naked-eye (Figure 4.25). The RGB color analysis of the as-prepared 

1-PBF1 before and after exposure, and using the linear fit reported in Figure 4.23d, allowed 

to estimate the BA vapor concentration. After 360 s of exposure inside the semi-confined 

environment, a value of approximately 250 ppm is reached, very close to the IDLH value 

established by NIOSH for BA vapors (300 ppm).262 

 

 

Figure 4.25. Photographic images of 1-PBF1s and related rgb color changes after exposure to BA vapors over 

time inside a semi-confined space in a simulated leakage experiment (see Figure 4.24). 
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The results obtained from simulated leakage experiments indicate that both as-prepared 

and annealed 1-PBF1s are suitable not only for detecting BA vapors under static exposure 

conditions, but also for detecting BA vapors in semi-confined environments, mimicking the 

accidental release and diffusion of a volatile amine, enabling the detection of the PEL-C and 

the IDLH value. Thus, these experiments demonstrate that 1-PBF1s are suitable for the real-

time detection of indoor amine contamination, with potential implications for safety 

monitoring in laboratories, industrial facilities, and other semi-confined work environments 

where primary amines are handled. 

4.5.4. Vapoluminescent Detection of Primary Diamine Vapors by 1-

PBFs 

In the previous sections, the optical response of annealed 1-GBFs and 1-PBFs (Sections 

4.5.1.3 and 4.5.2.2, respectively) towards saturated vapors of EDA (13824 ppm at 23 °C), 

chosen as reference volatile diamine, has been reported in comparison to monotopic VOCs. 

In particular, the optical absorption and fluorescence spectra are completely different from 

those of all other N-VOCs studied. Therefore, from this starting point, further investigations 

on the vapochromic/vapoluminescent response of as-prepared and annealed 1-PBF5s, 

prepared using the optimized procedure described in Section 4.5.2.1, after exposure to 

volatile aliphatic diamine vapors were considered. 

4.5.4.1. Discriminative vapochromic and vapoluminescent properties of 1-PBFs 

towards mono- and diamine vapors 
The different optical properties (optical absorption and fluorescence emission) of as-

prepared and annealed 1-PBF5s before and after exposure to saturated EDA vapors were 

studied and compared with those after exposure to BA, as a reference volatile primary 

aliphatic monoamine. As shown in Figure 4.26a, the optical absorption spectrum of the as-

prepared films is characterized by a broad absorption band centered at ca. 440 nm and an 

envelope between 300 and 400 nm. After exposure to saturated EDA vapors for 10 minutes, 

batochromism of the 440 nm band is observed and, even more interestingly, a new 

characteristic band appears at longer wavelength (λ = 638 nm). In contrast, exposure to 

saturated vapors of BA for 10 min involves an hyperchromism in the region between 300 – 

400 nm, and the formation of two new absorption bands centered at 446 and 501 nm, 

respectively. Therefore, exposure to these volatile amines, namely EDA and BA, results in 

very different color changes, from yellow-orange to dark brown for EDA and red-orange for 

BA, respectively. Interestingly, the fluorescence emission of as-prepared 1-PBF5s before and 

after exposure is also very different (Figure 4.26b). In particular, after exposure to EDA 

vapors a complete quenching of the initial fluorescence emission band at 600 nm of as-

prepared 1-PBF5s is observed, accompanied by the appearance of a new, very weak emission 

band at 665 nm. Instead, a new more intense band centered at 608 nm is observed after 

exposure to saturated vapors of BA. These fluorescence changes are reflected in the color 

changes observed with the naked eye under UV light (365 nm) after exposure to EDA and 

BA, like those observed under natural light. 
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In the case of annealed 1-PBF5s (Figure 4.27a), an envelope between 300 and 420 nm 

and a broad feature absorption band at 560 nm are observed. After exposure to saturated 

vapors of EDA (5 min), the resulting absorption spectrum is quite similar to that obtained in 

the case of as-prepared 1-PBF5s, with the formation of a new band at 638 nm, while exposure 

to BA vapors for the same exposure time leads to the formation of two new absorption bands 

centered at 452 and 501 nm, respectively. 

 

Figure 4.26. UV-vis reflectance (a) and fluorescence (b) spectra (λexc = 460 nm) of as-prepared 1-PBF5s before 

and after exposure to saturated vapors of EDA and BA. Insets: photographic images of as-prepared 1-PBF5s and 

exposed films under natural light (left) and under 365 nm light (right). 

 

Moreover, annealed 1-PBF5s are characterized by a color change from red-brown to 

dark brown (EDA) or red (BA) after exposure. Furthermore, the fluorescence spectra of the 

annealed 1-PBF5s appear very different after exposure to EDA and BA vapors (Figure 

4.27b). In particular, the emission band of the annealed 1-PBF5s (λem = 644 nm) disappears 

completely in both cases but while exposure to EDA leads to the complete quenching of the 

fluorescence emission and the appearance of a very weak emission band at 665 nm, in the 

case of BA the formation of a new, more intense band centered at 608 nm is observed.  

These results clearly show that as-prepared and annealed 1-PBF5s are characterized by 

different optical behavior upon exposure to volatile primary aliphatic mono- or diamines. 

Furthermore, the same color change from yellow-orange (as-prepared films) or red-brown 

(annealed films) to dark brown is observed after exposure to saturated EDA vapors, which 

is consistent with the appearance of the new longer-wavelength (λ = 638 nm) absorption band 

after exposure. Finally, a significant quenching of fluorescence emission is obtained for both 

as-prepared and annealed 1-PBF5s after exposure to EDA vapors, as never previously 

observed for all other classes of VOCs investigated. 

The vapoluminescent properties of annealed 1-PBF5s toward EDA vapors were also 

investigated using the same approach described previously (Sections 4.5.1.2 and 4.5.2.2). In 

particular, successive cycles of exposure to saturated EDA vapors were performed (Figure 

4.28), followed by heating the film at 220 °C for 10 min. This temperature is necessary for 

complete desorption of EDA from the film, according to the TGA (vide infra, Section 4.5.5). 

After the first exposure/heating cycle, the fluorescence emission intensity of annealed 1-
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PBF5s is only partially restored. Furthermore, subsequent exposure of this film to EDA 

vapors allows to reach the same final state observed at the first exposure, but, again, a lower 

fluorescence emission intensity is obtained after heating.   

 

 

Figure 4.27. UV-vis reflectance (a) and fluorescence (b) spectra (λexc = 460 nm) of annealed 1-PBF5s before and 

after exposure to saturated vapors of EDA and BA. Insets: photographic images of annealed 1-PBF5s and exposed 

films under natural light (left) and under 365 nm light (right). 

 

 

Figure 4.28. Fluorescence spectra (λexc = 460 nm) of annealed (red curve) and exposed (brown curve) 1-PBF5s. 

Inset: fluorescence intensity changes at λem = 644 nm upon cycles of exposure to saturated vapors of EDA and 

subsequent thermal heating at 220 °C. 

 

These experiments show only a partial restoration of the initial emission properties of 

annealed 1-PBF5s after desorption of EDA vapors, in contrast to what was previously 

observed in the case of the monotopic BA (Section 4.5.2.2). Therefore, these results suggest 

that annealed 1-PBFs can be used as chemodosimeter for the detection of EDA vapors. 
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4.5.4.2. Vapochromic and vapoluminescent properties to other volatile diamines 
Based on the optical properties of 1-PBFs observed in the presence of EDA vapors, 

further studies were conducted on the vapochromic/vapoluminescent response of as-

prepared and annealed 1-PBF5s by exposure to other volatile linear aliphatic diamines. In 

particular, optical absorption and fluorescence properties of both as-prepared and annealed 

films were explored by exposure to saturated vapors of 1,3-diaminopropane (DAPr), 1,4-

diaminobutane (DAB), 1,5-diaminopentane (DAPe), which represent the most relevant 

volatile diamines, and then compared with the results obtained for EDA. The exposure time 

was set as 60 min for as-prepared films and 30 min for annealed films.  

The reflectance spectra of as-prepared 1-PBF5s after exposure to saturated diamine 

vapors show two new absorption bands centered at 458 and 503 nm for DAPr, the formation 

of a new band at 579 nm and a broader absorption band centered at ca. 458 nm after exposure 

to DAB, while in the case of DAPe negligible absorption changes are observed (Figure 

4.29a). These results parallel the colors changes observed in films after exposure, from 

orange-yellow to brown (DAB) or red (DAPr and DAPe). On the other hand, fluorescence 

spectra show a quenching of the fluorescence emission of as-prepared 1-PBF5s (λem = 600 

nm) in the case of DAPr and DAB, accompanied by the formation of a new weaker emission 

band (617 and 624 nm, respectively) (Figure 4.29b). This behavior is similar to that observed 

upon exposure to EDA vapors, but with a less pronounced quenching of the fluorescence 

emission. Interestingly, for DAPe a more intense emission band is observed at 619 nm, which 

is very similar to the behavior observed in the case of BA. 

 

Figure 4.29. UV-vis reflectance (a) and fluorescence (b) spectra (λexc = 520 nm) of as-prepared 1-PBF5s before 

and after exposure to saturated vapors of volatile linear aliphatic diamines. Bottom: photographic images of films 

under natural light (left) and UV light (right). 

 

Analogous color changes are observed for annealed films after exposure to saturated 

vapors of these diamines compared with as-prepared films. Furthermore, similar reflectance 

spectra are obtained for DAPr and DAB, while a more intense red color (compared to the 

analogous as-prepared 1-PBF5s after exposure) and the appearance of two new absorption 
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bands centered at 453 and 505 nm characterize the annealed 1-PBF5s after exposure to DAPe 

(Figure 4.30a). In the latter case, both the color and the reflectance spectrum are very similar 

to those observed after exposure to BA vapors. Also in this case, for DAPr and DAB the 

quenching of the initial fluorescence emission of annealed films (λem = 644 nm) is observed, 

with the formation of a weaker emission band centered at 620 and 634 nm, respectively, 

while the formation of a new emission band at λ = 623 nm, characterized by an higher 

fluorescence intensity, is observed for DAPe (Figure 4.30b).  

Thus, a similar optical behavior characterizes 1-PBF5s after exposure to saturated 

vapors of EDA, DAPr, and DAB, with a relevant quenching of the fluorescence emission. 

On the other hand, different UV-vis reflectance spectra are found for as-prepared and 

annealed films upon exposure to DAPe, but with an enhancement of the emission intensity 

in both cases. Furthermore, among the series of diamines studied, very characteristic optical 

absorption and fluorescence properties are observed in the case of EDA, which allow it to be 

easily distinguished from other diamines under these conditions. It is important to emphasize 

that higher changes in fluorescence emission are observed for both as-prepared and annealed 

1-PBF5 films after exposure than for optical absorption. Therefore, the vapoluminescent 

properties of these films appear more favorable for subsequent comparisons of mono- and 

diamine vapor response and for quantitative detection of EDA vapors. 

 

Figure 4.30. UV-vis reflectance (a) and fluorescence (b) spectra (λexc = 520 nm) of annealed 1-PBF5s before and 

after exposure to saturated vapors of volatile linear aliphatic diamines. Bottom: photographic images of films 

under natural light (left) and UV light (right). 

4.5.4.3. Vapoluminescent response towards volatile diamine vapors 
Based on the results of the previous section, further investigations on the 

vapoluminescent response of as-prepared and annealed 1-PBFs towards volatile aliphatic 

diamines were performed by exposure to specific vapor concentrations (100, 500, and 1000 

ppm). For both as-prepared and annealed films, the obtained fluorescence emission strongly 

depends on the vapor concentration of the different diamines involved (Figure A16 and 
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Figure A17). Thus, for better comparison of the fluorescence response upon exposure, it is 

useful to consider the quenching efficiency (QE), calculated using the following formula: 
 

                                              𝑄𝐸 = (1 −  
𝐼

𝐼0
) × 100                                           (4.1) 

where I is the fluorescence intensity obtained after exposure, while I0 is the initial 

fluorescence intensity for as-prepared or annealed 1-PBFs, whose intensity values are 

considered in their maximum of emission. 

Considering the as-prepared 1-PBF5s, a very high QE is observed in the case of saturated 

vapors of EDA (QE = 96%) and progressively lower QEs are achieved for DAPr and DAB 

in the same conditions (75% and 71%, respectively), while an enhancement of the 

fluorescence emission is obtained for DAPe (Figure 4.31a). By decreasing the vapor 

concentration, a significant QE is observed at 1000 ppm for EDA and DAPr (44% and 27% 

respectively), while by decreasing to 500 ppm the fluorescence quenching becomes evident 

only in the case of EDA (QE = 20%). On the other hand, high QEs are observed for annealed 

films after exposure to saturated vapors of EDA and DAB, (approximately 75%), a QE value 

around 50% is observed for DAPr, while again an increase in fluorescence emission is 

obtained for DAPe. (Figure 4.31b). It is very interesting to note that high QEs are observed 

by decreasing the concentration of EDA, DAPr and DAB, however, at 100 ppm, the 

fluorescence emission quenching is relevant only in the case of EDA (QE = 57%), while 

negligible changes are obtained for all other diamines (QE < 10%). 

 

Figure 4.31. Fluorescence quenching efficiency of as-prepared (a) and annealed (b) 1-PBF5s after exposure to 

different vapor concentrations of the involved aliphatic diamines. Negative values of QE correspond to an 

enhancement of the fluorescence emission. 

  

These results demonstrate a relevant fluorescence quenching for as-prepared 1-PBF5s at 

high EDA vapor concentrations (≤ 500 ppm), and a selective response of annealed 1-PBF5s 

at low EDA vapor concentrations (≤ 100 ppm) among all other volatile aliphatic diamines. 

Thus, the sensing performances of as-prepared and annealed 1-PBFs were explored in the 

presence of specific vapor concentrations of EDA.  
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4.5.4.4. Quantitative detection of EDA vapors 
As discussed in the previous sections, very distinct optical absorption and fluorescence 

responses are observed for all diamines, and more pronounced changes are observed in the 

latter case. For this reason, the sensitive detection of EDA vapors was performed by 

fluorescence measurements using as-prepared and annealed 1-PBF5s in the presence of 

specific concentrations of EDA.  

From static exposure experiments of the as-prepared 1-PBF5s to EDA vapors (from 100 

up to 5000 ppm) a gradual batochromic shift and quenching of the emission band centered 

at 600 nm is observed, until the formation of a less intense emission band centered at 665 nm 

for saturated EDA vapors (Figure 4.32a). The quenching of the fluorescence intensity is 

almost linear up to 1000 ppm (Figure 4.32b), until reaching a saturation point around 5000 

ppm. Furthermore, under UV light, a gradual color change from orange to dark brown is 

observed with the naked eye (Figure 4.32c). It is very interesting to note that 1000 ppm 

corresponds to the IDLH value established by NIOSH for EDA,271 therefore it can be easily 

detected by a simple evaluation of the emission intensity by exposure of the as-prepared films.   

 

Figure 4.32. (a) Fluorescence spectra of as-prepared 1-PBF5s exposed to EDA vapors (λexc = 520 nm). Each 

spectrum was recorded in an independent experiment. (b) Fluorescence intensity ratio of the maximum of 

emission after (I) and before (I0) exposure as a function of the concentration of EDA. (c) Photographic images of 

as-prepared 1-PBF5s under 365 nm light upon exposure to different concentrations of EDA (range 0 – 5000 ppm). 

 

On the other hand, performing quantitative detection of EDA vapors using annealed 1-

PBF5s yields very different results compared to as-prepared films (Figure 4.33a). From 10 to 

100 ppm the fluorescence emission band remains centered at 644 nm, while a bathochromic 

shift of the band is achieved after 150 ppm, until 1000 ppm, with the appearance of a new 

less intense emission band centered at 665 nm. The reaching of the saturation point is 

observed around 250 ppm of EDA (Figure 4.33b). The gradual quenching of the fluorescence 

emission is accompanied by a color change from red to dark-brown, observable under UV 

light (Figure 4.33d). More interestingly, a linear response upon exposure to EDA vapors is 

observed in the range 0 – 100 ppm (Figure 4.33c), with a very good linearity coefficient (R2 

= 0.9967). Consequently, an estimated LOD of 6.6 ppm was calculated in this dynamic linear 
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range, which is lower than the PEL–TWA of 10 ppm established by OSHA for EDA 

vapors.272 

Comparing these results with the two reported quantitative data on optical 

chemosensors for the sensitive detection of EDA vapors (Table 4.4),330,331 the annealed 1-

PBF5s show good detection performance. Although these literature data330,331 also report 

selective detection of EDA over other amines, the currently 1-PBFs are obtained using a 

simpler and less time-consuming procedure. Furthermore, the combination of as-prepared 

and annealed 1-PBFs can lead to the detection of EDA vapors in a wide range of 

concentrations (from tens to thousands ppm), that also include the IDLH value reported by 

NIOSH,271 allowing the estimation of the human health risk in case of long/short exposure 

times to this substance. From these features, it is evident that as-prepared and annealed 1-

PBFs represent a very unique example of sensor for the selective and sensitive detection of 

EDA vapors. 

 

Figure 4.33. (a) Fluorescence spectra of annealed 1-PBF5s exposed to EDA vapors (λexc = 520 nm). Each 

spectrum was recorded in an independent experiment. (b) Fluorescence intensity ratio of the maximum of 

emission after (I) and before (I0) exposure as a function of the concentration of EDA. (c) Linear best fit in the 

dynamic linear range from 0 up to 100 ppm of EDA (weight given by data error bars). (d) Photographic images 

of annealed 1-PBF5s under 365 nm light upon exposure to different concentrations of EDA (range 0 – 500 ppm). 

4.5.5. Sensing Mechanism of 1-PBFs for the Detection of Primary 

Mono- and Diamine Vapors  

The very interesting optical properties observed for the 1-PBFs give the possibility to 

distinguish primary aliphatic mono- and diamines, especially in the cases of BA and EDA, 

therefore further investigations were conducted to clarify and propose a sensing mechanism. 

In particular, solid-state investigations, such as XRD measurements, were performed on both 
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as-prepared and annealed PBFs, while TGA was conducted on dried solid 1, before and after 

exposure to BA and EDA vapors (Figure 4.34). 

The XRD patterns recorded for as-prepared films show a sharp peak at 2θ = 3.20° and 

a broad peak at 2θ = 6.60°, while two diffraction peaks at 2θ = 3.60° and 6.25°, respectively, 

are observed for the annealed films (Figure 4.34a). In comparison, the diffraction peaks 

associated with the annealed PBFs are shifted by approximately 0.40° compared to those 

observed for the as-prepared films. This difference in XRD patterns is related to the different 

crystallographic structure of the as-prepared and annealed PBFs. In particular, the XRD 

pattern of as-prepared films is consistent with a highly organized lamellar structure (H-

aggregates), while after thermal treatment, an irreversible phase transition lead to the 

formation of a hexagonal columnar structure (J-aggregates).240  

 

Figure 4.34. (a) Low-angle XRD patterns of as-prepared and annealed 1-PBF5s before and after exposure to 

saturated vapors of EDA. Identical XRD patterns are observed for both types of films after exposure to EDA 

vapors. (b) TGA of dried solid 1 before and after exposure to saturated vapors of BA and EDA. XRD and TGA 

after exposure to saturated IPA vapors (dotted line) is reported for comparison. 

 

After exposure to saturated vapors of EDA (5 min), both as-prepared and annealed films 

reach almost the same final state, that is characterized by a sharp peak centered at 2θ = 3.45° 

and a broad peak at 2θ = 7.15°. On the other hand, comparing these results with XRD pattern 

of annealed PBFs exposed to saturated IPA vapors, as previously reported,240 yields a very 

different XRD pattern. In particular, three main peaks at ca. 2θ = 3.90°, 9.24°, and 10.76° 

are observed in the latter case. 

These results suggest the formation of two different crystallographic structures upon 

chemisorption of mono- and diamine vapors using as-prepared or annealed 1-PBFs. 

Furthermore, from XRD patterns it can be hypothesized the existence of a self-assembled 

structure with higher symmetry after the chemisorption of EDA vapors, compared to that 

formed after exposure to IPA. A possible explanation could be the formation of 

intermolecular adducts in a molar ratio of 2:1, where two molecules of 1 interact with one 

molecule of the diamine, instead of the formation of monomeric adducts in a molar ratio of 

1:1 in the case of monoamines. 

To demonstrate this hypothesis, TGA of the dried solid 1 was performed before and 

after exposure to BA and EDA, under the same conditions used for the paper films (Figure 



Chapter 4: Selective and Sensitive Detection of Primary Mono- and Diamine Vapors 

______________________________________________________________________ 

 

82 

 

4.34b). No relevant weight loss is observed until 300 °C for dried solid 1, while different TGA 

curves characterize the solid after exposure to saturated vapors of the two volatile amines. In 

particular, for BA vapors a weight loss of 9.5% is obtained at about 140 °C, while for EDA 

a weight loss of 4.5% is obtained at about 220 °C. For comparison, the thermogram of the 

dried solid 1 exposed to IPA vapors shows a weight loss of 7.5% at about 140 °C.240  

The weight loss observed after exposure to BA vapors (9.5%) is consistent with the 

formation of monomeric adducts, i.e., 1·BA adducts (calculated 9.3%), analogously to what 

was previously reported in the case of IPA vapors (calculated 7.62% vs. observed 7.5% for 

1·IPA adducts),240 while the formation of intramolecular (1)2·EDA di-adducts (calculated 

4.0%) likely occurs in the case of exposure to EDA vapors.  

The overall results not only demonstrate the formation of stoichiometric monomeric 

adducts or di-adducts, after chemisorption of mono- or diamines respectively, but can also 

explain the different optical behavior leading to their discrimination, related to their different 

crystallographic structure. It is therefore possible to schematically represent the formation of 

the two different adducts formed in the presence vapors of a monotopic or ditopic amine, as 

shown in Scheme 4.1. 

 

Scheme 4.1. Proposed sensing mechanism for the formation of mono- and di-adducts upon chemisorption of 

volatile aliphatic mono- or diamine vapors to aggregates of complex 1, respectively. 

4.6. Conclusion 

In this chapter, the development of a novel molecular chemosensor on paper films based 

on a Zn(salmal) complex, 1, which exhibits vapochromic and vapoluminescent properties is 

reported.  First, the appropriate choice of the substrate and the optimization of the deposition 

conditions for the preparation of films were studied. For glass substrates, the drop-casting 

technique was used to obtain GBFs with good optical uniformity. Then, the vapochromic 

and vapoluminescent properties of the as-prepared and annealed GBFs were achieved by 

exposure to saturated vapors of BA, as a reference volatile Lewis base. Also, exposure of 

annealed GBFs to saturated vapors of different classes of VOCs showed high variations in 

both optical absorption and fluorescence spectra, especially for N-VOCs and O-VOCs. 

Subsequently, films of 1 were obtained and optimized on paper substrates. 1-PBFs prepared 

by the dip-coating approach, according to an optimized procedure and kept under 

appropriate storage conditions before their use, are characterized by superior fluorescence 

repeatability and uniformity compared to 1-GBFs, as a key prerequisite for the quantitative 

detection of VOCs. Thus, exposure of annealed 1-PBFs to specific concentrations of VOCs 

show a selective fluorescence response toward low vapor concentrations (50 ppm) of volatile 
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primary amines, such as BA and AN. Only slight changes in the fluorescence response of 

annealed 1-PBFs to defined BA vapor concentrations are observed in the relative humidity 

range of 40 – 60% and as a function of temperature and exposure time. 

Quantitative detection of BA vapors from fluorescence measurements using annealed 1-

PBFs results in a linear dynamic range of 0 – 50 ppm and in a calculated LOD of 2.0 ppm, 

below the 5 ppm PEL–C established by OSHA for BA vapors. Furthermore, fluorescence 

measurements of annealed 1-PBF allow estimating the exposure limit for BA (IDLH value 

of 300 ppm defined by NIOSH). A very high selectivity of annealed 1-PBFs to BA vapors is 

obtained by competitive experiments based on the comparison of the fluorescence response 

after exposure to other volatile aliphatic monoamines.  

Optical absorption changes of 1-PBFs also allowed the colorimetric selective detection 

of BA vapors. In particular, the color changes after exposure of annealed 1-PBFs, estimated 

both by reflectance changes or appropriate RGB color analysis of films after vapor exposure, 

also enable quantitative detection of BA vapors below their PEL-C value. On the other hand, 

as-prepared 1-PBFs allow to detect the IDLH vapor concentration of 300 ppm BA by 

evaluating the absorbance changes or color difference. Therefore, the combination of as-

prepared and annealed PBFs allows for accurate detection of PEL-C and IDLH values for 

BA vapors, and this, combined with RGB color analysis, could represent a simple and 

efficient detection method for on-site detection of BA vapors. 

Simulated leakage experiments of BA vapors indicate that both as-prepared and 

annealed 1-PBF1s are useful in systems that mimic the accidental release and diffusion of 

volatile amines in semi-confined environments, enabling the detection of the PEL-C and the 

IDLH value, thus demonstrating their suitability for the real-time detection of indoor amine 

contamination, with potential implications for safety monitoring in laboratories, industrial 

facilities, and other semi-confined work environments where primary amines are handled.  

A very distinct optical behavior is observed after exposure of as-prepared and annealed 

1-PBFs to saturated vapors of mono- and diamines, BA (fluorescence enhancement) and 

EDA (fluorescence quenching), a necessary condition for their discriminative detection. 

Therefore, exposure of 1-PBFs to saturated vapors of volatile aliphatic diamines (NH2-

(CH2)n-NH2; n = 2–5) shows dramatic changes in the optical properties of both as-prepared 

and annealed films, and a quenching of the fluorescence emission for each diamine involved, 

except DAPe. However, exposure of annealed 1-PBFs to low vapor concentrations ( 100 

ppm) shows a selective fluorescent response for EDA vapors. Sensitive detection of EDA 

vapors using as-prepared films allows their detection over a wide concentration range (100 – 

5000 ppm), including even the IDLH value (1000 ppm), while a LOD value (6.6 ppm), lower 

than the PEL (10 ppm), is obtained for annealed films in a range up to 100 ppm. A sensing 

mechanism for the detection of mono- and diamine vapors by films of 1 is also proposed 

based on XRD measurements of 1-PBFs and TGA of powders of 1 before and after exposure.  

Overall, PBFs of complex 1 represent the first example of a Zn(salen)-type, molecular-

based sensor for the discriminative and sensitive detection of volatile primary mono- and 

diamine vapors, both by evaluating their optical absorption (color) or fluorescence changes, 

with great advantages of simple preparation and high temporal stability in the perspective of 

practical application for real-time monitoring of dangerous amine vapors in relevant working 

environments.



 

Chapter 5 

Vapochromic Detection of Pyridine Vapors  

Contents 

5.1. Introduction ................................................................................................ 85 

5.2. Vapor-Phase Detection Methods for Pyridine vapors ...................... 85 

5.3. Properties of the Zn(salmal) Complex 2 .............................................. 87 

5.4. Aim of the Study ........................................................................................ 89 

5.5. Results and Discussion ............................................................................. 90 

5.5.1. Preparation Procedure and Storage Conditions of 2-PBFs ............... 90 

5.5.2. Vapochromic Response of 2-PBFs to VOCs ........................................ 91 

5.5.3. Sensing Performance of 2-PBFs to VOCs ............................................ 92 

5.5.4. Quantitative Detection of Py and BA vapors by 2-PBFs................... 93 

5.5.5. Detection of Py Vapors by RGB Color Analysis of 2-PBFs .............. 94 

5.5.6. Improved Sensitivity of 2-PBFs for the Detection of Py Vapors ....... 97 

5.5.7. Vapochromic Response of 2-PBFs to Other Volatile Heterocyclic 

Amines …………………………………………………………………………...101 

5.6. Conclusion ................................................................................................. 102 

 

  



Chapter 5: Vapochromic Detection of Pyridine Vapors 

______________________________________________________________________ 

 

85 

 

5.1. Introduction 

Heterocyclic amines are a class of compounds characterized by at least one carbon ring 

where one or more carbon atoms are replaced by nitrogen atoms. They can be classified on 

the basis of their chemical structure in aliphatic (e.g., pyrrolidine) and aromatic (e.g., pyridine) 

heterocycles. The main source of exposure to heterocyclic aromatic amines is the 

consumption of well-cooked food,344,345,346 in particular meat.347,348,349,350 In fact, more than 30 

different heterocyclic aromatic amines have been identified in protein-rich cooked food.344,351 

They are also produced in meat cooked at low temperatures for long periods of time.351,352 

They can also derive from the burning of tobacco, together with polycyclic aromatic 

hydrocarbons.351 Ingestion or exposure to high concentration of these substances can lead to 

adverse effects on human health, such as cancer, and several types of tumors (e.g., colon, 

liver, prostate, breast, skin, etc.).349,353,354,355,356 

Among them, pyridine (Py) is a volatile heterocyclic aromatic amine widely involved in 

industrial processes as a reactant, solvent or intermediate in several synthetic routes.357,358,359 

In particular, it is used for the synthesis of insecticides, herbicides, fragrances, 

pharmaceuticals, dyes, rubber, etc. The worldwide production of Py exceeds 20,000 tons per 

year, and environmental analyses of emissions from some manufacturing industries have 

revealed high concentrations of Py vapors (hundreds to thousands of ppm).360 In this context, 

some industrial processes, including coal gasification, steel manufacture, processing of oil 

shale, etc. are responsible for the release of Py vapors into the environment. 

Py is toxic by ingestion, inhalation and skin absorption. Short-term exposure to Py 

vapors (tens ppm) depresses the nervous system and can cause headache, dizziness, loss of 

appetite, salivation, nausea and lack of coordination.361,362 Furthermore, prolonged exposure 

to Py vapors may result in damage of heart, kidney, and liver. Py is also considered as a 

carcinogenic and teratogenic compound.363,364 Because of its toxicity, the NIOSH established 

a concentration of 1000 ppm as the IDLH value for this substance,365 while the PEL–TWA 

value established by OSHA corresponds to 5 ppm.366 

Therefore, the release of Py vapors into the environment poses significant risks to 

environmental safety and human health.367 Therefore, selective and sensitive detection of Py 

vapors over a wide concentration range is not only desirable, but essential to mitigate 

exposure risks.368 

5.2. Vapor-Phase Detection Methods for Pyridine vapors 
In recent years, different types of chemosensors have been developed for the detection 

of Py vapors. These systems are based on small molecules,369,370,371 perovskite functional 

dyes,372 metal-organic frameworks,373,374 supramolecular organic frameworks,375 fullerenes,376 

nanoparticles,377 hybrid polymeric materials,378,379 polyazobenzenes,380 and cationic 

conjugated polymers.381 Among these various classes of chemosensors, 

vapochromic/vapoluminescent materials represent a highly desirable alternative for the 

rapid, on-site detection of Py vapors.128,382,383,384,385,386,387,388 The main advantage of their use is 

clearly the ability to undergo color changes, visible even to the naked eye, without the need 

for complex instrumentation. However, most of reported optical and 
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vapochromic/vapoluminescent chemosensors do not allow quantitative detection of this 

substance. Literature data of optical chemosensors  involving the qualitative detection of Py 

vapors are collected in Table 5.1, while those involving various detection methods for 

sensitive detection of Py vapors are reported in Table 5.2. 

 

Table 5.1. Literature data of optical chemosensors for the qualitative detection of Py vapors. 

Material Substrate Detection method 
Selectivity 

Studies 

Exposure 

Method 
Ref 

Organic 

compound 
Glass Optical absorption not available Dynamic 371 

Perovskite dye Glass 
Colorimetric and 

fluorescence 
not available Dynamic 372 

Fullerene 
Au-electroded 

quartz 
Piezoelectric no Static 376 

Au nanoparticles Glass capillary  
Surface enhanced 

Raman scattering 
not assessed Static 377 

Polyazobenzene  Colorimetric no Static 380 

Porphyrins PVC and mica 
Optical absorption and 

fluorescence 
yes Static  383 

Metal complex Glass Fluorescence not assessed Static 128 

Metal complex  Optical absorption yes Static 384 

Metal complex  Color change yes Static 385 

 

Referring to colorimetric quantitative detection methods of Py vapors under static 

conditions, Wang et al. reported a zinc porphyrin-containing polyimide (ZPCPI) nanofibrous 

membrane characterized by vapochromic properties.387 ZPCPI nanofibers were prepared by 

imidization of the as-spun copoly(amic acid) nanofibers, as appropriate precursors of ZPCPI 

nanofibers, by heating step by step to increasing temperatures (80 °C (0.5 h), 160 °C (1 h), 

and 250 °C (4 h)) under nitrogen atmosphere. Then, the ZPCPI nanofibrous membrane was 

deposited on a clean glass cover slide and placed in a sealed testing chamber. The sensing 

performance of the ZPCPI membrane was first evaluated in the presence of 30 ppm of Py 

vapors. Under these conditions, a color change from reddish brown to olivine is observed, 

and a bathochromic shift of the Soret band and a red-shift of the Q-bands are also achieved 

in the corresponding solid state absorbance spectra, with a calculated LOD of 0.041 ppm. 

Furthermore, significant changes in fluorescence emission are observed upon exposure to 

different concentrations of Py vapor. 

Elosua et al. developed an optical fiber sensor based on a vapochromic 1D β-Co(py)2Cl2 

complex.388 This complex shows a blue-violet color as powder, and its color changes to pink-

white in the presence of Py vapors. In order to fix this material on the cleaved end fiber of 

the sensor, sensor head was immersed in a THF solution containing the vapochromic 

complex, poly vinyl chloride (PVC), and tributylphosphate. Then, a thermal curing process 
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was performed by placing the sensor head into an oven at 80 °C for 15 min. Fabrication 

factors such as the number of layers and the dipping speed were optimized on the basis of 

the optical absorption spectra and reflected optical signal of sensor heads exposed to 66 ppm 

of Py. A linear dynamic range of response between 18 and 66 ppm was achieved, with a 

calculated LOD of 1 ppm. 

 

Table 5.2. Literature data of chemosensors for the quantitative detection of Py vapors. 

Material 
Detection 

method 

Linear Range 

(ppm) 

LOD  

(ppm)  

Selectivity 

Studies 

Exposure 

Method 
Ref 

Metalated 

phthalocyanine 
Chemiresistive 1 – 3 0.0079 no Dynamic  369 

Organic compound Chemiresistive 0.375 – 7500 0.375 no Dynamic  370 

Hybrid polymeric 

material 
Chemiresistive 28 – 138 

not 

available 
yes Dynamic  379 

Metal-organic 

framework 
Piezoelectric 5 – 50 1.603 yes Static  373 

Metal-organic 

framework 
Piezoelectric 0.3 – 25 0.04 yes Static  374 

Hybrid polymeric 

material 
MZI waveguide 0 – 400 0.476 yes Static  378 

Supramolecular 

organic framework 
Fluorescence not available 5 yes Static  375 

Conjugated 

polymer 
Fluorescence not available 33 yes Dynamic  381 

Copper(I)-cluster Fluorescence 2000 – 12000 344 yes Static  382 

Metal  

complex 
Fluorescence 1000 – 10000 722 yes Static  386 

Metallo-porphyrin  
Colorimetric and 

fluorescence 
0 – 50 0.041 yes Static  387 

Metal 

complex 
Optical fiber 18 – 66 1 

not 

available 
Static  388 

 

5.3. Properties of the Zn(salmal) Complex 2 
Recently, a Zn(salmal) complex, 2, has been reported by Di Bella et al. for its 

deaggregation and transmetalation properties in solution,227,228 and, more interestingly, for 

its peculiar thermochromic and vapochromic properties in solid state.243 

The presence of aggregates/adducts of 2 was demonstrated by NMR measurements 

using coordinative and non-coordinative solvents, namely DMSO-d6 and CDCl3, 

respectively.227 The significant shift of proton signals observed on passing from DMSO-d6 to 

CDCl3 are consistent with the existence of 1:1 adducts, 2·DMSO-d6, in the coordinating 

solvent, while formation of dimeric aggregates in a solution of the non-coordinating CDCl3 

are observed, as previously found for analogous Zn(salmal) derivatives. Also, the 
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deaggregation properties of 2 were investigated by monitoring the UV-vis optical absorption 

spectrum of a CHCl3 solution of 2 after the addition of Py or IPA (Figure 5.1). A color change 

of the solution from red-wine to indigo is observed in both cases.  

 

Figure 5.1. Schematic representation of deaggregation of 2 in the presence of a Lewis base and transmetalation 

with M2+ ions. 

 

Then, the transmetalation ability of 2 towards the most common divalent and some 

trivalent cations in relation to the stability of the starting adduct was considered. Initially, 

the occurrence of transmetalation was achieved immediately after the addition of 

stoichiometric amounts of aqueous solutions of nitrate salts to ACN solutions of 2. Peculiar 

changes in the optical absorption spectrum of 2, consistent with transmetalation, are 

observed only in the case of the addition of Cu(NO3)2 (Figure 5.1). The transmetalation 

properties of complex 2 have been usefully exploited for the selective detection of Cu2+ ions 

in aqueous solution.228  

The unique thermochromic and vapochromic behavior of complex 2 has also been 

recently reported.243 The pristine solid of 2 shows a dark brown color after drying and 

becomes red brown when left in air. The red brown solid heated in an oven for at 150 °C 

shows a thermochromism (color change from red-brown to gray) associated with a phase 

transition. The XRD diffractograms of the red-brown and gray solids are in accordance with 

a tetragonal P4/mmm and orthorhombic Pmmm space groups, respectively, as results from 

the Rietveld refinement analysis of experimental XRD patterns. However, the gray solid 

returns red- brown by cooling in air. This behavior is related to the presence of water 

molecules as it was demonstrated by TGA (3.6% loss vs. calcd. 3.5%) and attenuated total 

reflection−Fourier transform infrared (ATR− FTIR) measurements. However, the gray 

solid obtained from red-brown solid heated at 150 °C and then cooled under a nitrogen 

atmosphere, or by solvent evaporation from a THF solution of 2 under anhydrous conditions 

remains unchanged. In fact, a flat thermogram is obtained for the DSC of the gray solid in 

an investigated temperature range from 40 to 200 °C, and no significant weight loss until the 

decomposition temperature (onset, 250 °C) is observed from TGA of the solid. Therefore, 

the gray solid obtained under anhydrous conditions does not show any thermochromism 

and/or absorption of water molecules. Again, an orthorhombic Pmmm space group, 

consistent with a dimeric structure, results from the Rietveld refinement analysis of the gray 

solid prepared by solvent evaporation under anhydrous conditions.  
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Cast films were prepared by drop-casting of a THF solution of 2 onto glass substrates.243  

A red brown color of the films is observed after the complete evaporation of the solvent in 

air, while blue gray films are obtained after the evaporation of the solvent under anhydrous 

conditions. Furthermore, blue gray films show a distinctive optical response upon exposure 

to saturated vapors of some volatile N–VOCs and O–VOCs. In particular, an irreversible 

color change from gray to yellow is observed upon exposure to saturated vapors of primary 

aliphatic amines, a red brown  color is obtained upon exposure to secondary and tertiary 

aliphatic amines, while a vapochromic behavior with a significant color change from gray to 

purple, associated with the formation of stoichiometric 1:1 adducts, is achieved after 

exposure to saturated vapors of Py (Figure 5.2). 

 

Figure 5.2. Vapochromic behavior of complex 2 upon exposure to saturated Py vapors. 

 

The interesting vapochromic properties of cast films of 2 towards some saturated VOC 

vapors represent good starting points for further investigations on the potential application 

of this molecular material as a chemosensor for the sensitive and selective detection of VOCs 

having Lewis basicity. 

5.4. Aim of the Study 
This chapter describes the development of a molecular material based on a Zn(salen)-

type complex for the selective and sensitive detection of Py vapors. In particular, the 

Zn(salmal) complex, 2, having t-but groups (-C4H9) as lateral substituents was further 

investigated for its known vapochromic properties.  

Based on the optimized procedure described in Section 3.3.2, the preparation of paper-

based films of 2 (2-PBFs) under anhydrous conditions was first achieved and the appropriate 

storage conditions for the successive studies were investigated.  

The vapochromic properties of 2-PBFs were initially investigated by exposure to 

saturated vapors of different VOCs. Exposure to defined vapor concentration (1000 ppm) 

was also considered for studies on the sensitive detection of Py, as reference volatile 

heterocyclic aromatic amine, among the other investigated VOCs. Then, their quantitative 

detection was performed by static exposure of 2-PBFs to specific Py vapor concentrations.  

The corresponding color changes after exposure were analyzed by UV-vis reflectance 

spectra and RGB color analysis. Furthermore, the selective response of 2-PBFs to Py 

compared to other VOCs involved was demonstrated, also considering analogous 

heterocyclic amines. 
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5.5. Results and Discussion 

5.5.1. Preparation Procedure and Storage Conditions of 2-PBFs 

2-PBFs were prepared using the optimized procedure described in Section 4.5.2.1, with 

minor modifications. In particular, complex 2 was deposited by dipping paper substrates for 

few seconds into THF solutions of 2, having two different concentrations, 1.0 × 10-3 M and 

4.0 × 10-4 M, under anhydrous conditions, to prepare films named 2-PBF1 and 2-PBF4, 

respectively. The dipping procedure and the successive evaporation of the solvent were 

conducted at room temperature (22 ± 3 °C) into a round flask under nitrogen atmosphere. 

During the evaporation of the solvent the films were kept horizontal. Gray films having 

different color tone (lighter color in the case of diluted THF solution) were obtained after the 

complete evaporation of the solvent. This procedure ensures optical homogeneity and 

repeatability of the films, as a fundamental prerequisite for the subsequent quantitative 

studies. 

First, the color stability of films under different lighting and relative humidity conditions 

was investigated. Initially, the effect of different illumination levels (50, 200, 1500 lux) was 

explored on 2-PB1 films, stored in round flasks at room temperature (22 ± 3 °C) in a nitrogen 

atmosphere.  

 

Figure 5.3. UV-vis reflectance spectra of as-prepared 2-PBF1s stored under nitrogen atmosphere after three weeks 

of exposure to different illumination conditions. The UV-vis reflectance spectrum of freshly-prepared 2-PB1 films 

(dotted line) is reported as reference. 

 

UV-vis reflectance measurements of 2-PBF1s stored in the dark (50 lux) show no 

significant changes up to one month. On the other hand, a significant reduction in the 

intensity of the reflectance spectra is observed for films exposed to light (200 lux), with a 

more marked effect in the case of the highest illumination level (1500 lux), also accompanied 

by a complete discoloration of films after three weeks in the latter case (Figure 5.3). These 

results suggest that 2-PBF1s should remain stable for several months if stored in the dark, at 

room temperature and under inert atmosphere.  

Based on these results, the effect of different RH values on 2-PBF1s stored in the dark 

was then evaluated (Figure A18). For films stored at RH ≤ 50 %, small changes are observed 

in the region between 300 – 400 nm (measurements up to one month), while a significant 
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reduction in the absorbance intensity of the films stored at higher RH (> 70 %) is observed 

only after a few days. Similar results were also obtained in the case of 2-PBF4s. 

In summary, 2-PBFs show sufficient stability under inert atmosphere and can be stored 

even under average indoor conditions, i.e., room temperature (22 ± 3 °C), RH (50 ± 10 %), 

and low lighting levels (< 500 lux), allowing their use in real-world applications. 

5.5.2. Vapochromic Response of 2-PBFs to VOCs 

Given the interesting vapochromic properties of the solid complex 2 and/or its cast films 

in the presence of VOCs,243 they were further explored using PBFs prepared by the procedure 

described above (Section 5.5.1). 

The optical response of 2-PBF1, towards several volatile compounds, representative of 

the principal classes of N–VOCs and O–VOCs, was initially evaluated under saturated 

vapors condition. In particular, the following volatile compounds were chosen as prototypes 

of N–VOCs and O–VOCs: BA (primary amines); DEA (secondary amines); TEA (tertiary 

amines); Py (heterocyclic aromatic amines); DMF (ammides); ACN (nitrile compounds); 

MeOH (alcohols); Et2O (ethers); ACE (ketones); THF (oxygenated heterocycles); AcOEt 

(esters). 

The UV-vis reflectance spectrum of as-prepared 2-PBF1s shows two absorption bands 

in the region between 300 and 400 nm (322 and 383 nm, respectively), and two defined bands 

in the visible region, centered at 480 and 575 nm, respectively, responsible of its gray color 

(Figure 5.4). Distinctive color and reflectance spectral changes are observed after exposure 

to saturated vapors of the involved N–VOCs and O–VOCs for 15 min.  

 

Figure 5.4. UV-vis reflectance spectra of 2-PBF1s exposed to saturated vapors of N-VOCs and O-VOCs. Inset: 

photographic images of pristine 2-PBF1s and after exposure to VOCs under natural light. 

 

In particular, for BA vapors a change from gray to yellow is observed, accompanied by 

the appearance of two broad bands centered at 363 and 454 nm respectively, while for Py 

vapors a purple color is observed accompanied by hypochromism in the region between 300 

– 400 nm, with the formation of a new, more intense band at 516 nm and an increase in the 

intensity of the band at 575 nm. For all the other VOCs studied, a color change from gray to 

red-brown is observed, characterized by hypochromism in the region between 300 and 400 
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nm and the formation of two bands at 460 and 560 nm respectively. Thus, 2-PBF1s exhibit 

distinct color changes, easily observed by the naked-eye, and peculiar optical absorption 

bands after exposure to different classes of VOCs, which, in turn, allow distinguishing 

primary aliphatic and heterocyclic aromatic amines from all other N–VOCs and O–VOCs 

involved. 

The vapochromic properties of 2-PBF1s towards Py were demonstrated by successive 

cycles of exposure to saturated vapors of Py, followed by thermal heating at 150 °C. Figure 

5.5 shows the variation of the optical absorption intensity of films in the maximum of 

absorption (λabs = 575 nm) before and after exposure to Py vapors. A complete restoration of 

the initial optical absorption spectrum is observed for 4 cycles of exposure/heating.  

 

Figure 5.5. (a) UV-vis reflectance spectra of 2-PB1 films. (b) Optical absorption intensity changes at λabs = 575 

nm upon cycles of exposure to saturated vapors of Py and subsequent thermal heating at 150 °C. 

 

These results demonstrate a complete chemisorption/desorption process involved in the 

presence of Py vapors. On the other hand, the yellow color observed after exposure to BA 

vapors remains unchanged after heating and/or exposure to other volatile Lewis bases, 

indicating a presumable demetalation of the complex,243 while for all the other VOCs 

investigated only a partial restoration of initial reflectance spectrum of 2-PBF1s is obtained 

(the red brown color turns light red brown upon heating at 120 °C for 15 min).  

Comparing the optical response of PBFs of complexes 1 and 2 after exposure to 

saturated BA vapors, the formation of stable adducts is demonstrated for the former in 

Section 4.5.5, while a demetalation is suggested in the latter case. This indicates a greater 

stability of complex 1 compared to that of complex 2 supported on paper substrates. This 

plausible lower stability is relevant to discriminate primary amines from all the other N–

VOCs and O–VOCs in the latter case. 

5.5.3. Sensing Performance of 2-PBFs to VOCs 

As anticipated in Section 4.5.2.3, exposure to saturated vapors of different VOCs 

corresponds to different concentrations depending on the vapor pressure of each VOCs 

involved (Table B1). Therefore, an appropriate assessment of the detection performance of 

2-PBF1s should be made by exposing them to the same concentration for each VOC. To this 
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end, the concentration of 1000 ppm was chosen because it represents the IDLH value 

reported by NIOSH for Py vapors,365 chosen as reference volatile Lewis base.  

Exposure to this vapor concentration was performed for each VOC studied under static 

conditions for 90 min by injecting appropriate volumes of pure VOCs into a sealed chamber 

(1.15 L, Figure 3.1), allowing complete evaporation. Then UV-vis reflectance spectra of 2-

PBF1s after exposure were collected.  

 

Figure 5.6. UV-vis reflectance spectra of 2-PBF1s exposed to 1000 ppm of the involved N-VOCs and O-VOCs. 

Inset: photographic images of pristine 2-PBF1s and after exposure to 1000 ppm of each VOC. 

 

Under these conditions, the optical response of 2-PBF1s is quite different for the VOCs 

involved (Figure 5.6). Films turn grape in color after static exposure to 1000 ppm of Py 

vapors, with the consequent formation of a new band at ca. 505 nm, and a slight increase of 

the absorption band at 575 nm. In contrast, an overall decrease of the absorption intensity of 

the reflectance spectrum of 2-PBF1s is observed after exposure to 1000 ppm of BA, 

particularly pronounced that at 575 nm. This change in the absorption intensity is consistent 

with the observed color change (discolor) of the exposed films compared to pristine films. 

On the other hand, no color changes are observed after exposure to 1000 ppm of all other 

VOCs involved, resulting in reflectance spectra very similar to those of the pristine films. 

Therefore, exposure of 2-PBF1s to 1000 ppm of various VOCs results in a selective 

optical response towards Py vapors and, in the case of BA, a small color change of the films 

(discoloration). Based on these results, further investigations on the sensitive detection of Py 

and BA among all other investigated VOCs are reported in the following section. 

5.5.4. Quantitative Detection of Py and BA vapors by 2-PBFs 

Further studies on the optical response of 2-PBF1s towards different vapor 

concentrations (500 – 5000 ppm) of Py and BA were performed (Figure 5.7). In the former 

case, relevant changes in reflectance spectra are observed in the visible region (Figure 5.7a). 

In particular, a small and gradual increase of the band at 575 nm is observed, accompanied 

also by an initial red-shift of the band centered at 480 nm (from 480 to 505 nm up to 1000 

ppm of Py), and then followed by the formation of a new absorption band centered at 513 

nm upon exposure to 5000 ppm of Py vapors. These spectral changes are also associated to 
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a gradual color change visible by naked-eye (Figure 5.7b). While no significant color changes 

are observed upon exposure to a Py vapor concentration of 500 ppm, a gradual visual color 

change from gray to purple is observed for vapor concentrations ≥ 750 ppm.  

 

Figure 5.7. UV-vis reflectance spectra of 2-PBF1s exposed to increasing vapor concentrations of Py (a) and BA 

(c). Each spectrum was recorded in an independent experiment. Photographic images of 2-PBF1s upon exposure 

to increasing vapor concentrations of Py (b) and BA (d). 

 

On the other hand, completely different reflectance spectra are obtained with exposure 

to increasing concentrations of BA (Figure 5.7c). In this case, the disappearance of the band 

centered at 575 nm and the appearance of a new, less pronounced, broad band at ca. 460 nm 

are observed after exposure to 3000 ppm of BA. Therefore, exposure of 2-PBF1s to BA 

vapors results in a relevant color change from gray to yellow-brown at vapor concentrations 

≥ 2000 ppm (Figure 5.7d). Conversely, exposure to higher BA vapor concentrations (3000 

ppm) leads to a yellow color, associated with almost complete demetallation of the complex.  

Therefore, the naked-eye color changes of 2-PBF1s upon exposure to Py and BA are 

useful for detecting the presence of Py vapors in a concentration range between 500 – 5000 

ppm, including the IDLH value for this substance, and for discriminatively detecting BA at 

vapor concentrations ≥ 2000 ppm. 

5.5.5. Detection of Py Vapors by RGB Color Analysis of 2-PBFs   

The rich visual color changes observed after exposure of 2-PBF1s to increasing vapor 

concentrations of Py provide a broad space for the quantitative recognition of this substance 

and the design and development of simple detection tools for on-site detection.101 In 

particular, the chromic response of films can be detected using portable electronic devices, 

such as a smartphone, and represented in the RGB color space (more details are reported in 

Section 2.2.1).389 Therefore, a smartphone-assisted RGB color analysis of 2-PBF1s before 

and after exposure to Py vapors was performed, and the RGB color was captured using an 

Android color recognition app (Color Detector developed by Galaxy studio apps). However, 
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RGB values are very sensitive to illumination changes, such as shadows or shines, and 

device-dependent, making color analysis difficult.389,390 To overcome these problems, the 

absolute R, G, and B values obtained from the color recognition app can be conveniently 

converted into normalized values, denoted as r, g, and b, using eqs. 3.4 – 3.6 (Section 

3.6).251,390 

The normalized rgb color space is effective in color analysis of 2-PBF1s under different 

lighting conditions and even using different smartphones. In fact, comparable rgb values are 

obtained by performing an independent set of experiments in which the RBG values were 

captured from digital images of films before and after exposure to 1000, 3000 and 5000 ppm 

of Py vapors using three different smartphones (Samsung Galaxy S23, Xiaomi MI A3, and 

iPhone 12 Pro Max), and under two lighting conditions, 1800 lux and 30 lux, respectively 

(Figure 5.8). Absolute RGB values are very different from each other, both between the two 

lighting conditions and between the different smartphones. On the other hand, RGB 

normalization returns comparable rgb values, both in the two lighting conditions and 

between the different smartphones. Therefore, using normalized RGB values should lead to 

similar results across different devices, such as smartphones, while also minimizing the effect 

of different lighting conditions on the acquisition of RGB values.  

 

Figure 5.8. Absolute RGB and normalized rgb values of 2-PBF1s before (a) and after exposure to 1000 (b), 3000 

(c), and 5000 (d) ppm of Py vapors captured with three different smartphones and under two different lighting 

conditions (as indicated in (a)). 

 

Given the significant color change of 2-PBF1s after exposure to Py vapors (from 500 to 

5000 ppm, Figure 5.9a), the color analysis of as-prepared and exposed films was further 

performed using a Samsung Galaxy S23 smartphone under an almost constant lighting 

condition (1600 – 2000 lux) by the calculation of ΔErgb (eq. 3.7) before and after exposure. 

Indeed, comparing the various possible relationships between the rgb values and Py vapor 
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concentration, the ΔErgb before and after exposure best describes the observed color changes, 

while all other relationships are weaker or not significant (Figure A19 and Figure A20). 

Therefore, the mean RGB values obtained from at least three replicates were normalized to 

rgb values (Figure 5.9b) and then used for the calculation of ΔErgb. The plot of calculated 

ΔErgb as a function of Py vapor concentration (Figure 5.9c) shows a linear dynamic range up 

to 5000 ppm characterized by a good linearity coefficient (R2 = 0.992), with an estimated 

LOD of 578 ppm.  

Furthermore, using mean rgb values derived from different smartphones (Figure 5.8), 

the ΔErgb as a function of the concentration of Py vapors show a linear relationship, with the 

slope of the linear best fit nearly identical to that obtained from the set of replicate 

measurements using a same smartphone (Samsung Galaxy S23) under nearly constant 

illumination conditions (1600 – 2000 lux) (Figure A21). 

These results are truly impressive because they demonstrate that an accurate detection 

of Py vapors in the concentration range of 750 – 5000 ppm can be made using a simple 

detection approach, i.e. smartphone-assisted RGB color analysis of 2-PBF1s before and after 

exposure, and a proper analysis such as normalization of RGB values to their rgb values and, 

finally, calculation of the ΔErgb. 

 

Figure 5.9. (a) Photographic images of 2-PBF1s before and after exposure to increasing concentrations of Py. (b) 

Mean rgb values of 2-PBF1s before and after exposure to Py vapors. (c) Mean ΔErgb values as a function of the 

concentration of Py vapors and the related linear best fit in the range 750 – 5000 ppm (weight given by data error 

bars). 

 

In this context, it is also instructive to consider the absolute RGB values to check 

whether their RGB analysis is suitable to adequately quantify different Py vapor 

concentrations. Considering the mean RGB values of the set of data used for the rgb analysis 

in Figure 5.9, a good linearity coefficient (R2 = 0.997) is obtained from the plot of the ΔERGB 

as a function of Py vapor concentration, over a vapor concentration range between 750 – 

5000 ppm (Figure A22), with an increased standard deviation of the mean values and an 

estimated LOD of 425 ppm. This estimated LOD represents an unreliable value since              
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2-PBF1s are not responsive at this Py vapor concentration (Figure 5.9 and Figure 5.7). 

Therefore, the RGB color analysis of absolute RGB values captured using a smartphone 

under nearly constant lighting, apparently leads to similar results than those using RGB color 

analysis performed by normalized values. However, care must be taken when analyzing 

RGB data for sensing applications, otherwise unreliable results may be obtained. Therefore, 

smartphone-assisted RGB color analysis using absolute RGB values is device-dependent 

even when performed under standardized conditions (especially lighting conditions), so its 

repeatability remains rather limited. 

In summary, the results of this study indicate that the presence of Py vapors in the range 

of 500 to 5000 ppm can be easily identified by the color change of the films, by the naked-

eye, and quantitatively detected by a smartphone-assisted color recognition app and a proper 

RGB color analysis, without the need for difficult measurements or complex 

instrumentation. Therefore, 2-PBF1s are suitable chemosensors for the sensitive and selective 

detection of Py vapors. In fact, they selectively detect Py from those of most common VOCs 

at the IDLH concentration (1000 ppm),365 and up to concentrations of 5000 ppm. On the 

other hand, for higher vapor concentrations (≥ 2000 ppm) 2-PBF1s discriminately detect also 

primary amine vapors in addition to Py vapors. These vapor concentrations are useful in 

industrial and environmental settings for workplace safety and environmental 

monitoring.361,391 

5.5.6. Improved Sensitivity of 2-PBFs for the Detection of Py Vapors 

In the previous Sections (5.5.4 and 5.5.5) the selective and sensitive detection of Py 

vapors using 2-PBF1s was demonstrated by both UV-vis reflectance spectra and RGB color 

analysis. Based on these results, 2-PBF4s were also prepared from dilute THF solutions of 2 

(4.0 × 10-4 M), using the same procedure previously described (Section 5.5.1), trying to 

improve their sensitivity to Py vapors. 

In this case, paler gray 2-PBF4s are obtained after the evaporation of the solvent under 

nitrogen atmosphere. The UV-vis reflectance spectrum (Figure 5.10) of these films is very 

similar to that of 2-PBF1s (Figure 5.6). In particular, two defined bands are observed in the 

region between 300 and 400 nm, and two absorption bands, slightly shifted compared to 2-

PBF1s, centered at 484 nm and 568 nm characterize the visible region of their reflectance 

spectrum. 

Spectral changes of 2-PBF4s after static exposure to 300 ppm of Py and BA vapors 

(Figure 5.10) are very similar to those of 2-PBF1s exposed to 1000 ppm (Figure 5.6). In 

particular, an increase in the intensity of the absorption bands at 484 nm and at 568 nm, the 

latter blue-shifted at 560 nm, is observed after exposure to Py vapors, while an overall 

decrease in the absorbance intensity of the reflectance spectrum is observed in the case of 

BA, with a more pronounced decrease of the in band at 568 nm with respect to 2-PBF1s. 

These spectral changes are accompanied by an evident color change from pale-gray to violet 

and lilac after exposure of 2-PBF4s to Py and BA vapors, respectively. On the other hand, 

only a small color change and a slight overall decrease of the reflectance spectrum is obtained 

for all the other VOCs involved. Therefore, significant changes in color and absorbance are 

observed only for Py and BA among all other VOCs involved. Therefore, 2-PBF4s behave as 
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2-PBF1s in terms of selective detection of Py and BA vapors, but with significantly improved 

sensitivity as they are responsive to lower vapor concentrations (300 ppm).  

Furthermore, exposure of 2-PBF4s to BA vapors in a concentration range from 100 up 

to 1000 ppm, reveals that they are responsive to concentrations ≥ 300 ppm (lilac colored), 

becoming completely demetalated (yellow films) at 1000 ppm (Figure A23). Therefore, 2-

PBF4s are also useful for discriminatively detect BA vapors versus other VOCs at 

concentrations ≥ 300 ppm. 

 

Figure 5.10. UV-vis reflectance spectra of 2-PBF4s exposed to 300 ppm of the involved N-VOCs and O-VOCs. 

Inset: photographic images of pristine 2-PBF4s and after exposure to 300 ppm of VOCs. 

 

UV–vis reflectance spectra recorded after static exposure to increasing concentrations of 

Py vapors using 2-PBF4s indicate a gradual increase of the optical absorption bands centered 

at 484 nm and 560 nm. The saturation point is reached after exposure to a concentration of 

approximately 1000 ppm. Considering the increase of the absorbance at 560 nm as a function 

of Py vapors concentration, a linear dynamic range from 0 up to 1000 ppm is obtained 

(Figure 5.11), with a very good linearity coefficient (R2 = 0.9977), with an estimated LOD 

of 94 ppm. 

 

Figure 5.11. (a) UV-vis reflectance spectra of 2-PBF4s exposed to increasing concentrations of Py. Each spectrum 

was recorded in an independent experiment. (b) Mean ΔErgb values as a function of the concentration of Py vapors 

and related linear best fit in the range 100 – 1000 ppm (weight given by data error bars). The data points marked 

in red are not included in the linear fit. 
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These variations in the optical spectra are also associated with a progressive change in 

the color of the 2-PBF4s, visible to the naked eye, from pale-grey to violet (Figure 5.12a). 

The RGB color analysis of films before and after exposure to Py vapors in this concentration 

range (100–1000 ppm) was also performed using normalized rgb values (Figure 5.12b). The 

plot of ΔErgb as a function of Py vapor concentration shows a linear dynamic range up to 750 

ppm (Figure 5.12c), characterized by a very good linearity coefficient (R2 =0.9904), with an 

estimated LOD of 36 ppm.  

 

Figure 5.12. (a) Photographic images of 2-PBF4s before and after exposure to increasing concentrations of Py. 

(b) Mean rgb values of 2-PBF4s before and after exposure to Py vapors. (c) Mean ΔErgb values as a function of 

the concentration of Py vapors and the related linear best fit in the range 0 – 750 ppm (weight given by data error 

bars). The data point marked in red is not included in the linear fit. 

 

Interestingly, the results obtained from UV–vis reflectance spectra and RGB color 

analysis of 2-PBF4s exposed to Py vapors are consistent with each other, thus validating the 

RGB method. Furthermore, it turns out that RGB color analysis from 2-PBF4s is more 

sensitive in detecting Py vapors than from optical absorption changes, since RGB color 

analysis involves the overall spectral changes of films and not just the spectral changes at a 

specific wavelength. This further demonstrates the efficiency of the present RGB color 

analysis approach for sensing studies involving vapochromic materials. 

Furthermore, the improved sensitivity of 2-PBF4s towards Py vapors demonstrates that 

it is possible to modulate the sensitivity of the chemosensor and its linear response range by 

varying the amount of material deposited on the substrate. Thus, the combination of both 2-

PBF4s (linear dynamic range up to 750 ppm) and 2-PBF1s (linear dynamic range 750–5000 

ppm) allows the sensitive and selective detection of Py over a very broad vapor concentration 

range (from tens to thousands of ppm).  

Comparing these results with other optical chemosensors reported in the literature for 

the sensitive detection of Py vapors involving colorimetric responses,387,388 it emerges that, 

although 2-PBFs are not the most sensitive chemosensors developed for the quantitative 
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detection of Py, they possess key advantages such as: i) selective detection of Py vapors in a 

very wide concentration range; ii) very simple preparation procedure, especially compared 

with the optical fiber sensor developed by Elosua et al.388; iii) high portability combined with 

smartphone-assisted RGB color analysis, allowing on-site detection of Py vapors. 

These features constitute a unique example among the chemosensors reported in the 

literature for the detection of this substance. In fact, literature data on chemosensors based 

on optical,375,381,382,386,387,388 chemiresistive,369,370,379 or piezoelectric373,374 response for the 

quantitative detection of Py vapors (Table 5.3), require expensive and benchtop 

instrumentation, which affects their portability in real-world applications for on-site 

monitoring. Moreover, most of them possess a limited linear dynamic range369,373,374,387,388 or 

are not selective (Table 5.3).369,370,388   

 

Table 5.3. Comparison of the sensing performance and portability of various chemosensors for the quantitative 

detection of Py vapors. 

Type of sensor 
Detection 

method 

LOD 

(linear range) 

Selectivity 

Studies 
Portability Ref 

Metalated 

Phthalocyanine 
Chemiresistive 

0.0079 ppm 

(1 – 3 ppm)  
no Moderate 369 

Organic Compound Chemiresistive 
0.375 ppm 

(0.375 – 7500 ppm) 
no Moderate 370 

Hybrid polymeric 

material 
Chemiresistive 

not available 

(28 – 138 ppm) 
yes Moderate 379 

Metal-organic 

framework 
Piezoelectric 

1.603 ppm 

(5 – 50 ppm) 
yes Low 373 

Metal-organic 

framework 
Piezoelectric 

0.04 ppm 

(0.3 – 25 ppm) 
yes Low 374 

Hybrid polymeric 

material 
MZI waveguide 

0.476 ppm 

(0 – 400 ppm) 
yes Moderate 378 

Supramolecular 

organic framework 
Fluorescence 

5 ppm 

(not available) 
yes Moderate 375 

Conjugated Polymer Fluorescence 
33 ppm 

(not available) 
yes Moderate 381 

Copper(I)-cluster Fluorescence 
344 ppm 

(2000 – 12000 ppm) 
yes Moderate 382 

Metal 

Complex 
Fluorescence 

722 ppm 

(1000 – 10000 ppm) 
yes Moderate 386 

Metallo-porphyrin 
Colorimetric and 

fluorescence 

0.041 ppm 

(0 – 50 ppm) 
yes Moderate 387 

Metal 

Complex 
Optical fiber 

1 ppm 

(18 – 66 ppm) 
not available Moderate 388 

Complex 2 
RGB color 

analysis 

578 ppm 

(750 – 5000 ppm) 
yes High 

This 

work 

Complex 2 
RGB color 

analysis 

36 ppm 

(0 – 750 ppm) 
yes High 

This 

work 
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5.5.7.  Vapochromic Response of 2-PBFs to Other Volatile Heterocyclic 

Amines 

Further investigations on the optical response of 2-PBFs towards other volatile 

heterocyclic amines were also performed. In particular, the following compounds were 

chosen as representative compounds of three different classes of heterocyclic amines 

(reported in parentheses): i) piperidine and pyrrolidine (alicyclic amines); ii) pyrrole 

(heterocyclic aromatic amines); 2-methylpyridine or α-picoline, 4-methylpyridine or γ-

picoline, and 2,6-dimethylpyridine or α,α′-lutidine (pyridine derivatives). 

A different optical response of 2-PBF1s is obtained after exposure to 1000 ppm of each 

of these heterocyclic amines (Figure 5.13). In particular, no significant changes in the color 

of the films, and consequently in reflectance spectra, are observed after exposure to alicyclic 

amines and pyrrole (Figure 5.13a), thus they behave like the above involved VOCs, except 

Py and BA. On the other hand, for 4-methylpyridine, color and spectral changes similar to 

those of Py are observed, while some spectral reflectance changes are obtained in the cases 

of 2-methylpyridine and 2,6-dimethylpyridine, but they do not give rise to significant color 

changes (Figure 5.13b).  

Considering 2-PBF4s exposed to 300 ppm of the various heterocyclic amines, a similar 

optical response to that observed for 2-PBF1s after exposure to 1000 ppm of these substances 

is obtained (Figure A24). Therefore, 2-PBFs allow the selective detection of Py vapors, from 

the most common VOCs and other volatile heterocyclic amines, with the exception of 4-

methylpyridine.  

 

Figure 5.13. UV-vis reflectance spectra of 2-PBF1s before and after static exposure to a vapor concentration of 

1000 ppm of (a) alicyclic amines (piperidine, pyrrolidine) and heterocyclic aromatic amines (pyrrole), and (b) 

pyridine derivatives (-picoline, γ-picoline, ,-lutidine). (c) Photographic images of 2-PBF1s before and after 

exposure to a vapor concentration of 1000 ppm of the heterocyclic amines involved. 

 

The selectivity of 2-PBFs towards Py vapors with respect to the principal classes of N–

VOCs, with the exception of primary amines where a demetalation occurs,243 may be related 

to the Lewis basicity and the steric hindrance on the donor atom, as also illustrated for 
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complex 1 in Section 4.5.5. In fact, the sensing mechanism for the detection of Py vapors 

using 2-PBFs films can be related to the formation of stable 2⋅Py adducts, as previously 

demonstrated.243 Thus, the selective response of 2-PBFs can be explained on the basis of the 

less steric hindrance and the strong Lewis basicity of Py compared to that of sterically 

encumbered secondary and tertiary amines, including alicyclic amines.392 Furthermore, the 

steric hindrance on the donor atom caused by the presence of α-methyl(s) substituent(s) is 

responsible for the observed behavior towards the vapors of the pyridine derivatives involved 

in this study. On the other hand, O–VOCs exhibit a lower propensity to form stable adducts 

with films of 2 because of their lower Lewis basicity compared to N–VOCs.392 

5.6. Conclusion 
This chapter reports the development of a simple and effective approach for the sensitive 

and selective detection of Py vapors using a vapochromic Zn(salmal) complex, 2, deposited 

on paper substrates. The dip-coating technique was used for the fabrication of 2-PBFs, 

ensuring high optical homogeneity, as a key prerequisite for quantitative investigations. The 

modulation of the linear range of response and the sensitivity of 2-PBFs was achieved by 

acting on the concentration of THF solutions of 2, resulting in a different amount of material 

deposited on paper substrates. Also, the effect of RH and lighting exposure on the storage 

conditions of 2-PBFs were evaluated. 

The vapochromic properties of as-prepared 2-PBFs were investigated by exposure to 

saturated vapors of various N–VOCs and O–VOCs, resulting in a discriminative response 

towards Py and BA compared to all other VOCs involved in the study. Moreover, exposure 

of 2-PBFs to defined concentrations of Py and BA vapors results in peculiar naked-eye color 

changes, that allow the detection of Py vapors in a concentration range between 500 – 5000 

ppm, including the IDLH value for this substance established by the NIOSH, and the 

discriminative detection of BA at vapor concentrations ≥ 2000 ppm.  

Quantitative detection of Py vapors was achieved by smartphone-assisted RGB color 

analysis of 2-PBF1s before and after exposure. In particular, the normalization of the 

absolute RGB values into the corresponding rgb values, and finally the calculation of the 

ΔErgb allows an accurate quantitative detection of Py vapors. Instead, 2-PBF4s show an 

improved sensitivity towards Py vapors (linear range of response 0 – 750 ppm). Thus, the use 

of 2-PBFs prepared using concentrated and diluted solutions of 2 allows the sensitive and 

selective detection of Py over a very wide vapor concentration range (from tens to thousands 

of ppm). The vapochromic response of 2-PBFs in the presence of other volatile heterocyclic 

amines (1000 and 300 ppm) shows that they are still selective for Py vapors, with the 

exception of 4-methylpyridine. 

The results obtained from the RGB analysis are assessed in comparison with those 

obtained from the UV–vis reflectance spectra, being consistent with each other. Therefore, a 

proper smartphone-assisted RGB color analysis could represent a general approach for the 

detection of VOCs, using vapochromic materials deposited on films, without the need of 

sophisticated measurements or any complex instrumentation. These results also demonstrate 

that smartphone-assisted RGB color analysis using absolute RGB values can lead to 

unreliable and hardly repeatable results for sensing applications.  
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Overall, PBFs obtained from the vapochromic complex 2 represent a simple, reliable, 

portable, disposable, and cost-effective chemosensor that, combined with proper RGB color 

analysis readout, is useful for on-site detection of pyridine vapors in various industrial and 

environmental settings. 
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6.1. Introduction 

Organic semiconductors Organic semiconductors have been extensively exploited in last 

decades, resulting in significant advances in material design and device engineering in diverse 

fields, such as energy conversion, electronic applications, etc.393,394,395,396 They have some 

advantages over their inorganic counterparts, such as easy tuning of their frontier energy 

levels, structural properties, and low-cost fabrication processes (e.g., solution processing), etc. 

However, for some specific applications, such as photovoltaics, the charge 

separation/storage process induced by external stimuli (e.g., light) is less efficient in organic 

semiconductors than in inorganic semiconductors, due to their lower dielectric constant. 

This results in coulombically bound electron–hole pairs, as opposite to the formation of free 

charges observed in inorganic semiconductors. In general, the electrical properties and 

charge separation performance of semiconductor heterostructures are better than those of 

single semiconductor materials, due to a synergistic effect. Therefore, the fabrication of 

heterojunctions based on  organic semiconductors has attracted great attention, especially 

for gas sensing devices (Section 2.3), thanks to the advantages over their inorganic 

counterparts, such as simpler preparation methods, integration on flexible materials, and low 

operating temperature.393,397 

Heterostructures consist of two or more types of materials which are physically or 

chemically bonded together, exhibiting a distinct junction interface. The electrical properties 

of the heterojunction depend on several factors. First, the effective separation of charges and 

the formation of a built-in electric field at the interface depend on the contact and the nature 

(conductor or semiconductor) of the materials involved in the heterojunction.132 Then, the 

energy levels of the involved materials play a relevant role in the effective charge transport 

of the electrons and holes,398,399 and the supramolecular organization at the interface, 

especially the molecular orientation, can significantly influence the light absorption and 

charge transport in the device.400 Other factors such as semiconductivity (n- or p-type), Fermi 

level, and work function can affect the in-built electric field and potential barriers at the 

heterojunction interface. 

The formation of organic-organic heterostructures poses additional challenges 

compared to their inorganic counterparts, related to compositional homogeneity and the 

architecture of the heterostructure.401 These problems are associated with the additional 

degrees of freedom of organic molecules, related to their molecular structure and spatial 

orientation. Furthermore, the architecture of the heterojunction has an impact on the optical 

and electronic properties. In fact, in organic heterojunction devices, the combination of two 

or more organic materials can lead to the formation of different heterojunction architectures, 

e.g., planar heterojunctions (PHJs) or bulk heterojunctions (BHJs).401,402 In these systems the 

charge transport and related conductivity are highly dependent on the interface 

architecture.403,404 Therefore, the modulation of these properties makes them suitable systems 

for many applications, such as photovoltaics,405 organic transistors,406 lasers,407 light emitting 

diodes,408 gas sensors,409 optoelectronic devices,410 photocatalysis,411 energy storage 

systems,412 etc. The most common organic semiconductor materials used for the preparation 

of heterojunction devices are MOFs,413 π-conjugated polymers,414 BODIPY,415 porphyrins,416 

metalated phthalocyanines,417 fullerene,418 small molecules,419 etc. Among these, metalated 
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phthalocyanines have recently been investigated as suitable organic layers for the preparation 

of bilayer heterojunction devices with interesting electrical properties useful for gas 

sensing.144 

6.2. Phthalocyanines 

Phthalocyanines are a class of organic compounds characterized by the combination of 

four isoindole units to form a planar macrocycle. According to Huckel's aromaticity theory, 

these compounds possess aromatic behavior due to their 18 delocalized π electrons 

throughout the planar structure. Phthalocyanines are closely related to porphyrins 

considering their chemical and electronic structures (Figure 6.1), and possess high thermal 

and chemical stability. 

The synthesis for the simplest phthalocyanine (H2Pc) consists in the 

cyclotetramerization reaction of phthalodinitrile in the presence of lithium, using pentanol 

as solvent.420,421 Also, starting from phthalodinitriles with side groups, substituted 

phthalocyanines can be easily obtained with the same procedure. This class of compounds is 

characterized by interesting optical properties. Optical absorption spectra of phthalocyanines 

in neutral or basic solutions show two characteristic bands, Soret (or B-band) and Q-bands, 

centered at ca. 300 and 650 nm, respectively. The presence of these bands is related to π – π* 

transitions between HOMO and LUMO levels. 

 

Figure 6.1. Chemical structures of simplest metal free porphyrin and phthalocyanine. 

  

The chemical properties of phthalocyanines are easily tunable by introduction of 

different substituents in 4 and 5 positions of the external aromatic rings.422,423 For example, 

long carbon chains lead to the formation of liquid crystals and increased solubility in organic 

solvents (e.g., dichloromethane), while the introduction of sulfonic groups can increase their 

solubility in water. In addition, many other functional groups and specific synthetic strategies 

are used for the functionalization of peripheral benzene rings. On the other hand, the 

electrical properties of these compounds are modulated by the degree of oxidation or the 

formation of metal complexes.424 

Phthalocyanines find applications in dye-sensitized solar cells,425 light emitting diodes,426 

non-linear optics,427 organic thin-film transistors,428 batteries and supercapacitors,429 

heterojunction devices,144 etc. Thanks to the presence of several nitrogen atoms in the central 

cavity of the molecule, phthalocyanines can act as chelating agents and lead to the formation 
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of metalated compounds.430 In particular, four coordinative bonds are formed with trivalent 

or tetravalent metal ions. Depending on the ionic radius of the metal ion, metalated mono- 

(MPcLn, n = 1 or 2) or bis-phthalocyanine (MPc2) can be synthesized (Figure 6.2). In 

particular, for transition metals, square planar metal complexes are obtained, with the 

presence of axial ligands in the case of tri- and tetravalent cations, while for lanthanides and 

actinides the formation of bis-phthalocyanine is preferential. 

 

Figure 6.2. Chemical structures of mono- and bis-phthalocyanines. 

 

For example, in the case of lutetium, the Lu3+ cation is larger than the cavity of a Pc 

macrocycle, thus a square-base antiprism bis-phthalocyanine is obtained, in which the 

trivalent cation is at the center of the antiprism and forms four bonds with four nitrogen 

atoms for each macrocycle. Although the formation of bis-phthalocyanines is preferential for 

lanthanide ions, it is also possible to obtain mono-phthalocyanines by reducing the reaction 

time or increasing the amount of metal salt in the reaction mixture. Among the wide range 

of phthalocyanine derivatives, metalated radical phthalocyanines (e.g., LuPc2) are widely 

studied thanks to their very interesting electrical properties. 

6.3. Properties of Lutetium bis-phthalocyanine  

Lutetium bis-phthalocyanine (LuPc2) (Figure 6.3) is known as the first intrinsic 

semiconductor,431,432 and it is characterized by interesting optical and electrical properties, 

both in solution and in solid state.433 

 

Figure 6.3. Chemical structure of lutetium bis-phthalocyanine. 

 

Both the UV-vis absorption spectra of LuPc2 solutions and the evaporated films show 

the presence of the typical Soret and Q-bands of phthalocyanines, with the addition of other 

bands centered at 460, 910, and 1380 nm. Even more interestingly, a broad band around 
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2050 nm is observed, related to an intermolecular charge transfer process, corresponding to 

the initial creation of charge carriers in LuPc2 thin films (eq. 6.1). An evident shift of this 

band to ca. 2450 nm is observed by thermal treatment at 250 °C, with a significant increase 

in the extinction coefficient, also accompanied by an increase in the conductivity of the 

material.433 This behavior derives from the formation of charged molecules under external 

stimulus and can be also observed under an applied bias. In the latter case, the migration of 

the charge carriers in the material is responsible for the high conductivity of LuPc2 thin films.  

 

Comparing the electrical properties of metal free and metalated phthalocyanines with 

that of LuPc2, a completely different conductivity is observed. In particular, metal free and 

some metalated phthalocyanines (MPc, M = Zn, Cu, etc.) possess a very low concentration 

of charge carriers (1 × 104 carriers/cm3) due by their high redox potential (around 2.0 eV) 

and they are therefore mainly classified as insulators. On the other hand, LuPc2 and other 

radical phthalocyanines possess high current densities (5 × 1016 carriers/cm3) thanks to their 

low redox potential (ca. 0.5 eV). In the latter case, the low redox potential is due by an 

electronic charge transfer between a Semi-Occupied Molecular Orbital (SOMO) of one 

molecule to the same level of another molecule.434 Clearly, the energy needed for this process 

is lower than in the case of charge transfer between the HOMO and LUMO levels for metal 

free and metalated phthalocyanines. Obviously, doping processes or the presence of 

structural defects in the molecular structure can lead to dramatic changes in the conductivity 

of these materials.     

In solid state, LuPc2 molecules are characterized by the presence of weak intermolecular 

interactions, such as van der Waals forces. From XRD measurements of single crystals of 

LuPc2 emerges that different crystalline structures can be observed.434 Among them, the γ-

form is the more stable and is characterized by an orthorhombic phase where the planes 

corresponding to the two macrocycles are parallel and rotated of 41°. Also, each molecule 

interacts with other four molecules by π – π interactions (intermolecular distances of 3.2 – 

3.4 Å).  

LuPc2 has been widely investigated by Bouvet et al. as top layer in PHJs, as an emerging 

type of architecture for the development of gas sensors.435,436 Very interesting results have 

recently be obtained for the sensitive detection of NH3,437,438,439,440,441,442,443,444 and some of these 

heterostructures have also shown an ambipolar behavior in the presence of external stimuli, 

such as visible and UV light illumination.445,446,447,448,449,450 

6.4. Aim of the Study 

This chapter describes the development of molecular material-based conductometric 

sensors for the sensitive detection of NH3. To this end, the low-conductive complex 1 was 

used for the preparation of films on indium thin oxide interdigitated electrodes (ITO-IDE) in 

combination with a highly conductive material, such as LuPc2. In particular, successive 

depositions and a solution processing approach were used to prepare 1/LuPc2 bilayer films 

and 1:LuPc2 mixed films, respectively.  
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Morphological, optical and electrical properties of these films were studied before and 

after thermal annealing. Bilayer and mixed films, characterized by a different architecture of 

the heterojunction, exhibit distinct optical and electrical properties, which in turn are very 

different from those of the individual materials. The effect of the different mass ratio of the 

two complexes in 1:LuPc2 mixed films on their properties was also considered. 

The potential application of these heterojunctions as gas sensors was investigated by 

dynamic exposure to different NH3 concentrations in the range of 10 to 90 ppm. Higher 

detection performance is observed for mixed films compared to bilayers. 

 This research activity, within the PhD program, was carried out at the “Institut de 

Chimie Moléculaire de l'Université de Bourgogne” (Dijon, France).   

6.5. Results 

6.5.1. 1/LuPc2 Bilayers 

Bilayers composed of complex 1 and LuPc2 (1/LuPc2) were obtained in two different 

steps: i) deposition of the sub-layer of 1 by drop-casting a THF solution of the complex (3.0 

mg/mL) onto ITO-IDEs substrates; ii) deposition of the high-conductive LuPc2 top layer by 

thermal evaporation of solid LuPc2 under secondary vacuum (Section 3.3.3). As mentioned 

in previous chapters (Section 4.3), complex 1 possesses an interesting thermochromic 

behavior.240 In particular, it consists of a thermal-induced phase transition, from a lamellar 

(H-aggregates) to a hexagonal columnar structure (J-aggregates), which occurs at ca. 140 °C. 

A different arrangement of each molecular unit within the assembled structure, from H- to 

J-type aggregates, leads to the formation of a new absorption band at longer wavelengths 

(565 nm).240 Therefore, annealed 1/LuPc2 bilayers were obtained by thermal treatment of as-

prepared bilayers at 140 °C. Morphological, optical, and electrical properties of both as-

prepared and annealed bilayers are reported in the following sections. 

6.5.1.1. Morphological investigation 
Morphological characterization of the top layer of the as-prepared and annealed 

1/LuPc2 bilayers was performed by AFM measurements. 3D and 2D AFM images of as-

prepared bilayers show a uniformly rough surface (Figure 6.4a and Figure 6.4b) with an 

estimated root mean square (RMS) roughness of ca. 30 nm. The height profile, measured 

across the blue line marked on the corresponding 2D AFM image, shows an average height 

of 60 nm (Figure 6.4c). Slight morphological changes are observed in the 3D and 2D AFM 

images of annealed bilayers (Figure 6.4d and Figure 6.4e).  
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Figure 6.4. 3D (a, d) and 2D (b, e) AFM images of as-prepared (top) and annealed (bottom) 1/LuPc2 bilayers 

on ITO-IDEs. Height profiles of the as-prepared (c) and annealed (f) bilayers measured across the blue line 

marked on the corresponding 2D AFM images. The scan area in all images is 100 µm2. 

6.5.1.2. Optical characterization 
The optical properties of as-prepared and annealed 1/LuPc2 bilayers were investigated 

by UV-vis absorption and Raman spectra. Starting from as-prepared bilayers, its optical 

spectrum shows a strong absorption band centered at 342 nm, two broad bands centered 

about 440 nm and 570 nm, and a sharp absorption band centered at 670 nm (Figure 6.5a). A 

small red shift of the band at 342 nm and higher absorption intensity of the bands centered 

at 440 nm and 575 nm are observed after annealing (Figure 6.5b). Comparing these results 

with the optical absorption spectra recorded from films of the two starting materials, the 

absorption bands observed in the region 400 – 600 nm are mainly related to complex 1,240 

while the absorption band at longer wavelength corresponds to the Q-band of LuPc2.246 

Therefore, the recorded optical spectra of the as-prepared and annealed bilayers are found to 

be the convolution of the spectra of the starting materials of complex 1 and LuPc2.  

 

Figure 6.5. UV-vis absorption spectra of as-prepared (a) and annealed (b) 1/LuPc2 bilayers. The optical 

absorption spectra of the films of complex 1 and LuPc2 are reported for comparison. 
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 Raman spectroscopy measurements of 1/LuPc2 bilayers, at variable laser power, were 

also performed. The Raman spectrum of the as-prepared bilayers, recorded using a laser 

power of 0.12 mW, shows several peaks in the range between 500 and 1750 cm-1 (Figure 

6.6a), mainly related with that of the LuPc2 complex. In fact, the Raman spectrum of LuPc2 

films is mainly composed of peaks associated with the Pc ring breathing (673 cm-1), C–H 

bending (1175 cm-1), iso-indole stretching (1408 cm-1), C=C pyrrole stretching (1511 cm-1), 

and aromatic C=C stretching (1600 cm-1).451 On the other hand, the appearance of new peaks 

in a wider wavenumber range (500 – 2250 cm-1) is observed using higher laser power (6.0 

mW) (Figure 6.6b). These peaks are mostly related with those of complex 1, reflecting the 

composition of the lower layer. Thus, several peaks associated with aromatic C–O stretching 

(1181 cm-1), C–N stretching (1374 cm-1), aromatic C=C stretching (1516 and 1553 cm-1), C=N 

stretching (1618 cm-1) and C≡N stretching (2217 cm-1) can be assigned.452 

 

Figure 6.6. Raman spectra of the as-prepared 1/LuPc2 bilayers recorded using a laser power of 0.12 mW (a) and 

6.0 mW (b). The Raman spectra of the films of complex 1 and LuPc2 are reported for comparison. 

 

In the case of annealed 1/LuPc2 bilayers, the recorded Raman spectra are quite similar 

to those observed before annealing (Figure A25). 

6.5.1.3. Electrical properties  
I – V characteristics of 1/LuPc2 bilayers before and after annealing were collected in a 

range of applied voltage from -10 to +10 V (Figure 6.7a). A symmetric non-linear curve is 

observed for as-prepared bilayer films. The estimated apparent energy barrier (Uth), derived 

from the tangent to the I – V curve at the higher applied bias and its successive extrapolation 

on the x-axis, returns a value of 2.91 V.  After annealing, an increase of the conductivity of 

1/LuPc2 bilayers is obtained and the non-linear curve that characterized as-prepared films 

becomes almost linear. Very interestingly, the extrapolated Uth of the annealed bilayers (1.45 

V) results lower compared to that of as-prepared bilayers. 

Impedance spectroscopy measurements were performed on both as-prepared and 

annealed 1/LuPc2 bilayers in a wide range of frequencies (100 Hz – 10 MHz) under a 

constant AC bias (100 mV). For as-prepared bilayer films, two distinct semicircles having 

different amplitudes are observed in the corresponding Nyquist plots (Figure 6.7b). In 

particular, the high frequency semicircle is very small compared to that at low frequency. A 

decrease in the amplitude of the low frequency semicircle is observed by increasing the DC 

voltage up to 10 V, while the amplitude of the high frequency semicircle remains unchanged 
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(inset Figure 6.7b). In the case of annealed bilayers, similar results are observed in Nyquist 

plots (Figure 6.7c), but the low frequency semicircles result smaller compared to those of the 

as-prepared bilayers. A very good fitting of the experimental data in both Nyquist plots is 

obtained by considering an equivalent circuit containing two-component Ri-CPEi elements 

connected in series (Figure 6.7d). 

 

Figure 6.7. (a) I – V characteristics of as-prepared and annealed 1/LuPc2 bilayers. Nyquist plots of as-prepared 

(b) and annealed (c) bilayer films. Insets: zoom at the high frequency semicircles. The impedance response for 

each film recorded at different DC voltage and fitted using the reported equivalent circuit (d). 

6.5.1.4. Ammonia exposure experiments 
Exposure experiments to 90 ppm of ammonia (NH3) at a constant RH value (45%) were 

performed on 1/LuPc2 bilayer films. For the prepared bilayers, a continuous decrease in 

current intensity is observed under exposure to NH3 (10 min) and a partial recovery of the 

initial current intensity under synthetic air (30 min) (Figure 6.8a). The mean difference in 

current intensity after and before exposure to NH3 is of ca. -7.67 × 10-9 A with a relative 

response (RR, see eq. 3.9) of -4.12%.  

An analogous response (decrease in current intensity) is observed for the annealed 

1/LuPc2 bilayers after exposure to NH3 (Figure 6.8b). In this case, a larger variation of the 

current intensity (-2.33 × 10-8 A) and a higher RR value (-8.01%) are obtained compared to 

as-prepared bilayers. In both as-prepared and annealed 1/LuPc2 films, a gradual baseline drift 

is observed during each desorption cycle, probably due by the incomplete desorption of NH3. 

Exposure to different NH3 concentrations (10 – 90 ppm, steps of 20 ppm) were also 

performed on as-prepared and annealed 1/LuPc2 bilayers (Figure A26). For these 

measurements, an exposure time of 1 min and a desorption time of 4 min were considered. 

Under these conditions, a continuous decrease in current is observed for all the investigated 

concentrations, with a larger current variation in the case of annealed bilayers. Again, a 

gradual shift of the baseline is observed. 
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Figure 6.8. Current response to subsequent NH3 exposure (90 ppm, 4 cycles) of as-prepared (a) and annealed (b) 

1/LuPc2 bilayers. Exposure experiments were performed with exposure and recovery times of 10 and 30 min, 

respectively.  

6.5.2. 1:LuPc2 Mixed Films  

The solution-processing approach was used for the preparation of mixed films (Section 

3.3.4). In particular, mixed THF solutions with different mass concentration ratios (1:2, 1:1, 

and 2:1 of 1:LuPc2, respectively) were used for their preparation. As-prepared films were 

obtained after complete evaporation of the solvent from the mixed solutions (100 µL) cast 

onto ITO-IDEs substrates. Again, a thermal treatment at 140 °C was performed on as-

prepared films, obtaining annealed films. Morphological, optical, and electrical 

characterizations, like those performed on bilayers, were also performed for mixed films. 

6.5.2.1. Morphological investigation 

Surface morphological investigations on as-prepared and annealed 1:LuPc2 mixed films 

were performed by AFM measurements. A uniform surface with the presence of pillar-like 

structures can be observed in 3D and 2D AFM images of as-prepared 1:2 mixed films (Figure 

6.9a and Figure 6.9b). For these films, an RMS roughness value of ~35 nm was obtained. 

The height profile, measured across the blue line marked on the corresponding 2D AFM 

images, indicates an average height of ~120 nm (Figure 6.9c). On the other hand, an increase 

in the width and height of the pillars is observed in the 3D and 2D AFM images of mixed 

films after annealing (Figure 6.9d and Figure 6.9e). Indeed, an RMS roughness of ~60 nm is 

obtained, and an increased average height (~190 nm) is evident from the height profile of the 

annealed mixed films (Figure 6.9f) compared to the as-prepared films. 

An alveolar uniform morphology is observed for the as-prepared 1:1 mixed films (Figure 

A27). A rough surface with numerous holes can be observed from its 3D image, and an 

average hole diameter of approximately 1.0 µm is estimated from the 2D image, with an 

RMS roughness of ~30 nm. An increase in the diameter of holes (1.5 µm) is observed in both 

3D and 2D images of annealed 1:1 mixed films, and an estimated RMS roughness of ca. 35 

nm is obtained. The as-prepared and annealed 2:1 mixed films are characterized by a similar 

surface morphology to that of the 1:1 mixed films (Figure A28), with similar hole sizes and 

a higher RMS roughness (~60 nm). 
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Figure 6.9. 3D (a, d) and 2D (b, e) AFM images of as-prepared (top) and annealed (bottom) 1:2 mixed films on 

ITO-IDEs. Height profiles of the as-prepared (c) and annealed (f) 1:2 mixed films measured across the blue lines 

marked on the corresponding 2D AFM images. The scan area in all images is 100 µm2. 

6.5.2.2. Optical characterization 

The UV-vis optical absorption spectrum of the as-prepared 1:2 mixed films is 

characterized by a band envelope in the region between 300 – 400 nm, a broad band centered 

at 442 nm, and a sharp absorption band at longer wavelength, centered at 670 nm (Figure 

6.10a). After annealing, a hypochromism between 300 and 400 nm, with the appearance of 

a broad band centered at ca. 575 nm, and a red shift of the band at longer wavelengths (ca. 

13 nm) are observed (Figure 6.10b). Analogous results are obtained for 1:1 and 2:1 mixed 

films before and after annealing (Figure A29). 

 

Figure 6.10. UV-vis absorption spectra of as-prepared (a) and annealed (b) 1:2 mixed films. The optical 

absorption spectra of complex 1 and LuPc2 films are reported for comparison. 

 

The optical microscope image of the as-prepared 1:2 mixed films (Figure 6.11a), 

acquired at 50 magnification, shows a uniform surface morphology with the presence of 
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small round dark spots. Raman spectra of these films were recorded on two different points 

on the surface, using a laser power of 0.12mW. In particular, spectra recorded on the round 

dark spots show several peaks in the range between 500 and 1750 cm-1, almost entirely 

associated with those of the Raman spectrum of the LuPc2 films (Figure 6.11b). Instead, 

Raman spectra recorded in the other areas, different than the round dark spots, are mostly 

related to the Raman spectrum of films of 1 (Figure 6.11c). Very similar Raman spectra are 

observed for 1:2 mixed films after thermal annealing (Figure A30).  

Comparable Raman spectra were also achieved for 1:1 and 2:1 mixed films.  

 

Figure 6.11. (a) Optical microscope image of the surface of as-prepared 1:2 mixed film. (b, c) Raman spectra 

(laser power of 0.12 mW) from two different spots of the as-prepared 1:2 mixed film (spectra (1) and (2) are from 

circles 1 and 2 in Figure 6.11a). The Raman spectra of complex 1 and LuPc2 films are reported for comparison. 

6.5.2.3. Electrical properties  

The I – V characteristic of the as-prepared 1:2 mixed films shows a symmetric non-linear 

behavior of the current upon the applied voltage in a range between -10 to +10 V (Figure 

6.12a), with an extrapolated Uth value of 6.32 V. The current intensity at 10 V is ca. ten times 

higher than that of the as-prepared 1/LuPc2 bilayers. After annealing, a higher conductivity 

and a similar trend of the I – V curve are observed. In this case, a lower Uth value than that 

of the as-prepared films is extrapolated (6.12 V). Symmetric non-linear curves are also 

obtained for the as-prepared and annealed 1:1 and 2:1 mixed films (Figure A31). Again, a 

higher conductivity is observed for the annealed films in all cases. 

Impedance spectroscopy measurements of as-prepared 1:2 mixed films were performed 

under the same experimental conditions described for bilayers. The presence of one full 

semicircle is observed for the as-prepared films (Figure 6.12b). In the Nyquist plots, a high 

decrease in the amplitude of the semicircle is observed by increasing the DC bias up to 10 V.   
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Figure 6.12. (a) I – V characteristics of as-prepared and annealed 1:2 mixed films. Nyquist plots of as-prepared 

(b) and annealed (c) 1:2 mixed films. The impedance response for each film was recorded at different DC voltage 

and fitted using the reported equivalent circuit (d). 

 

Even for the 1:2 annealed mixed films only a semicircle is observed (Figure 6.12c). 

According to the higher conductivity of the annealed films, a lower amplitude of the 

semicircle under the same applied DC bias is obtained for mixed films after annealing. 

Similar results are obtained for 1:1 mixed films (Figure A32), while the very low conductivity 

of 2:1 mixed films prevents the formation of any semicircle (Figure A33). For all the mixed 

films involved, the resulting impedance signal is adequately described by an equivalent 

circuit composed of one-component R-CPE element (Figure 6.12d). 
 

6.5.2.4. Ammonia exposure experiments 
Exposure experiments to gaseous NH3 were performed only on 1:2 mixed films because 

of their higher conductivity compared to that of 1:1 and 2:1 films. 

Upon exposure to 90 ppm of NH3, a significant decrease in the current is observed for 

the as-prepared mixed films, with a rapid and almost complete restoration of the initial 

current under synthetic air (Figure 6.13a). A mean difference in current intensity after and 

before NH3 exposure of ca. -6.81 × 10-7 A, and also a RR value of -39.9% are calculated. On 

the other hand, an increase in the recorded current is observed for the annealed 1:2 mixed 

films after exposure to NH3 (Figure 6.13b), characterized by an almost complete restoration 

of the initial current under synthetic air, at least starting from the third exposure/desorption 

cycle. In this case, a mean current variation of +13.3 × 10-7 A and a RR value of +133.9% 

are obtained. 
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Figure 6.13. Current response to subsequent NH3 exposure (90 ppm, 4 cycles) of as-prepared (a) and annealed 

(b) 1:2 mixed films. Exposure experiments were conducted considering an exposure and recovery time of 10 and 

30 min, respectively. 

 

Exposure to different NH3 concentrations were also performed for 1:2 mixed films 

(Figure A34). Considering the same exposure conditions used for bilayers, relevant changes 

in the current intensity are observed both in as-prepared and annealed 1:LuPc2 mixed films 

for all the investigated concentrations (10 – 90 ppm, steps of 20 ppm). Analogously to the 

exposure to 90 ppm NH3, a significant decrease in current is observed for the as-prepared 

films, while an increase in current is obtained for the annealed films. A slight increase of the 

baseline is observed for both as-prepared and annealed mixed films. 

6.6. Discussion 

The morphological, optical and electrical properties of as-prepared and annealed 

1/LuPc2 bilayer and 1:LuPc2 mixed films were investigated and compared, with the aim of 

probing the architecture of the related heterojunctions and developing simple and low-cost 

conductometric gas sensors. For the preparation of bilayers, drop-casting of 1 was used, 

followed by thermal evaporation of LuPc2 under secondary vacuum, while for the mixed 

1:LuPc2 films, the solution processing approach was used, using mixed THF solutions. In 

both cases, a very good surface coverage of the ITO-IDEs substrates was observed, resulting 

in the formation of films with high uniformity.  

Starting from morphological investigations, a completely different surface topography 

is observed from the comparison of bilayers with mixed films, as expected. In particular, a 

uniform rough surface of the LuPc2 top layer is observed from 3D and 2D AFM images of 

as-prepared and annealed 1/LuPc2 bilayers. On the other hand, as-prepared and annealed 

1:2 mixed films are characterized by the growth of pillar-like structures, with higher height 

and width of the pillars in the latter case. Comparing 1:1 and 2:1 mixed films with 1:2 mixed 

films, increasing the 1:LuPc2 mass ratio in the films leads to the formation of an alveolar 

network. 

Raman spectroscopy measurements of the as-prepared bilayers, recorded using a laser 

power of 0.12 mW, show several peaks in the range between 500 and 1750 cm-1, all of which 

can be associated with those of LuPc2 films, consistent with the composition of the top layer 
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in the bilayers. Instead, Raman spectra recorded using a higher laser power (6.0 mW) can be 

mainly associated with those of films of 1, thus reflecting the composition of the lower layer. 

In the case of 1:2 mixed films, surface optical microscope images and Raman spectra, the 

latter compared with those of the pure complex 1 and LuPc2 films, provided information on 

their composition. The optical microscope images of as-prepared and annealed 1:2 mixed 

films show a uniform surface morphology with the presence of small round dark spots. The 

Raman spectra recorded in these spots can be almost entirely associated with those of the 

Raman spectrum of LuPc2 films, while those recorded in the other areas, different than the 

round dark spots, are mostly related to the Raman spectrum of films of 1. Therefore, optical 

microscope images and Raman spectra of as-prepared and annealed 1:2 mixed films suggest 

the segregation of LuPc2 in small domains (ca. 0.5 µm) dispersed into a matrix of 1, also 

related with the pillar-like structures observed in the corresponding AFM morphological 

images (Scheme 6.1b). Consequently, the Raman spectra of annealed 1:2 mixed films 

appears very similar to those of the as-prepared mixed films, since annealing only leads to an 

increase in the height and width of the pillars, i.e., of LuPc2 domains. Bilayer and 1:2 mixed 

films are sketched in Scheme 6.1. 

 

Scheme 6.1. Schematic view of the structure of bilayer (a) and 1:2 mixed films (b).  

 

From optical absorption measurements, some interesting differences can be observed 

between as-prepared and annealed bilayers and mixed films. UV-vis absorption spectra of 

bilayer films appear quite similar before and after annealing, except for the different 

absorbance of the band centered at 575 nm, associated with J-type aggregates in complex 1 

after the phase-transition.240 However, it seems that in the case of the as-prepared 1/LuPc2 

bilayers the presence of the broad band at ca. 570 nm could be due to a partial phase-transition 

occurred under vacuum during the evaporation of LuPc2. In fact, from a comparison between 

absorption spectra of bilayers with those of the starting materials, all the observed bands in 

the region between 300 – 600 nm can be mainly related to complex 1, except for the longer 

wavelength peak related to the Q-band of LuPc2. Analogously to bilayers, all the bands 

observed in UV-vis absorption spectra of as-prepared and annealed mixed films can be 

associated with the two starting materials. More interestingly, in addition to the appearance 

of band centered at 575 nm associated with the J-type aggregates in 1, a red shift of the Q-

band of LuPc2 (from 670 to 683 nm) is observed after annealing for all the mixed films, 

independently of the amount of the two materials in the film. These two main features 

indicate a significant reorganization of the molecular materials in mixed films during the 

annealing process. Therefore, it can be hypothesized that the phase transition of 1 induces 

an increase of intermolecular - interactions in LuPc2 domains, with a consequent red-shift 

of the Q-band. 
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The investigation on the electrical properties of bilayers and mixed films were initially 

performed by I – V measurements. A symmetric non-linear I – V curve in a range of applied 

bias from -10 V to +10 V is observed for all as-prepared 1/LuPc2 bilayer and 1:LuPc2 mixed 

films. The same I – V curve shape characterizes all the investigated bilayer and mixed films 

after thermal annealing, but a decrease in the extrapolated Uth values is observed with a 

consequent increase in their conductivity. Note that, the non-linear behavior of the I – V 

curves can be related to the different work functions of the starting materials involved, 

although the I – V curves of both pure materials are characterized by a linear trend. In 

particular, I – V curves of complex 1 and LuPc2 pure materials are characterized by 

completely different conductivity compared to bilayers, complex 1 is highly resistive in both 

as-prepared and annealed films (Figure A35), while LuPc2 films possess higher conductivity 

(Figure A36). This difference in their electrical conductivity can be related to a different 

energy gap. In fact, higher energy gap values are obtained from Tauc plots for as-prepared 

and annealed films of complex 1 (2.55 eV and 2.04 eV, respectively) (Figure A37) compared 

to that of LuPc2 (0.5 eV), as previously determined by photoemission spectroscopy and 

electrochemistry.453 The decrease in the energy gap of 1 on passing from as-prepared to 

annealed films can also explain the increased conductivity of bilayer and mixed films after 

thermal annealing. Another interesting point is that from the I – V characteristics it is evident 

that the conductivity of the mixed films can be easily tuned by changing the 1:LuPc2 mass 

ratio in the film (Figure A38), and a change in the Uth values is observed by varying the LuPc2 

content in the films, from 4.11 V to 6.32 V when switching from 2:1 to 1:2 as-prepared films, 

and the same trend is observed for the annealed films, with smaller values (from 3.60 V to 

6.12 V, respectively). The higher Uth values for mixed films compared to bilayers can be 

attributed to the different morphology of the films. In fact, on the basis of AFM and Raman 

measurements, 1:LuPc2 mixed films can be considered as a series of conductometric LuPc2 

domains dispersed into the low conducting matrix of 1 (see, morphological and optical 

analysis), resulting in a series of interfaces from one electrode to the other. However, this low 

conducting matrix is more conductive than a layer of pure complex 1 because it may contain 

small amounts of LuPc2. 

Further studies on the electrical properties of bilayer and mixed films were performed 

by impedance spectroscopy measurements in a range of frequencies from 100 Hz to 10 MHz, 

and at a constant AC bias (100 mV). As expected, two semicircles having different 

amplitudes are observed in Nyquist plots of as-prepared bilayers. The high and low frequency 

semicircles can be attributed to bulk and interfaces, respectively.445 A decrease of the 

amplitude of the low frequency semicircle is observed by increasing the DC voltage from 0 

up to 10 V, consistent with an increase of the interfacial charge transport, suggesting the 

presence of a sharp interface, as in PHJs. On the other hand, the Nyquist plots of the as-

prepared 1:2 mixed film show the presence of only one full semicircle, suggesting a 

microscopic structure formed by a series of interfaces between 1 and LuPc2 aggregates, 

consistent with the above description, as in BHJs.454,455 A decrease in the amplitude of the 

low frequency semicircle for bilayers and for the full semicircle in the case of 1:2 and 1:1 

mixed films is observed on passing from as-prepared to annealed films, in agreement with 

the increase in the conductivity shown in the corresponding I – V characteristics. The 

impedance signals obtained for bilayer and mixed films were fitted using the ZView software 
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(Scribner Associates Inc.),456 considering equivalent circuits composed of resistances (R) and 

constant phase elements (CPEs) connected in parallel. The simplest circuit formed by a one-

component R-CPE element (Figure 6.12d) is known as the Randles circuit. The total 

impedance Z(ω) of this circuit is calculated using the following formula:457,458,459 

                                            𝑍(𝜔) =  
𝑅

1+(𝑗𝜔)𝛼𝑅𝑄
                                             (6.2) 

where R is the charge-transfer resistance, j is the imaginary unit, ω is the frequency, Q and α 

are CPE parameters.    

The simple Randles circuit can be extended to describe multiple semicircles observed in 

Nyquist plots by combining multiple Randles circuits in series. For example, in the case of a 

circuit composed by two-component Ri-CPEi elements (Figure 6.7d), the previous equation 

(eq. 6.2) for the calculation of Z(ω) becomes: 

                             𝑍(𝜔) =  
𝑅1

1+(𝑗𝜔)𝛼1𝑅1𝑄1
+

𝑅2

1+(𝑗𝜔)𝛼2𝑅2𝑄2
                          (6.3) 

where R1 and R2 are the charge-transfer resistances related to the bulk and interfaces, 

respectively, j is the imaginary unit, ω is the frequency, and Q1, Q2, α1, and α2 are CPE 

parameters related to the bulk and interfaces, respectively. 

Therefore, charge transport parameters such as R, α, and Q of as-prepared and annealed 

1:2 mixed films and bilayers were determined using the ZView software from eq. 6.2 and eq. 

6.3, respectively (Figure A39 and Figure A40). A constant value of R1 and an exponential 

decay of R2 are shown under an increasing DC bias for the as-prepared and annealed bilayers. 

A similar trend, but with a ten times lower resistance values, are obtained for the as-prepared 

and annealed 1:2 mixed films compared to bilayer films. Furthermore, very similar values of 

α (between 0.92 and 0.98) are obtained for the as-prepared and annealed bilayer and mixed 

films, and comparable Q values are observed for mixed films with Q1 values in bilayers.  

The sensing performance of bilayers and 1:2 mixed films, before and after annealing, in 

the presence of pollutant gases was explored to evaluate their potential application as 

conductometric gas sensors. In particular, it was tested at specific concentrations of NH3 (in 

the range 10 – 90 ppm), chosen as reference substance, and at a constant RH value (45%), 

and then compared with the sensing performances of the starting materials. 

Comparing the electrical response of as-prepared bilayer and 1:2 mixed films after 

exposure to 90 ppm of NH3 for 10 min, a decrease in current is observed in both cases. For 

as-prepared bilayer films, an RR almost identical to that of the pure LuPc2 films is obtained 

(-4.12% vs. -4.74%), while a tenfold higher RR characterizes the 1:2 mixed films (-39.9%). 

On the other hand, a similar response is observed for the annealed bilayers after exposure to 

NH3 (decrease in current intensity), while an increase in current intensity involves the 

annealed 1:2 mixed films. In both cases the calculated RR is higher than before annealing (-

8.01% and +134%, respectively). Therefore, the bilayers behave essentially as pure LuPc2 

films, with a decrease in current intensity after exposure to NH3 (Figure A36). It is also 

important to highlight that the electrical response of LuPc2 films remains unchanged even 

after heat treatment, while no relevant current response is observed for the as-prepared and 

annealed films of 1. 
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To further evaluate the NH3 sensing performance of bilayer and mixed films, exposure 

to different concentrations of NH3 (from 10 to 90 ppm) were performed. According to 

exposure experiments to 90 ppm of NH3, a decrease in current is observed for all the 

concentrations investigated in bilayers and as-prepared 1:2 mixed films, while a relevant 

increase of the current intensity involves annealed 1:2 mixed films. Comparing the RR 

response of bilayers to that obtained for LuPc2 films (Figure A41), a lower calculated RR is 

obtained for as-prepared bilayer films for each NH3 concentration (from -0.55% to -1.3%), 

while a comparable response is achieved in the case of annealed bilayers (from -0.78% to -

2.1%). It is very interesting to note that in the case of as-prepared 1:2 mixed films a five-fold 

higher RR (from -9.5% to -13%) and an almost ten-fold higher RR for annealed 1:2 mixed 

films (from +8.5% to +24%) is obtained compared to bilayer and LuPc2 films. Therefore, 

these comparisons show that both bilayers and 1:2 mixed films can discriminate different 

NH3 concentrations in a range of 10 – 90 ppm, with larger variations for the latter.  

On the basis of the electrical response achieved for bilayer and 1:2 mixed films after 

exposure to NH3, two different mechanisms can be considered. In the case of bilayers, 

physisorption of NH3 molecules occurs on the surface of the LuPc2 top layer. This 

phenomenon causes a decrease in current intensity due to the interaction between NH3  with 

LuPc2
+, as the majority charge carriers, to give the neutral LuPc2 form and induce a decrease 

in the density of positive charge carriers at the interface.460 Because of the similar behavior 

observed for as-prepared 1:2 mixed films in the presence of NH3, a similar physisorption 

mechanism can be proposed, but the conductive pathway followed by the charge carriers 

should be from one conductometric LuPc2 domain to another. In this case, the pillar 

structures of the LuPc2 domains allow for a larger number of adsorption sites for NH3, 

resulting in a larger surface area exposed to the gas compared to the top layer of LuPc2 in the 

bilayer heterojunctions. Therefore, the larger decrease in positive charge carriers and the 

higher RR can be explained on the basis of the different architecture of the heterojunction. 

After annealing, the observed current increase is likely due to a decrease of the energy barrier 

at the interface between LuPc2 crystals and complex 1 under NH3, leading to a current 

increase. 

6.7. Conclusion 

This chapter reports on the preparation and characterization of organic heterojunctions 

containing two metal complexes characterized by different conductivity, namely complex 1 

(low conductivity) and LuPc2 (conductive). 1/LuPc2 bilayers and 1:LuPc2 mixed films on 

ITO-IDEs were prepared through drop-casting/thermal evaporation and solution-processing 

approach, respectively. Since complex 1 is characterized by a thermally-induced phase 

transition, annealed films were obtained from the as-prepared films. The morphological, 

optical and electrical properties of both as-prepared and annealed films were studied. 

Morphological characterization of films performed by AFM measurements shows a 

uniform rough surface in the case of bilayers, while a pillar-like or alveolar structure 

characterizes mixed films, depending on the mass ratio of the two materials in the films.  

The composition of as-prepared and annealed films was determined by Raman 

spectroscopy, showing characteristic peaks of the two starting materials for both 1/LuPc2 
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bilayers and 1:LuPc2 mixed films, also suggesting the absence of degradation processes after 

thermal treatment. Optical microscope images of 1:2 mixed films show a uniform surface 

morphology with the presence of small round dark spots, which can be related to the pillars 

observed in the corresponding AFM images, and can be attributed to segregated LuPc2 

domains as suggested by related Raman spectra.  

Further investigations on the optical properties of as-prepared and annealed bilayer and 

mixed films were performed by UV-vis absorption spectroscopy. All the absorption bands 

observed in UV-vis absorption spectra of as-prepared and annealed bilayer and mixed films 

can be associated with the two starting materials, and a significant change in absorption 

spectra is observed upon thermal annealing of both types of films, in accordance with the 

changes induced by the irreversible phase transition of complex 1. In the case of mixed films, 

the relevant red shift of the Q-band associated with LuPc2 observed after thermal treatment 

suggest a reorganization of the molecular materials during the annealing process, associated 

with an increase in intermolecular - interactions in LuPc2 domains induced by the phase 

transition of 1. 

The electrical properties of bilayer and mixed films were evaluated by I – V and 

impedance spectroscopy measurements. Higher conductivity and Uth value are obtained 

from I – V characteristics of as-prepared 1:2 mixed films compared to as-prepared bilayers, 

and can be attributed to the different morphology of the films, as demonstrated from 

morphological and Raman characterizations. A decrease in the Uth value, followed by a 

consequent increase in the conductivity, is observed for both bilayer and mixed films upon 

thermal treatment. More interestingly, impedance spectroscopy measurements indicate the 

presence of a sharp interface between the two materials in bilayer films, according to the 

formation of PHJs, while in the case of 1:2 mixed films a series of small interfaces between 

aggregates 1 and LuPc2 as in BHJs is suggested, consistent with morphological and Raman 

investigations. 

The potential application of both bilayer and mixed films as conductometric gas 

chemosensors was also investigated. Exposure experiments to NH3 result in a significant 

decrease in current for both as-prepared bilayer and 1:2 mixed films, with a tenfold higher 

RR in the second case. An increase of the RR is obtained for both bilayer and mixed films 

after thermal annealing, with an inversion of the response to NH3 in the latter case.  

Overall, the different electrical properties of 1/LuPc2 bilayers and 1:LuPc2 mixed films 

are mainly related to the different architecture of the heterojunction. An improved NH3 

sensing performance is obtained for as-prepared and annealed 1:2 mixed films compared to 

bilayers, with the advantage of a simpler preparation method, highlighting the unique 

behavior of these heterojunction devices. 



Chapter 7: Conclusions  

______________________________________________________________________ 

 

123 

 

Chapter 7 

Conclusions 

Air pollution is one of the major problems of recent years, caused by the spread of 

industries and the increase in human population. Much of the current research activity is 

focused on the development of new chemosensors with optical and electrical properties that 

have several advantages, such as simple, rapid, and on-site detection of these pollutants 

compared to classical detection methods. 

This PhD thesis covers several aspects concerning the development of novel 

chemosensors based on Zn(salen)-type vapochromic complexes for the selective and sensitive 

detection of air pollutants, such as N-VOCs and ammonia. In particular, the synthesis of 

chemosensors, their characterization, optimization of their deposition on suitable substrates, 

appropriate storage conditions, setup for exposure experiments, and selective and sensitive 

detection studies of specific analytes are reported. The main features obtained by exploring 

the optical properties of the PBFs of complexes 1 and 2 are summarized as follows. 

First, the dip-coating approach was involved and optimized in the preparation of PBFs, 

allowing to obtain films with high optical uniformity, stability and repeatability, whose 

sensitivity towards the vapors of specific volatile analytes can be easily tuned by changing 

the amount of sensing material deposited on the paper substrates, simply by changing the 

concentration of the initial THF solution of complexes 1 and 2 used for film preparation.  

1-PBFs and 2-PBFs are characterized by a peculiar optical response and a very high 

sensitivity towards N-VOCs, such as BA, EDA and Py vapors, respectively. In particular, 

the annealed vapoluminescent 1-PBFs enable the sensitive detection of BA vapors (by 

fluorescence enhancement) within a linear dynamic range from 0 to 50 ppm and with a LOD 

down to 2.0 ppm, lower than the PEL-C value (5.0 ppm) for BA vapors, and allow to 

discriminate the vapors of this volatile amine from those of volatile aliphatic diamines, in 

particular EDA. In the latter case, the vapoluminescent annealed 1-PBFs show a very 

peculiar optical behavior (fluorescence quenching) after exposure to EDA vapors, which also 

allows their quantitative detection with high sensitivity (LOD = 6.6 ppm), lower than the 

PEL value of 10 ppm. The same optical behavior (fluorescence quenching) in the presence 

of EDA vapors characterizes the vapoluminescent as-prepared 1-PBFs, also allowing the 

quantification of the IDLH value of 1000 ppm for this volatile diamine. BA vapor leakage 

simulation experiments enabled the quantification of PEL-C and IDLH values for BA using 

annealed and as-prepared 1-PBF, respectively, demonstrating their practical use for real-time 

detection of indoor amine contamination in semi-confined environments. In the case of 2-

PBFs, the vapochromic response towards Py vapors allowed their selective detection over a 

very wide vapor concentration range, from 500 to 5000 ppm, including the IDLH value for 

this substance. 

The high selectivity of 1-PBF and 2-PBF towards BA, EDA and Py, respectively, was 

demonstrated against different classes of VOCs and further confirmed by competitive 
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experiments. In the case of 1-PBFs, they are also selective to BA with respect to other primary 

monoamines, with the exception of propylamine and sec-butylamine, especially at low 

concentrations (tens of ppm). 1-PBFs also show a selective vapoluminescent response for 

EDA at low vapor concentrations ( 100 ppm) compared to other volatile aliphatic diamines. 

On the other hand, 2-PBFs are characterized by a selective vapochromic response to Py 

vapors even in the presence of other volatile heterocyclic amines, with the exception of 4-

methylpyridine. 

On the other hand, the color changes of vapochromic 1-PBFs and 2-PBFs towards BA 

and Py, respectively, were detected using a very simple and effective quantification method 

involving the RGB color analysis. Since RGB values are very sensitive to changes in 

illumination, RGB values of the films before and after exposure to vapors from these volatile 

species were collected using a smartphone color recognition app, and then the normalized 

RGB values were used to calculate the color difference, ΔErgb. Therefore, this developed 

method has the main advantage of making color analysis independent of illumination and 

device, as a fundamental prerequisite for accurate quantitative detection of VOCs. The 

reliability of this approach was assessed by comparing the results of UV-vis reflectance 

spectra, obtaining comparable linear dynamic ranges and LOD values, results which are also 

comparable to those of vapoluminescence studies in the case of 1-PBFs. Therefore, this RGB 

approach can represent a general method for VOCs detection using vapochromic materials 

on films. 

Complex 1 (insulating material) in combination with LuPc2 (conductive material) was 

further explored in the preparation and characterization of organic heterojunctions-based 

conductometric sensors. 1/LuPc2 bilayers and 1:LuPc2 mixed films on ITO-IDEs were 

prepared through drop-casting/thermal evaporation and solution-processing approach, 

respectively, resulting in completely different architectures, as planar heterojunctions and 

bulk heterojunctions, respectively, as deduced from their morphological, optical and 

electrical characterization. The potential application of both 1/LuPc2 bilayers and 1:LuPc2 

mixed films as conductometric gas chemosensors was also investigated, resulting in relevant 

current intensity changes after exposure to NH3 in a range from 10 up to 90 ppm. From the 

comparison of their sensing performance, 1:LuPc2 mixed films result more sensitive (higher 

variation in the current) than 1/LuPc2 bilayers, and very interestingly, an inversion of the 

response to NH3 characterizes annealed 1:LuPc2 mixed films. 

Overall, Zn(salen)-type complexes 1 and 2 are suitable molecular materials for the 

development of efficient electrical and optical sensors, as heterojunctions and 

vapochromic/vapoluminescence materials, respectively, characterized by very high 

selectivity and sensitivity towards air pollutants having Lewis basicity. Furthermore, these 

Lewis acid Zn(salen)-type complexes are environmentally “green”, sustainable and low-cost 

materials compared to other molecular materials based on metal complexes. Vapochromic 

paper-based films of these complexes represent simple, cost-effective, reliable, highly stable, 

portable, and disposable/reusable chemosensors for the vapor-phase detection of specific N-

VOCs. The combination of these film-based vapochromic chemosensors with a proper RGB 

color analysis also holds the potential for practical application of on-site, real-time 

monitoring of hazardous volatile amine vapors in occupational and environmental settings.
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Appendix A 

 

Figure A1. UV-vis spectrum of complex 1 (1.0 × 10-5 M solution in THF). 

 

 

Figure A2. 1H NMR spectrum of complex 1 in DMSO-d6. Asterisked peaks refer to water and residual DMSO 

solvent signals. 
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Figure A3. UV-vis spectrum of complex 2 (1.0 × 10-5 M solution in THF). 

 

 

Figure A4. 1H NMR spectrum of complex 2 in DMSO-d6. Asterisked peaks refer to water and residual DMSO 

solvent signals. 
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Figure A5. Complex 1 deposited on paper substrates by drop-casting (left) and dip-coating (right), from a THF 

solution of 1 (2.5 × 10-3 M). 

 

 

 

 

Figure A6. (a) UV-vis reflectance spectra and (b) photographic image of annealed 1-PBFs prepared from THF 

solutions of 1 having different concentrations. (c) Variation of the absorbance at 547 nm as a function of the 

concentration of THF solutions used for the preparation of 1-PBFs. (d) Linear fit of the mole amount of 1 

absorbed on paper substrates as a function of the concentration of the solution used for the preparation of 1-PBFs. 
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Figure A7. Comparison between fluorescence spectra of Whatman-4 filter paper (grey line) and 1-PBFs obtained 

from a THF solution of 1 having a concentration of 2.5 × 10-3 M (red line) and 5.0 x 10-3 M (blue line).  

 

 

 

Figure A8. Fluorescence spectra of 1-PBF5s prepared using different types of filter paper (λexc = 500 nm). 
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Figure A9. UV-vis reflectance (a) and fluorescence (b) spectra (λexc = 484 nm, related to an isosbestic point) of 

as-prepared and annealed 1-PBF5s. Insets: photographic images of as-prepared and annealed films under natural 

light (left) and under 365 nm light (right). 

 

 

 

  

 

Figure A10. UV-vis reflectance spectra of annealed and exposed 1-PBF5s. Insets: photographic image of annealed 

and exposed films under natural light.  
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Figure A11. Fluorescence spectra of 1-PBF5s (λexc = 500 nm) exposed to 500 ppm of BA vapors obtained by 

complete evaporation of pure liquid, a solution of DCM, a solution of Cy and a solution of NP.  
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Figure A12. Fluorescence spectra of 1-PBF5s (λexc = 500 nm) exposed to 500 ppm of interferent. The spectrum 

after exposure to 50 ppm of BA vapors (dotted line) is reported for comparison. 
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Figure A13. Fluorescence spectra of 1-PBF5s (λexc = 500 nm) exposed to (a) 300 ppm and (b) 50 ppm of different 

linear aliphatic monoamine vapors. 

 

Figure A14. Absorbance intensity of as-prepared (a) 1-PBF5s and (b) 1-PBF1s after static exposure to different 

VOCs at 300 ppm. In the diagram I is the absorbance intensity after exposure and I0 is the absorbance intensity 

of the starting as-prepared 1-PBF5s and 1-PBF1s at λabs = 497 nm. 

 

Figure A15. UV-vis reflectance spectra of annealed (a) 1-PBF5s and (b) 1-PBF1s freshly prepared and stored in 

the dark for two weeks, exposed to 25 and 15 ppm of BA, respectively.  
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Figure A16. Fluorescence spectra of as-prepared 1-PBF5s (λexc = 520 nm) before and after exposure to different 

vapor concentrations of studied volatile aliphatic diamines. 

 

 

Figure A17. Fluorescence spectra of annealed 1-PBF5s (λexc = 520 nm) before and after exposure to different 

vapor concentrations of studied volatile aliphatic diamines.  



Appendix A 

______________________________________________________________________ 

133 

 

 

Figure A18. UV-vis reflectance spectra of as-prepared 2-PBF1s stored in the dark (50 lux) at different RH 

conditions after five days. UV-vis reflectance spectra of freshly-prepared 2-PBF1s (dotted line) is reported as 

reference. 

 

 

Figure A19. Mean r (a), g (b), and b (c) values of 2-PBF1s as a function of the concentration Py vapors and the 

related linear best fit in the range 750 – 5000 ppm (weight given by data error bars). 
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Figure A20. Mean r/g (a), r/b (b) and b/g (c) ratios of 2-PBF1s as a function of the concentration of Py vapors 

and the related linear best fit in the range 750 – 5000 ppm (weight given by data error bars). 

 

 

Figure A21. Mean ΔErgb values of 2-PBF1s as a function of the concentration of Py vapors and the related linear 

best fits: from the set of replicate measurements (at 1600-2000 lux) using the Samsung Galaxy S23 smartphone 

(means and fit in red); from the independent set of experiments using three different smartphones (Samsung 

Galaxy S23, Xiaomi MI A3, and iPhone 12 Pro Max) under different lighting conditions (1800 lux and 30 lux) 

(means and fit in blue). Error bars indicate standard deviation of the means. 
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Figure A22. (a) Mean rgb values of 2-PBF1s before and after exposure to Py vapors. (b) Mean ΔErgb values as a 

function of the concentration of Py vapors and the related linear best fit in the range 750 – 5000 ppm (weight 

given by data error bars). 

 

 

 

Figure A23. Photographic images of 2-PBF4s before and after static exposure to an increasing concentration of 

Py (a) and BA (b) vapors. 
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Figure A24. UV-vis reflectance spectra of 2-PBF4s before and after static exposure to a vapor concentration of 

300 ppm of (a) alicyclic amines (piperidine, pyrrolidine) and heterocyclic aromatic amines (pyrrole), and (b) 

pyridine derivatives (-picoline, γ-picoline, ,-lutidine). (c) Photographic images of 2-PBF4ms before and after 

exposure to a vapor concentration of 300 ppm of the heterocyclic amines involved. 

 

 

 

 

 

 

 

Figure A25. Raman spectra of the as-prepared bilayers recorded using a laser power of 0.12 mW (a) and 6.0 mW 

(b). The Raman spectra of complex 1 and LuPc2 films are reported for comparison. 
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Figure A26. Current response to subsequent NH3 exposure (4 cycles) in a range 10 – 90 ppm of as-prepared (a) 

and annealed (b) bilayers, and corresponding variations of RR as a function of NH3 concentration (c, d). Exposure 

experiments were conducted considering an exposure and recovery time of 1 and 4 min, respectively. 

 

 

 

Figure A27. 3D (a, d) and 2D (b, e) AFM images of as-prepared (top) and annealed (bottom) 1:1 mixed films on 

ITO-IDEs. Height profiles of the as-prepared (c) and annealed (f) 1:1 mixed films measured across the blue lines 

marked on the corresponding 2D AFM images. The scan area in all images is 100 µm2. 
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Figure A28. 3D (a, d) and 2D (b, e) AFM images of as-prepared (top) and annealed (bottom) 2:1 mixed films on 

ITO-IDEs. Height profiles of the as-prepared (c) and annealed (f) 2:1 mixed films measured across the blue lines 

marked on the corresponding 2D AFM images. The scan area in all images is 100 µm2. 

 

 

 

 

Figure A29. UV-vis absorption spectra of 1:1 (a) and 2:1 (b) mixed films before and after annealing. 
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Figure A30. (a) Optical microscope image of the surface of annealed 1:2 mixed film. (b, c) The Raman spectra, 

laser power of 0.12 mW, from two different spots of the annealed 1:2 mixed film (spectra (1) and (2) are from 

circles 1 and 2 in Figure A6a). The Raman spectra of complex 1 and LuPc2 films are reported for comparison. 

 

 

 

 

 

Figure A31. I – V characteristics of 1:1 (a) and 2:1 (b) mixed films before and after annealing. 
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Figure A32. Nyquist plots of as-prepared (a) and annealed (b) 1:1 mixed films. The impedance response for each 

film was recorded at different DC voltage. 

 

 

 

 

 

 

 

 

Figure A33. Nyquist plots of as-prepared (a) and annealed (b) 1:1 mixed films. The impedance response for each 

film was recorded at different DC voltage. 
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Figure A34. Current response to subsequent NH3 exposure (4 cycles) in a range 10 – 90 ppm of as-prepared (a) 

and annealed (b) 1:2 mixed films, and corresponding variations of RR as a function of NH3 concentration (c, d). 

Exposure experiments were conducted considering an exposure and recovery time of 1 and 4 min, respectively. 

 

 

 

 

 

 

Figure A35. I – V characteristics of as-prepared (a) and annealed (b) films of complex 1. 
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Figure A36. (a) I – V characteristic of thermally evaporated LuPc2 films. (b) Current response to subsequent NH3 

exposure (90 ppm, 4 cycles) for LuPc2 films. Exposure experiments were conducted considering an exposure and 

recovery time of 10 and 30 min, respectively. 

 

 

Figure A37. Tauc plots of as-prepared (a) and annealed (b) films of complex 1. 

 

 

Figure A38. Normalized I – V characteristics of as-prepared (a) and annealed (b) bilayers and mixed films. 
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Figure A39. Variation of different charge transport parameters as a function of the applied DC bias for as-

prepared (a-c) and annealed (d-f) bilayers; (a,d) bulk and interfacial resistances, (b,e) alpha parameters, and (c,f) 

bulk and interfacial effective capacitances. 
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Figure A40. Variation of different charge transport parameters as a function of the applied DC bias for as-

prepared (a-c) and annealed (d-f) 1:2 mixed films; (a,d) interfacial resistances, (b,e) alpha parameters, and (c,f) 

interfacial effective capacitances. 

 

 

Figure A41. (a) Current response to subsequent NH3 exposure in a range 10 – 90 ppm for LuPc2 films, and related 

variation of RR as a function of the concentration. Exposure experiments were conducted considering an 

exposure and recovery time of 1 and 4 min, respectively.
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Appendix B 
Table B1. Saturated vapor concentration (Satd. Vapors) of main VOCs involved in the present optical absorption 

and fluorescence studies calculated by eq. 3.1. The vapor pressure of each VOC was calculated at room 

temperature (23 °C) using Antoine equation (eq. 3.2). 

Substance CAS No A B C 
Vapor Pressure 

(mmHg) 

Satd. Vapors 

(ppm) 

Acetaldehyde 75-07-0 7,319 1176 244,3 828,3 1089875 

Acetic acid 64-19-7 7,276 1327 183,9 7,3 9572 

Acetic anhydride 108-24-7 8,809 2397 265,0 3,0 4011 

Acetone 67-64-1 7,317 1316 240,5 210,8 277422 

Acetonitrile 75-05-8 7,544 1583 257,9 80,7 106236 

Aniline 62-53-3 7,304 1670 193,6 0,4 520 

Benzene 71-43-2 6,814 1090 197,1 72,6 95563 

Cyclohexane 110-82-7 6,889 1201 218,8 83,8 110327 

Dichloromethane 75-09-2 7,110 1151 232,4 399,8 526082 

Diethyl ether 60-29-7 7,040 1111 232,7 493,1 648754 

Diethylamine 109-89-7 6,552 828 170,1 182,8 240478 

Ethyl acetate 141-78-6 7,260 1339 228,6 87,1 114616 

Ethylenediamine 107-15-3 7,617 1593 218,6 10,5 13824 

Methanol 67-56-1 8,084 1580 239,1 113,2 148988 

Dimethylformamide 68-12-2 7,241 1598 213,5 3,0 4006 

n-Butylamine 109-73-9 7,189 1312 226,7 85,9 113088 

n-Butylthiol 109-79-5 7,582 1535 228,7 30,4 39991 

n-Pentane 109-66-0 7,009 1134 238,7 472,9 622254 

Pyridine 110-86-1 7,184 1463 224,6 18,9 24838 

Tetrahydrofuran 109-99-9 7,060 1247 232,6 151,5 199289 

Triethylamine 121-44-8 6,503 919 164,7 40,2 52876 
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Table B2. Literature data of optical chemosensors for the detection of AN vapors. 

Material Detection method Substrate 

LOD or Lowest 

Detected Conc. 

(Linear range) 

Selectivity 

Studies 

Exposure 

Method 
Ref 

Organic 

Compound 
Optical absorption Glass 200 ppm no dynamic 302 

Conjugated 

Polymer 

Optical absorption 

and fluorescence 

Glass 

capillary 
1.4 ppm yes dynamic 308 

Organic 

Compound 
Fluorescence Glass 

13.2 ppb 

(0-120 ppm) 
yes static 461 

Organic 

Compound 
Fluorescence 

Indium thin 

oxide 

6.04 ppb 

(0-0.26ppm) 
yes static 462 

Organic 

Copolymer 
Fluorescence 

Silica gel 

plate 

45 ppb 

(176-2750 ppb) 
yes dynamic 463 

Organic 

Compound 
Fluorescence Quartz 

3 ppb 

(0.21-860 ppm) 
yes static 464 

Organic 

Compound 
Photoluminescence Glass 796 ppt yes static 465 

Organic 

Compound 
Fluorescence Glass 

100 ppb 

(0-90 ppm) 
yes static 466 

Organic 

Compound 

Optical absorption 

and fluorescence 
Quartz 

1 ppm, 100 ppb 

and 1 ppb 
yes static 467 

Organic 

Compound 
Fluorescence Glass 

8.6 ppm 

(10-88 ppm) 
yes static 468 
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