
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Trifluoroacetylazobenzes for optical and electrochemical detection of amines  

Jhih-Fong Lin, Jarmo Kukkola, Teemu Sipola, Melinda Mohl, Geza Toth, Wei-Fang Su, Tomi Laurila and 

Krisztian Kordas
 

 

Graphical and textual abstract 

 

Optical and electrochemical sensors based on 4-

(Dioctylamino)-4’-(trifluoroacetyl)azobenzene and 

its Nafion®-SWCNT composites show potential for 

practical applications in detecting various kinds of 

amines.  
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Abstract 

In this work, we demonstrate the solution processing of optical and electrochemical dye sensors based on 

4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene and its application in sensing different amine compounds. 

Distinct optical response of the sensors exposed to ammonia, tetramethylammonium hydroxide, 

ethylamine, cadaverine and putrescine (typical compounds upon the decomposition of proteins) is 

observed. Incorporation of inkjet deposited thin films of the dye as sensors in food packages of ground 

meat and salmon is found as a feasible route to detect the appearance of biogenic amines produced by the 

degrading food products. Furthermore, we demonstrate an electrochemical amine sensor based on 

trifluoroacetyl)azobenzene dye added in carbon nanotube-Nafion® composites. The electrochemical sensor 

exploits the reaction between the dye and amines to detect amines in electrolytes, while the carbon 

nanotubes provide large surface for adsorption and also provide a percolating electrical network for 

allowing efficient charge transfer at the electrode electrolyte interface.  

 

Keywords: optical, electrochemical, dye sensor, biogenic amine, food package 
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1 Introduction 

The demand for chemical sensors with sufficiently high resolution, selectivity and affordable cost to detect 

or even quantify common chemical compounds has fostered research in the field of household and food 

safety, healthcare as well as in homeland security. Different materials and fabrication processes have been 

developed to improve the detection limit for corresponding targets. Among these approaches, optical 

sensors represent a robust but simple methodology in sensing application, and typically exploit the change 

of optical absorption, direct fluorescence or Raman spectrum upon interaction/reaction with analytes 

(alcohols, amines, aldehydes, acids/bases).
[1-3]

 For instance, sensors based on the change of optical 

absorbance in conjugated polymers (polythiophene derivatives) were applied to detect and discriminate 

volatile organic compounds,
[4]

 and various kinds of diamines.
[5]

 Supramolecular fibres made by 

electrospinning from polydiacetylene acid and polystyrene-co-poly(4-vinylpyridine) proved to be useful in 

colourimetric detection of organic amines.
[6]

 Minute alteration of the refractive index of poly[methyl(3,3,3-

trifluoropropyl) siloxane upon exposure to hydrocarbons was detected from human breath by applying the 

polymer on cleaved optical fibers.
[7]

 Both colorimetric and luminescence detection was demonstrated to 

quantify hydrazine in various solutions having multiple analytes through the reaction between 

arylidenemalononitrile and the hydrazine.
[8]

 A number of different organic molecules and inorganic-organic 

hybrid probes were shown as efficient and stable fluorescence based sensors for pH,
[9]

 nitroaromatic 

explosives, 
[10]

 and diamines.
[11]

 Surface plasmon resonant metal nanoparticles and thin films made of silver 

or gold that are applied on surfaces of prisms, waveguides and optical gratings have also been popular 

choices for discriminating and quantifying analytes during the past 20 years.
[12]

  

Among the vast number of possible analytes, optical sensing of amines has been intensively studied 

because of its wide-spread utility in environmental,
[13]

 drug/biotechnology
[14,15]

 and food applications.
[16,17]

 

Recently, Mohr and co-workers have developed a series of trifluoroacetyl reactands for the colourometric 

detection of analytes such as water vapor, alcohols, amines and thiols. The dye 4-(Dioctylamino)-4’-

(trifluoroacetyl)azobenzene reacts with amines resulting in the blue shift of optical absorbance peak.
[18-21]

 

Being a strong electron acceptor, the trifluoroacetyl group of the dye in the presence of amines forms a 

hemiaminal group thus shortening the “box” of delocalized electrons which is limited to the diazobenzene 

backbone of the molecule in the product (Scheme 1).
[18]

 Due to the stronger confinement, the resonance 

energy of the delocalized electrons increases and requires optical photons with shorter wavelength to 

induce excitation/absorption.  
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Scheme 1 Bonding reaction of 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene and amine 

 

For demonstrating practical use, the dyes were incorporated plasticized poly(vinyl chloride)and applied in 

the form of membrane type films. The sensitivity of such optical sensors for amine detection was found to 

be influenced by the size, liphophilicity and the nucleophilic character of the amines.
[18]

 To improve 

selectivity of the sensors towards aliphatic amines, the dyes were combined with cholesteric liquid 

crystals.
[21]

  

More recently, the advancement of miniaturized electrochemical sensors such as low driving power and 

good selectivity/sensitivity have attracted attention in developing portable devices for sensing different 

biogenic amines in clinic medicine and food safety. Among those, sensing electrodes with carbonaceous 

nanomaterials such as carbon nanotubes (CNTs) and graphenes 
[22, 23]

 are believed as the most potential 

candidates due to their high specific surface area, superior conductivity, and outstanding chemical stability. 

Chemical functionalization of the conductive surface with suitable receptor groups,
[24-27]

 composites with 

polymers 
[28]

 and decoration with metal nanoparticles 
[29,30]

 are often applied to improve the key 

performance indicators thus opening newer horizons for practical applications 
[23-25]

.  

In this work, we are elaborating further on the exploitation of the (trifluoroacetyl)azobenzene dye to 

optically detect different types of amines in solutions and vapors using simple solution processed (i.e. spin 

coated or inkjet deposited) thin films of the dye. Response and recovery of the sensing films exposed to 

commonly appearing analytes such as ammonia, tetramethylammonium hydroxide, ethylamine, cadaverine 

and putrescine are studied. We are also evaluating the potential usability of the optical dye sensing films to 

be applied in food packages for monitoring the biogenic amines from degradation of meat and fish. In 

addition, we show dye-CNT-Nafion® composites on glassy carbon electrode as a feasible electrochemical 

sensor to detect amines.  

  

Page 4 of 17Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

 

2 Experimental 

2.1 Chemicals  

Ammonia (25%, Fluka), tetramethylammonium hydroxide (TMAH, 25wt%, Sigma-Aldrich), ethylamine (66-

72%, Aldrich), putrescine (99%, Aldrich), cadaverine (95%, Aldrich), tetrahydrofuran (99.8% LAB-SCAN), 2,3 

butanediol (Fluka), 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene (>98%, Fluka), Nafion®(NR50, Aldrich), 

potassium chloride (KCl, ACS reagent, Sigma-Aldrich), carboxylic-functionalized single-walled carbon 

nanotube (4-5 nm × 500-1500 nm, Sigma-Aldrich). All the chemicals were received and used without 

further purification.  

2.2 Sample preparation  

Thin films of the dye for measuring absorption spectra were made by spin-coating (1000 rpm, 30 seconds) 

solutions of 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene in tetrahydrofuran (1 mg/mL) on cleaned 

polyethylene teraphthalate foil (PET, thickness 125 µm, Melinex).  

The sensors placed in the food packages were prepared by inkjet deposition using a materials printer 

(Dimatix DMP-2800, 10 pL nominal droplet volume, Tsubstrate=60 °C, Tink=55 °C, Upiezo=20 V). The inks were 

made by dissolving the dye in 2,3 butanediol (viscosity of ~7 cP) and then square-shaped patterns of 5 × 5 

mm
2
 size were printed (25 layers with 30 μm drop spacing) on polycrystalline alumina substrates The 

nozzles of the cartridge are automatically cleaned between each printed layer. 

The Nafion® solution was prepared by adding 40 mg Nafion® polymer to 40 mL ethanol/deionized water 

solution of 1:1 volumetric ratio and stirred at ~80°C in a closed container. After for 4 hours, the dispersion 

was let cool to room temperature and stored for two days before collecting the supernatant fraction for 

further experiments. The dye/CNT/Nafion® composites for electrochemical sensors were prepared by 

dispersing 0.5 mg carboxyl functionalized CNTs in 1 mL of the prepared Nafion® solution using ultrasonic 

agitation and then mixing 1 mL of the 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene dye solution (1 

mg/mL in THF) while maintaining the ultrasonic treatment. The as obtained dispersion was then drop-cast 

on a cleaned glassy carbon electrode (GCE, 3 mm in diameter) to cover the rod until ~2 cm distance from its 

tip. The surface was dried under ambient condition. Three different amounts of the composite were 

deposited (20, 60 and 140 µL). The 20 µL sample was dispensed in a single shot on the surface and then 

dried under ambient conditions. In the case of the 60 µL and 140 µL samples, the deposition was carried 

out using ~20 µL aliquots dispensed with ~30 min drying periods before coating the next layer.  
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2.3 Characterization   

Optical measurements 

A commercially available organic dye, 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene was used as an 

optical and electrochemical probe molecule in the corresponding colourimetric and voltammetric 

measurements, respectively. In optical characterization, five different amines including ammonia, 

tetramethylammonium hydroxide (TMAH), ethylamine, putrescine, and cadaverine were applied as 

analytes. The spectral change of absorbance after exposure to vapors and aqueous solutions of the amines 

were recorded as a function of analyte concentration as well as exposure and recovery times using a 

spectrophotometer (Cary 500-scan UV-Vis-NIR). To test alteration in the absorbance spectra of the sensors 

for detecting amines that evolve during the course of food degradation, sensor films spin-coated on PET 

were placed next to meat and fish and then the container was sealed for 90 hours. Note: Due to the 

extended measurements periods, the calibration of the spectrophotometer drifted, thus the intensity of 

spectra showed minor shift as well. To eliminate this error, the spectra were manually reset to zero intensity 

at 800 nm wavelength. 

Digital camera imaging and data processing 

The measurements to visualize the color changes of the inkjet deposited dye films using a digital camera were 

conducted after 1 week storage of salmon fish and ground meat in the presence of the sensors. Reference color 

marks (red green and blue squares printed by a Canon iRC2620N Colour Photocopier on white Staples A4 copy 

paper, 80 g·m
-2

) were used for color calibration. The images of the sensor and the reference RGB patterns were 

taken by a photocamera (Panasonic Lumix DMC-LX7) under identical illumination conditions. For each sample, 

three pictures were taken before and after the exposure in the food package and processed via built-in 

transformation function of MATLAB to transfer the reference color and sensor patterns from RGB space to Lab 

space. The digitalization of color change was also defined as the distance between two vectors corresponding to 

the colors of reference sample and exposed dye sensor in Lab space respectively.  

Electrochemical measurements 

Cyclic voltammetry was performed in a standard three-electrode cell using a potentiostat (Princeton 

Applied Research VersaSTAT 3). The dye-CNT-Nafion® composite/GCE was used as the working electrode. 

Before depositing the composite film on the electrode, the surface was polished using a sandpaper (P1200, 

Mirka), and then sonicated in acetone, isopropanol and finally in deionized water for 10 minutes in each 

solvent. A platinum wire and silver chloride electrode (Ag/AgCl, Aldrich® glass reference electrode) were 

used as the counter and reference electrodes, respectively. All the electrochemical experiments were 

performed at room temperature using 50 mV/s sweeping rate. Before each experiment, the electrolyte was 

purged with N2 for 30 minutes. 
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3 Results and discussion 

3.1 Spectroscopy detection of amines using spin-coated and inkjet deposited dyes 

As shown in Figure 1 (a), the absorption peak of the dye film is gradually shifting from 490nm to 430nm 

when placed in the vapor of 1% cadaverine solution. The blue-shift in the absorption spectra originates 

from the reaction between dye molecule 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene and the amine 

compound. In the structure of forming complex molecule, the effective resonance length of the delocalized 

electrons is shortened as the π-electrons of the carbonyl group are eliminated with the formation of the 

hemiaminal group resulting in a conjugated electron structure of higher energy.
[31,32]

 We observe similar 

shift of the absorbance spectra for every other amine vapor except tetramethylammonium hydroxide 

(TMAH) (Fig.1 (b)). The lack of interaction in the latter case is due to the missing dative electron pair in the 

TMAH molecule that could attack on the highly positive carbon of the trifluoroacetyl group.  

 

Figure 1 Absorption spectra of spin-coated thin film dye sensors (a) in the course of 2-hour exposure to the vapor of 

1% cadaverine solution and (b) after two hours of exposure to the vapors of TMAH solutions having different 

concentrations. Note: Due to the drift of calibration in the long measurement periods, the plotted curves were 

manually shifted vertically to set the intensity values equal at 800 nm. The vertical bars show 5% optical absorption. 

 

Interestingly, the reaction with the vapors of diamines such as putrescine and cadaverine appears to be 

irreversible (Table 1, and Figure 2) or at least the reversed reaction is very slow. The reason of such 

behavior is related to a stabilization effect caused by the other amine group, which forms an intramolecular 

hydrogen bond with the hydroxyl group.
[33]

 The reported rate constants for the product formation are 

considerably higher for the diamines than those for the corresponding monoamines. Also the equilibrium 

constants can be an order of magnitude higher when diamines take part in the formation of the 

carbinolamines, i.e. the reaction is shifted more towards the products with diamines than that with 

monoamines.
[33]

 Based on 
13

C-NMR spectroscopy data (see Supplementary Information), the concentration 

of adducts in the reactant mixtures are also significantly higher for the diamines than for the monoamines 
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(Table S1) in qualitative agreement with the results of Mertz and co-workers.
[33]

 The reaction of both amine 

groups of cadaverine with two trifluoroacetyl groups of 3-3’-di(trifluoroacetyl)-1,1’-bi-2-naphthol was 

proposed earlier
[34]

 thus - in a similar way – we may also consider the formation of two hemiaminal groups 

with the participation of two dye molecules in the reaction resulting in dimers bridged by the diamines, 

which may also contribute to the better stability of the products.  

Table 1 Response of 4-(Dioctylamino)-4’-(trifluoroacetyl)azobenzene films to amine vapors (+, blue shift; - no visible 

change) and the reversibility of spectral change after removing the sensor from the corresponding vapor. 

Concentration of 

solution (vol.%) 
Ammonia TMAH Ethylamine Putrescine Cadaverine 

10
1
 + - + + + 

10
0
 - - + + + 

10
-1

 - - + - - 

10
-2

 - - - - - 

10
-3

 - - - - - 

Reversibility Reversible - Reversible Irreversible Irreversible 

 

 

Figure 2 Absorption spectra of dye sensor after removing the dye films from (a) ammonia and (b) cadaverine solutions. 

Note: Due to the drift of calibration in the long measurement periods, the plotted curves were manually shifted 

vertically to set the intensity values equal at 800 nm. The vertical bars show 5% optical absorption. 

 

Distinct recovering features of dye sensor after removing those from different amine solutions are 

observed. Rapid recovery happens in ammonia (Fig. 2 (a)) and ethylamine (not shown) samples due to their 

high volatility. On the contrary, we found slight increase of absorbance of the shifted peak of dye molecule 

even after removing the sensors from the solutions of cadaverine (Fig. 2 (b)) and putrescine (not shown). 

This latter effect may be explained by two processes. One is associated with the delayed reaction of 

physisorbed amines, while the other one is a rearrangement of hydrogen bonds established between the 

hemiaminal hydroxyl group and water molecules as well as non-bonding amine groups of diamines. 
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To further confirm the sensing limits of the optical dye sensors, measurements in the solution phase by 

immersing the dye sensor into different amine solutions were also performed. The acquired absorption 

spectra (Figure 3) are almost the same as those assessed for the vapor phase experiments showing sensible 

amine concentrations from 0.1% or 1.0% (except TMAH, which is not shown here).  

 

Figure 3 Absorption spectra of dye sensor upon immersion into (a) ethylamine, (b) cadaverine and (c) putrescine solution. 

Note: Due to the drift of calibration in the long measurement periods, the plotted curves were manually shifted 

vertically to set the intensity values equal at 800 nm. The vertical bars show 5% optical absorption. 

 

Since both putrescine and cadaverine are occurring in the degradation products of food (protein), it is 

plausible to test our sensors whether those are capable of indicating spoilage of e.g. meat and fish products. 

To examine the performance of the sensors in this context, dye films were placed in a glass container 

together with fresh meat as well as salmon (100 g each) after which the container was sealed. After 90 

hours of storage in room temperature, a slight shift in the absorption spectra from 490 nm to 470 nm of 

the sensors was observed for both types of food samples (Fig. 4) as assessed by using spectrophotometer.  

 

Figure 4 Absorption spectra of dye sensors after 90 hours of storage in the presence of salted fish and grounded meat. 

The reference sensor was kept in a fume-hood for 90 hours. Note: Due to the drift of calibration in the long 

measurement periods, the plotted curves were manually shifted vertically to set the intensity values equal at 800 nm. 

The vertical bar shows 5% optical absorption. 
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3.2 Color change analysis using digital camera and image processing of sensors in food packages 

Although the color change of the dye films is clear when analyzing the samples with a spectrophotometer, 

in practical consumer friendly applications of the sensor, e.g. in a food package to detect spoilage of meat 

products, we need to visualize the changes with bare eyes or by using software-based automated analysis 

of digital camera images. The detection of color change by the identification of RGB, CMYK or LAB space 

coordinates is emerging today as feasible software based method applied on digital images.
35-37

  

As the color change of the dye films was hardly detectable with our eyes, we acquired digital images using a 

photocamera and then analyzed the color of the images after converting the original RGB coordinates of 

the photographs to Lab color space using a built-in-function of MathLab software (detail is described in 

supplementary information).  

 

Figure 5 Image of (a) food package, and (b) inkjet-printed dye sensor with reference color pattern 

 

To simulate the biogenic amine sensing for food package, the dye sensor was placed with ground meat and 

salmon fish in sealed plastic petri dish respectively for one week (Fig. 5(a)). In addition, another printed dye 

sensor was kept in ambient condition for one week as the reference sample. For image acquisition, the 

exposed dye sensor was first placed next to printed red-green-blue color reference patterns (Fig. 5(b)) and 

three images were taken for each sample to eliminate the photographic difference in following image 

processing. After the color transformation from RGB space to Lab space, the color of reference blue-red-

green pattern and dye sensor were digitalized as shown in Table 2. Each set of (L, a, b) numbers represents 

one color and was employed for further calculation and comparison.  
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Table 2 Quantification of reference color and sensor pattern in LAB space.
a
 

Sample 

Blue pattern  Red pattern Green pattern Sensor pattern 

L a b L a b L a b L a b 

Reference 18.26 9.49 -33.49 36.21 46.21 47.28 35.46 -24.80 27.92 49.75 30.84 39.29 

Meat #1 19.02 8.94 -33.19 36.99 46.61 48.20 36.02 -24.62 28.31 51.48 29.48 41.32 

Meat #2 18.99 9.96 -34.03 37.01 46.58 48.50 36.12 -24.99 28.81 50.90 31.29 44.01 

Fish #1 18.73 9.74 -34.24 36.48 46.52 47.78 35.63 -24.71 28.16 57.21 16.70 26.11 

Fish #2 19.03 9.74 -34.03 37.40 47.03 49.34 36.45 -25.20 29.34 51.14 31.16 43.10 

a. Color transformation from RGB space to Lab space is described in Supplementary Information. 

 

The color change of the dye sensor is expressed as a vector between the points belonging to reference and 

exposed samples in Lab color space (Eq. 1). To simplify the comparison of color change, we calculated the 

Euclidean distance of each vector (Eq.2) as shown in Table 3. 
[37]

  

�������� − ���	 , ������� − ���	 , ������� − ���	
 = ����������������������	    (1) 

�(������� − ���	)� + (������� − ���	)� + (������� − ���	)� = ������������������������   (2) 

Table 3 Color shifts of dye sensors in Lab space after the exposure of food for 1 week along with the three 

reference colors in each image. 

Sample ������������������ ��������������� ��������������������� ��	��������������� 
Meat#1 0.98 1.27 0.71 2.99 

Meat#2 1.02 1.51 1.12 4.88 

Fish#1 0.92 0.65 0.31 20.72 

Fish#2 0.97 2.52 1.78 4.07 

 

Data in Table 3 clearly indicates the degree of color change of the dye sensors exceeds the photographic 

error in three reference color pattern (������������������, ��������������� and ���������������������. Note, in principle, the color change of 

these reference colors should be zero in each image. This result proves our established optical 

characterization procedure is feasible to detect the color change of the sensors in food packages without 

the employment of spectroscopy based analysis.  
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3.3 Electrochemical detection of amines using electrodes of dye-CNT-Nafion®- composites 

The results from the optical experiments on the detection of amines with the (trifluoroacetyl)azobenzene 

suggested to use the molecule to bond amines on the surface of electrode materials with the help of the 

dye. To explore this idea, we combined dye (the amine receptor), carbon nanotubes (conductive and 

porous electrode material with large surface area) and Nafion® (as electroactive polymer binder) and 

deposited the composite on the surface of glassy carbon electrodes. Although carbon nanotubes and 

Nafion® have been frequently used as electrode materials,
38

 we expect to have an improved electrode 

performance owing to the amine sensitive molecule added to the electrode surface. To explore this, we 

used different electrode compositions and loadings with the composite to detect a diamine (cadaverine) by 

the means of cyclic-voltammetry  

Figures 6 (a)-(c) show series of voltammograms recorded for the different electrodes in KCl. As can be seen 

there is practically no difference between the voltammograms for the bare GC and Nafion+CNT modified 

electrodes. The capacitive background currents and the electrochemical windows are of the same order of 

magnitude. However, when the voltammogram of the dye-Nafion+CNT modified electrode is inspected it is 

evident that there are several differences in comparison to the previous two electrodes, which are expected 

to arise owing to the addition of the dye. The double layer charging current appears to be somewhat larger 

and it most likely contains also some faradic elements arising from different surface reactions. The latter is 

reflected in the fact that there is practically no flat double layer region in the voltammogram. More 

importantly, there is a clear oxidation peak around -0.2 V vs. (Ag/AgCl). This clearly indicates that the dye is 

oxidized during the anodic scan. The absence of any cathodic peaks during the reverse scan suggests that the 

electrochemical reaction step may be followed by a chemical reaction step that transforms the oxidized 

product into a non-electroactive form and can lead to partial or complete passivation of the electrode surface. 

This is further supported by the fact that subsequent scans shown in Figure 6 (c) are markedly different from 

the first scan and especially lack the oxidation peak at -0.2 V (vs. Ag/AgCl).  

 

Figure 6 Cyclic voltammograms of (a) Glassy carbon (GC) electrode, (b) Nafion+CNT modified electrode and (c) 

Dye+Nafion+CNT modified electrode in 0.1 M KCl.  Scan rate used was 50 mV/s for each measurement and the 

voltammogram shown is from the first cycle if not otherwise indicated. 
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Next, the ability of the different electrode materials to detect cadaverine was investigated. Figures 7 (a)-(c) 

show a series of voltammograms where 0.01 M cadaverine has been added to KCl solution. As can be seen 

from Fig. 7 (a) CNT+Nafion modified electrode appears to be insensitive to the presence of cadaverine in 

the solution. On the other hand when dye+Nafion modified electrode is used one can see a small peak 

around -0.2 V (vs. Ag/AgCl) corresponding to the oxidation of the dye itself (compare with Fig. 6 (c)) as well 

as some rise in the oxidation current around 0.8 V (vs. Ag/AgCl). Based on the results it is clear that the 

magnitude of the measured current is not a function of the amount of dye+Nafion solution present on top 

of the electrode. Finally, when dye+Nafion+CNT modified electrodes are used one can see that there is a 

significant increase in the oxidation current around -0.2 V (vs. Ag/AgCl) as well as the appearance of  a peak 

like feature around 0.8 V (vs. Ag/AgCl). The oxidation peak around -0.2 V (vs. Ag/AgCl), which is again due 

to the oxidation of the dye itself (see Figure 6 c) is much larger here suggesting that the carbinolamines - 

which form by the reaction of amines and the trifluoroacetylazobenze dye - are more prone to oxidation. 

The oxidation peak that appears at ~0.8 V is assigned to the oxidation of cadaverine similar to that reported 

for composite electrodes of β-cyclodextrin and sulfonated graphene oxide.
24

 The magnitudes of the peak 

currents for both peaks are increased as the amount of dye+Nafion+CNT solution is increased (Figure 8 and 

Table 4). Thus, it is evident that: (i) the presence of dye can promote oxidation of cadaverine, which takes 

place at around 0.8 V (vs. Ag/AgCl) as shown in Figures 7 (b) and (c) and that (ii) the presence of CNT 

network enhances the current response of the modified electrode, most likely by providing large surface 

area for adsorption of cadaverine as well as a percolating electrical network for more efficient charge 

transfer (Figure 7 (c)). The lack of any reduction peaks during the reverse scan again indicates that both 

oxidation processes are most likely followed by a chemical reaction step(s). This is supported also by the 

gradual deactivation/passivation of the electrode surfaces when repeated scans (not shown here) were 

carried out. Table 4 summarizes the results from the cadaverine measurements.  

 

Figure 7 Cyclic voltammetry curves of (a) Nafion®-CNT, (b) dye- -Nafion® and (c) dye-Nafion-CNT composites in 0.1 M 

KCl electrolyte with the presence of 0.01 M cadaverine. The plots with different color compare the performance of 

composites with different amounts deposited on the glassy carbon electrode. The cycling speed used was 50 mV/s 

and all the voltammograms shown are from the first cycle.  
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Figure 8 Comparison of peak current corresponding to the electroxidation of cadaverine (Ep ~0.8 V (vs. Ag/AgCl) 

shown in Figures 7 (b) and (c) after the background subtraction. 

 

Table 4 Increase in the peak current as a function of the amount of dye for Dye-Nafion and dye-Nafion-CNT modified 

electrodes. 

Sample 
Peak position 

 (V vs. Ag/AgCl) 

Peak current 

(mA) 

Peak position  

 (V vs. Ag/AgCl) 

Peak current 

(mA) 

Nafion®-Dye 20 µL -0.18 0.18 0.86 0.18 

Nafion®-Dye 60 µL -0.18 0.16 0.88 0.27 

Nafion®-Dye 140 µL -0.10 0.14 0.92 0.45 

Nafion®-Dye-CNT 20 µL -0.21 0.30 0.83 0.31 

Nafion®-Dye-CNT 60 µL -0.18 1.16 0.86 0.81 

Nafion®-Dye-CNT 140 µL -0.17 1.47 0.89 1.78 

 

The CV curves measured for ammonium hydroxide, cadaverine, putrescine and their mixtures show rather 

similar features, i.e. the sensors cannot be considered as selective devices (Figure S1). It is worth 

mentioning, that the oxidation peak for the diamines is significantly stronger than that detected in 

ammonia solution. This result is coherent with the more pronounced product formation with the diamines 

than with monoamines.  

 

4 Conclusions 

Trifluoroacetylazobenze dye films and dye-CNT-Nafion® composites are applied as amine sensor for optical 

and electrochemical detection of amines, respectively. The solution processed sensing materials were used 

in the forms of thin films. Spin coated dye films on PET substrates proved to be feasible for detecting 

various kinds of amines using optical spectroscopy for both vapors and solutions of the analytes. Similar but 

inkjet deposited thin films could be applied as miniaturized sensors for detecting the decomposition 

products of proteins - originating from meat and fish - using digital camera imaging and subsequent image 

processing. Furthermore, composites of the trifluoroacetylazobenze dye-CNT-Nafion® drop cast on glassy 
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carbon electrodes were demonstrated as feasible materials to detect cadaverine by the means of cyclic 

voltammetry. Based on the results reported here, we envisage that after further optimization and selection 

of the sensing dye molecules, the demonstrated optical and electrochemical methods may serve as new 

approaches to detect or even quantify biogenic analytes having importance in environmental applications, 

food safety and medical analysis.  
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