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ABSTRACT:  Epoxidized linseed oil (ELO) was synthesized and functionalized with propargylamine (PA) or 
3-ethynylaniline (EA) and the products were crosslinked to obtain the diacetylene-functionalized epoxidized 
linseed oil polymers which were used as matrices in the preparation of the composites with multiwalled 
carbon nanotubes (MWCNTs). Electrical resistance at percentages between 4 and 20 wt/wt% of filler was 
measured and the percolation threshold was calculated, obtaining 1.2 and 1.7% for the composites with 
EA and PA respectively. Low critical concentration evidenced a good dispersion of the MWCNTs without 
necessity of any modification. The final products were used in the sensing of acetone, chloroform and ethanol. 
The electrical resistance changes were measured at different concentrations and the sensibility was calculated. 
In order to improve stability toward the vapors, composites were irradiated with gamma rays and new 
sensing was done and compared. The results showed differences in sensibility, selectivity and reproducibility.

KEYWORDS:  Gamma radiation, MWCNT, plant oils, polymer composites, vapor sensing

1 INTRODUCTION

Plant oils represent a good alternative to the need to 
produce materials and chemicals from renewable 
sources and therefore have been of great interest both 
in academia research and for industrial applications 
[1, 2]. Of these, soybean and linseed oils are attrac-
tive due to their low price, abundance and the high 
content of double bonds in their fatty acids [3–5]. This 
last feature makes them easy to modify by chemical 
conversion to other functional groups; among these 
modifications, epoxidation is one of the most used [6] 
because after epoxidation these groups may react by 
themselves by catalytic reaction or with other groups 
as acids, amines, alcohols, phenols or thiols in order 
to have specific functional groups into their structure 
[7–11]. Also, through the use of multifunctional rea-
gents, the oxyrane rings can be used as crosslinker sites 
to obtain polymers; of these, amines are the most used 
due to their nucleophilic character. This versatility is 

the reason why epoxy polymers have also been used 
in diverse applications ever since their commercial 
production in the middle of the last century [12]. In 
this work, we used linseed oil, which is a triglyceride 
consisting of three fatty acids condensed into a glyc-
erol unit, with a composition mainly of linolenic acid 
(56.6%), linoleic acid (15.3%), and oleic acid (19.1%) 
moieties (Figure 1); on average it has 6.4 double bonds 
in its structure [5, 13].

On the other hand, carbon nanotubes (CNTs) have 
excellent electrical and mechanical properties [14, 15] 
which make them candidates for several applications, 
for example, as nanofiller material in conductive poly-
meric compounds [16], due to the large aspect ratio of 
CNTs being more effective compared with carbon black 
microparticles. The incorporation of CNTs into poly-
meric compounds gives rise to new opportunities for 
electronic applications, for example, in conductive films 
[17, 18], photovoltaic devices [19] or sensors [20–22]. 
Their advantages are that they may be flexible, easy 
to mold and cheap. Nonetheless the polymeric matri-
ces have the same drawbacks as polymers from fossil 
sources. In these composites it is very important that 
there be a good and homogeneous dispersion of the 
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conductive particles throughout the polymer matrix 
in order to obtain an effective and reproducible utili-
zation; however, this main drawback is likely owing 
to van der Waals forces between them along their 
structure, where they form clusters or tight long bun-
dles which might form a dense entangled network. 
Therefore, to improve the dispersion, surface modifi-
cations have to be done [23, 24]. One of these modi-
fications is the noncovalent attachment of molecules, 
although its disadvantage is that the forces between 
the molecules and the CNTs might be weak. Another 
modification is the covalent attachment of functional 
groups to the CNT walls; however, this decreases their 
conductivity owing to the fact that the groups might 
introduce defects on the graphitic structure [25, 26]. 
Functionalization with divalent adducts is a better 
option since there is less alteration of the electrical 
transport because the sp2 conjugation is retained [27]. 
Other options have been dispersion by shear mixing 
using surfactants [28] or by sonication in an adequate 
solvent [29, 30]. In order to avoid any modification 
to the CNTs and loss of the electrical properties, we 
have synthesized matrices with functional groups rich 
in electrical density without polar moment, such as 
diacetylenes, that can interact via van der Waals forces 
with the electrical density of the CNTs, assisting with 
their dispersion.

With respect to sensing, there is currently a need 
for flexible, mechanically robust and environmen-
tally stable chemical vapor sensors with high effi-
ciency and low power consumption. In this context, 
polymer/carbon black (CB) or CNT composites have 
been investigated for the detecting of organic solvent 
vapors [31, 32]; characteristics of these polymer com-
posites are their easy preparation, low cost and sens-
ing at room temperature. The detection mechanism is 
well explained by the percolation theory; this means 
that the electrical resistance is a function of the con-
ductive filler concentration. During the sensing experi-
ment, the composite suffers swelling, which produces 
disconnection of the electric paths. Once the solvent is 
evaporated, the paths are formed again, although they 
likely do not return to their initial conformation. For 
example, Hernández-López and coworkers [31] stud-
ied the sensing of tetrahydrofuran (THF) using a cel-
lulose/CB composite. For each sample they registered 

an initial electrical resistance (Ro), after which they 
introduced small volumes of THF. After introducing 
these small volumes they observed that the Ro did not 
return to its original value. They explained that this 
effect could be the result of solvent retention or a struc-
tural modification in the conductive network. These 
results are the main drawback of these sensors due to 
the fact that the reproducibility could become low.

On the other hand, is well known that ionizing 
radiation induces crosslinking and scission in poly-
mers [33]; the first effect predominates if the chain is 
formed mainly of C-H bonds. So in order to override 
the drawback mentioned above, in this work the com-
posites were irradiated with gamma rays at different 
doses to induce crosslinking and the effect in the sens-
ing was evaluated. 

2 EXPERIMENTAL SECTION

2.1 Materials

Lipase acrylic resin from Candida antartica, MWCNT 
DXL 110–170 nm × 5–9 mm (r = 1.9 g cm–3), linseed 
oil (LO), hydrogen peroxide, alumina, anhydrous zinc 
chloride, PA, EA, copper chloride and tetramethyl-
ethylenediamine (TMEDA) were obtained from Sigma-
Aldrich Co.; sodium carbonate and magnesium sulfate 
anhydrous were obtained from J.T. Baker, Mexico. 
All the reactants were used as received. SEM images 
were obtained using a JEOL JSM-6510LV microscope 
at acceleration voltage of 25 kV, at 10000X, with a back-
scattered electron detector. The 1H NMR spectra were 
recorded at room temperature using CDCl3 as solvent 
on a Bruker Avance 300 MHz NMR. Chemical shifts 
are relative to (CH3)4Si and are given in ppm. The FTIR-
ATR spectra were recorded on a Shimadzu FTIR-ATR 
Prestige 21 spectrophotometer, in a range between 550 
and 4000 cm–1; spectra were acquired at 4 cm–1 resolu-
tion and signals averaged over 32 scans. DSC and TGA 
analyses were recorded under nitrogen atmosphere 
(100 ml/min) using a SDT-Q600 TA Instruments mod-
ulus, from 20 to 600 °C and heating rate of 20 °C min–1. 
Glass transition temperatures were determined using a 
DSC TA Q200 TA Instruments modulus; DSC measure-
ments were recorded in modulation mode under nitro-
gen flow of 50 ml min–1 from −60 to 100 °C, heating rate 

Figure 1 Chemical structure and main composition of linseed oil.
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of 5 °C min–1 with an amplitude of ±1 °C over a modu-
lation period of 60 s; for DAPAELO, 5 mg were placed 
into aluminum hermetic pans and for DAEAELO, 2 mg 
were placed into the pans. For sensing, the initial elec-
trical resistance was measured with a digital multim-
eter. Thickness of the samples was measured by a pro-
filometer by Sloan Dektak IIA. 

2.2 Synthesis of ELO

The ELO was synthesized using the chemoenzymatic 
method described in a previous report [34]: a toluene 
solution, 100 g (0.114 mol) of LO, 8 g (0.028 mol) of 
oleic acid and 10 g of lipase were put into a precipitate 
glass using 120 mL of solvent. The reaction mixture 
was warmed between 40–42 °C and mixed by stirring 
at 355 rpm, and then 160 mL of hydrogen peroxide at 
30% was added drop by drop. After 24 hours, the reac-
tion was filtered to recover the enzyme. The product 
was purified by successive extractions of 3 × 20 mL 
of Na2CO3 solution at 10% and 1 × 20 mL of water. 
Finally, ELO was dried using MgSO4 anhydrous. The 
product was characterized by FTIR-ATR, 1H NMR, 
DSC and TGA.

2.3  Synthesis of ELO Functionalized with 
Alkynes

For synthesis of functionalized ELO with the alkynes, 
a mixture of 0.5 g (0.5 mmol) of ELO, ZnCl2 0.014 g 

(0.1 mmol) and 0.5 mL of PA (7.8 mmol) or 0.5 mL of 
EA (4.8 mmol) was heated at 80 °C for 5 h; the reac-
tion was followed by FTIR-ATR. Color changes were 
observed from white to amber and red. Remainder 
alkynes were extracted with water and the products 
were filtered and solved in acetone; finally, they were 
dried by a rotary evaporator and by a vacuum line. 
The products, PAELO and EAELO, were characterized 
by FTIR-ATR, 1H NMR, DSC and TGA.

2.4 Coupling of Terminal Alkynes

In order to obtain the polymer, C-C coupling of termi-
nal acetylenes was carried out at room temperature by 
the Hay reaction (Figure 2) [35, 36]. PAELO or EAELO 
were dissolved in chloroform while an aqueous solu-
tion of CuCl and TMEDA in stoichiometric ratio 1:1 
was prepared; both solutions were placed together 
and mixed by magnetic stirring under an air flow. 
After a few seconds a film on the surface was observed, 
which was removed, and then a new film was formed 
and removed again. This process was repeated until 
the film was not observed. The Cu(TMEDA) cata-
lyst obtained in situ [37] was extracted with water as 
many times as necessary until the characteristic blue 
color was not observed. The final products were a yel-
low solid for diacetylene PAELO (DAPAELO) and a 
brown solid for diacetylene EAELO (DAEAELO), 
which were dried and characterized by FTIR-ATR, 
DSC and TGA.

Figure 2 Simplified scheme for the synthesis of the polymeric matrices.
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2.5  Preparation of the Polymeric 
Composites

The diacetylene-polymer composites (DAELO/
MWCNT) were prepared in three steps. First the poly-
mers between 8 and 9.6 mg/mL and MWCNT at con-
centrations between 0.4 and 2 mg/mL were dispersed 
in chloroform by an ultrasonic bath for 30 min at 
35 MHz and 70 W. In the second step, equal volumes 
of dispersions were mixed and placed in the ultrasonic 
bath for 30 min more. Finally, 1 mL of these final solu-
tions were placed inside stainless steel cylinders of 
14 mm diameter mounted on glass plates. The solvent 
was evaporated slowly (casting technique) and the 
films were placed in an oven at 60 °C. Once the sam-
ples were dried, silver contacts were placed as parallel 
lines at 1 cm. In order to compare the effect of diacety-
lenes in the polymeric structure, ELO-polymer com-
posites were made under the same conditions; owing 
to the fact that ELO is a liquid monomer, the films of 
the mixture on glass substrates were cured at 220 °C 
for 2 h in a vacuum stove, obtaining a solid compos-
ite due to the epoxy ring opening [38] and reaction 
between them.

2.6 Percolation Threshold

The electrical resistance of the films was measured, 
their resistivity was calculated and plotted against 
MWCNT percentage (wt/wt), and four samples were 
averaged for each point. The electrical resistance was 
measured at potentials between 10 and 100 mV; in all 
cases a lineal relation was observed. The percolation 
theory was applied in order to calculate the percola-
tion threshold at the onset of the network; electrical 
resistivity obeys the power law relation:

s = sm(f–fc)
b

where s is the electrical resistivity of the polymeric 
compound, f is the filler concentration, fc is the criti-
cal filler concentration or percolation threshold and b 
and sm are fitting constants. The adjustment was made 
using Origin 6.0 software. Three free parameters, sm, 
fc and b, were considered [39], where sm is the pro-
portionality constant. A data correlation of 0.99 was 
reached for running numerical interactions. The best 
fitting curves were obtained for b very close to −2.8 
and −2.1, then b was fixed to this value and numerical 
interactions were run again.

2.7 Vapor Sensing

Sensing experiments were carried out for the electrical 
resistance changes to ethanol, acetone and chloroform 
vapors in which increasing volumes of 0.1, 0.2, 0.3, 0.4 

and 0.5 mL of the solvents were injected into a sensing 
chamber with a dry and oil-free air flux of 5 L min–1, 
as previously described [31, 32]. The maximum resist-
ance was measured and plotted at real time for each 
set of pulses; between each pulse the samples were left 
in the air flux until they reached a minimal constant 
value. Sensibility was calculated using the equation:

S (%) = 100 % [(Rm–R0)/R0]

where Rm and R0 are the maximum and initial electri-
cal resistance measured respectively.

2.8 Irradiation and Vapor Sensing

Samples with 6% (wt/wt) of MWCNT were chosen to 
be irradiated. The samples were exposed to 60Co g-ray 
source (Gammabeam 651 PT, MDS Nordion) at room 
temperature in a vacuum sealed borosilicate glass 
tube at rate doses between 8 and 11 kGy h–1, and total 
doses of 10, 20, 30, 40 and 50 kGy. Volumes of 0.2, 0.3 
and 0.4 mL of acetone or chloroform were injected. 
Their sensibility was calculated and compared with 
the value before irradiation. 

3 RESULTS AND DISCUSSION

3.1 Synthesis

The ELO synthesized using the chemoenzymatic 
method obtained a very high double bond conver-
sion. ELO was characterized by 1H NMR, FTIR-ATR 
and DSC. The 1H NMR spectrum showed the signals 
from epoxy ring between 2.90 and 3.21 ppm, which 
integrated for 11.5 hydrogens or 5.75 epoxy groups 
on average (Figure 3b). These signals allowed us to 
calculate the epoxy percent, which was 97%, with 
respect to the signals from the double bonds between 
5.23 and 5.42 ppm in the 1H NMR spectrum of LO, 
which integrated for 11.8 hydrogens, meaning 5.9 
double bonds (Figure 3a); whereas in the ELO spec-
trum, the hydrogens from double bonds integrated 
only for 0.56. Molecular weight of LO and ELO was 
calculated by integration of their respective spectra. 
For the first one, its molecular weight was 879 g mol–1 
and for ELO it was 977 g mol–1 using this data, and 
the epoxide number was 5.89 equiv kg–1 or 9.42 weight 
percent of oxirane, which is similar to that previously 
reported using this method [40]. In the FTIR spectrum 
the band at 821 cm–1 corresponding to the n(C-O) from 
epoxy group was observed (Figure 4b) and those cor-
responding to the double bonds at 1650 and 3008 were 
not (Figure 3a). In DSC an exothermic process between 
201 and 275 °C (Figure 5) was observed which corre-
sponds to the ring opening of epoxy groups [41], and 
another exothermic process was observed between 
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155 and 200 °C, which could be due to the break of 
some ester groups [42].

The ELO was functionalized with PA or EA by an 
epoxy ring opening reaction catalyzed by ZnCl2. The 
products were characterized by FTIR-ATR and 1H 
NMR. In the FTIR-ATR spectra the bands of n(C≡C-H) 
at 3282 cm–1 and n(C≡C) at 2104 cm–1 for terminal 
alkynes and the characteristic one centered around 
3450 cm–1 from hydroxyl groups were observed 
(Figures 4 and 6). In the spectrum of EAELO, one 
broad band at 3387 cm–1 corresponding to the sec-
ondary amine was observed; however, in the spec-
trum of PAELO this was not evident (Figure 6c). On 
the other hand, in the 1H NMR spectrum of EAELO 
a singlet at 3.01 ppm is observed which corresponds 
to the terminal alkyne, the integration of the signals 
from the aromatic ring between 6.6 and 7.1 ppm, 21.84 
hydrogens, allowed calculating 5.46 aromatic groups, 

which indicated 95 percent of functionalization with 
respect to the 5.75 epoxy groups (Figure 3c). Whereas 
in the 1H NMR spectrum of PAELO, the signals at 2.48 
and 2.52 ppm corresponding to the terminal alkyne 
and the methylene group, respectively, integrated for 
13.2 hydrogens, which allowed calculating 4.4 propar-
gyl groups or 77% of functionalization (Figure 3d). 
These results contrast with expectations because of 
the higher nucleophilic character of the aliphatic 
amine with respect to the aromatic one [12]. However, 
the result for PAELO is only an approximation due to 
the fact that the secondary amine formed could react 
with another epoxy group due to its similar reactivity 
with respect to the primary one.

The C-C coupling was carried out by the Hay reac-
tion. Polymerization was evidenced by the film for-
mation on the solvent surface; it was removed and a 
kind of fiber was observed. In the FTIR-ATR spectrum 

Figure 3 1H NMR 300 MHz, CDCl3 spectra of (a) LO, (b) ELO, (c) EAELO and (d) PAELO.
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of DAEAELO the intensity of the band at 3282 cm–1, 
corresponding to terminal alkyne, is lower than in the 
EAELO spectrum (Figure 4d). The same was observed 
in the spectrum of DAPAELO. This also allowed us 
to confirm the C-C coupling. Thermal stability was 
evaluated by TGA; in the thermograms of EAELO a 
weight loss of around 7% is observed between 100 
and 180 °C. This could be owing to the loss of volatiles 
and low molecular weight components as water in the 
samples due to the presence of hydrophilic hydroxyl 
groups in the chains, residual EA and solvent. The 
10% weight loss of EAELO at 271 °C was lower than 
DAEAELO and ELO at 328 and 365 °C respectively 
(Figure 7). For DAPAELO, the 10% weight loss was 
at 285 °C. These results indicated that the coupling 
gave a slight thermal stability with respect to func-
tionalized ELO. The glass transition temperature was 
evaluated by DSC; for the polymeric network with PA 
its Tg was observed around −10 °C, whereas for the 
polymer with EA this was around 25 °C (Figure 8). 
These results were interesting because they help to 

better understand the differences in their behavior in 
the sensing test due to DAPAELO being less hard than 
DAEAELO at room temperature.

The composites were made as previously men-
tioned in the experimental section; chloroform was 
chosen as solvent because it has been used at high 
MWCNT concentrations [43]. A result of interest is 
that only 1 hour was enough to disperse MWCNT, 
inasmuch as longer times might cause fractures on 
CNT [44]. MWCNTs were mixed with the respective 
DAELO at 4, 6, 8, 10, 12, 16 and 20 (wt/wt), dispersion 
was confirmed by their conductivity and SEM images 
where samples with 10% of MWCNT at 10 000X were 
observed (Figure 9). DAEAELO composite polymer 
attached to CNT was observed owing to a major inter-
action with the aromatic rings. Once the dry films were 
obtained and contacts were placed with silver paint, 
the electrical resistance was measured and the resis-
tivity was calculated; to calculate it, the area and the 
thickness of the films were measured. Note that the 
resistivity for DAPAELO and DAEAELO composites 
is lower than ELO composites with the same load of 
MWCNT (Table 1). The average values of four samples 

Figure 4 FTIR-ATR spectra of (a) LO, (b) ELO, (c) EAELO, 
(d) DAEAELO and (e) EA.
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for each point were adjusted by the percolation thresh-
old equation, finding the critical concentration (fc) to be 
at 1.2 and 1.7% for DAEAELO and DAPAELO respec-
tively. Data were plotted against MWCNT percentage 
(Figure 10). These values are similar to other poly-
mer-MWCNT composites. For example, the percola-
tion threshold for polystyrene/single-walled carbon 
nanotube composites was at 1.5% [45], for polyvinyli-
dene fluoride/MWCNT it was at 0.95% [46] and for 

Figure 6 TGA (dashed line) and DSC (solid line) of ELO; 
heating rate of 20 °C min–1 under nitrogen atmosphere.
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Figure 10 Resistivity as a function of MWCNT percentage 
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(n = 4).

3500

2500
DAEAELO

σ = 38 000(φ –1.2)–2.8

DAEAELO
σ = 35 000(φ –1.7)–2.1

1500

500

–500
0 5 10 15

MWCNT (% W/W)

ρ 
(Ω

/m
)

20 25 30

http://dx.doi.org/10.7569/JRM.2016.634138
http://dx.doi.org/10.7569/JRM.2016.634138


DOI: 10.7569/JRM.2016.634138 A. Ramírez-Jiménez et al.: Composites from ELO and Vapor Sensing 

J. Renew. Mater., Vol. 5, No. 2, April 2017  © 2017 Scrivener Publishing LLC  139

DAELO/MWCNT crosslinked with propargyl alcohol, 
reported in our previous work, it was at 0.96% [47].

3.2 Sensing

Acetone sensing behavior of the composites at dif-
ferent filler concentrations in a progress experiment 
is shown in Figure 11. In these experiments, com-
posites prepared previously with propargyl alcohol 
were included (DAPOHELO) [47]. In all cases it was 

Table 1 Calculated resistivity of composites at different loads of MWCNT. Mean value ± SD (n = 4).

MWCNT (wt %) r (kΩ m–1) DAPAELO/MWCNT r (kΩ m–1) DAEAELO/MWCNT r (kΩ m–1) ELO/MWCNT

4 – 3074.8 ± 449.8

6 1161.9 ± 46.5 475.9 ± 158.6 4697 ± 1642

8 763.4 ± 207.6 65.25 ± 19.21 5711 ± 3658

10 434.3 ± 61.4 24.27 ± 3.30 3160 ± 944

12 258.4 ± 25.3 52.13 ± 12.37 3101 ± 1392

16 47.94 ± 3.67 20.61 ± 1.38 4697 ± 1642

20 54.74 ± 4.17 8.98 ± 0.74

Figure 11 Acetone sensing using composites at different filler loads: (a) DAPOHELO, (b) DAPAELO and (c) DAEAELO.
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observed that the higher the volume of the pulse, the 
higher the sensibility. For ethanol and chloroform the 
same behavior was observed.

Composites with 6% of MWCNT were chosen 
to compare the sensing of chloroform, acetone, and 
ethanol. The results shown in Figure 12 confirm that 
DAPOHELO and DAPAELO had high sensibility 
toward chloroform. This behavior could be due to the 
polarity, since chloroform is the less polar solvent of 
these, which indicates that there is a high interaction 
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between the solvent and the hydrocarbon chains in 
the matrix. For acetone and ethanol, the sensibility 
for DAPOHELO had the behavior expected accord-
ing to the polarity, which means it was more sensi-
tive to acetone than ethanol. Whereas with DAPAELO 
an opposite effect was observed, meaning that other 
interactions affect the sensing, which in this case may 
be the hydrogen bond formation. On the other hand, 
in the sensing with DAEAELO composites, detect-
able changes were not observed for chloroform; for 
acetone and ethanol sensibility values were very low, 
which could be due to a high interaction between the 
matrix and the MWCNT as is observed in the SEM 
image (Figure 9), also because its Tg was relatively 
high, around 25 °C, which indicated that this material 
is hard at the temperature at which the sensing was 
done and therefore the swelling is not fast enough. 
The matrix had a high electronic density with the 
introduction of diacetylenes which also had aromatic 
rings, so this interaction does not allow swelling of the 
polymeric matrix by the solvents.

Samples of 1 × 1.2 cm of DAPOHELO and DAPAELO 
with 6% of MWCNT were chosen to evaluate the elec-
trical resistance changes in the sensing of acetone and 
chloroform. The sensing was carried out before and 
after irradiation of the samples with gamma rays at 
doses of 10, 20, 30, 40 and 50 kGy. Intermediate pulses 
of 0.2, 0.3 and 0.4 mL were injected into the sensing 

camera; each pulse was repeated four times in order to 
carry out the corresponding statistical analysis.

The results showed a diminishing sensibility toward 
acetone (Figure 13); however, the standard deviation 
in the irradiated samples was lower than in the non-
irradiated ones, which indicated a better reproduc-
ibility; this effect could be observed at doses higher 
than 20 kGy. This result could be explained because 
radiation induced crosslinking in the polymeric matri-
ces, thereby the swelling sample may return to the ini-
tial conformation. On the other hand, in chloroform 
sensing an opposite effect was observed (Figure 14) 
owing to the high affinity of the matrices toward this 
solvent; in this case a faster diffusion due to a dimin-
ishing thickness could be the cause of a higher sensi-
bility. The thickness diminished from 7.4 to 5.8 mm 
in DAPOHELO and from 7.7 to 7.2 mm in DAPAELO 
composites at an irradiation dose of 20 kGy.

4 CONCLUSIONS

The synthesis of two polymeric matrices was carried 
out in three easy steps: (1) obtaining ELO functional-
ized with PA or EA by a catalytic ring opening reaction 
in order to have terminal acetylene groups; (2) coupling 
of C-C to form terminal acetylene groups which serve 
as crosslinkers to obtain the polymers; and (3) the mix 

Figure 12 Comparative sensing of solvents using (a) DAPOHELO, (b) DAPAELO and (c) DAEAELO with 6% of MWCNT.
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Figure 13 Comparative of sensibility (%) at different injection volumes of acetone. DAPOHELO/MWCNT (left) and DAPAELO/
MWCNT (right). Light grey (no irradiated samples), dark grey (irradiated samples at different doses). Mean values ± SD (n = 4).
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Figure 14 Comparative of sensibility (%) at different injection volumes of chloroform. DAPOHELO/MWCNT (left) and 
DAPAELO/MWCNT (right). Light grey (no irradiated samples), dark grey (irradiated samples at different doses). Mean values 
± SD (n = 4).
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of diacetylene polymer network and MWCNT at dif-
ferent loads. The percolation curves were plotted and 
the critical concentrations for diacetylene linseed oil of 
around 5% were lower than ELO/MWCNT compos-
ite [47], demonstrating that rich electron groups had 
a positive effect on the dispersion of MWNT without 
any modification. The calculated percolation threshold 
was low enough to prepare composites which were 
used in the sensing of chloroform, acetone and etha-
nol. The composites of DAPAELO and DAPOHELO 
had a high sensibility toward these solvents; however, 
the DAEAELO had a very low sensibility, showing 
that the effect of introducing an aromatic ring into the 
structure produces other interactions which avoid the 
chain separation in the sensing. Besides, irradiation in 
the chosen samples at doses higher than 20 kGy results 
in a diminishing thickness likely due to the crosslink-
ing of the chains in the polymer. Irradiation resulted in 
changes in the sensibility and improved the reproduc-
ibility because the structure may return to its original 
conformation. In this work only a first approximation 
was done on the effect of radiation on the composite 
and organic vapor sensing; however, an opportunity 
is open to evaluate the effect of the radiation dose on 
the thickness and crosslinking, and these on the sens-
ing parameters.
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