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Abstract

This research was based on the manufacture of new composite materials that
offer technological possibilities in the development of new devices with great-
er efficiency. Electrospinning was used to form nylon 66/-tetra-(para-ami-
nophenyl) porphyrin (H,T(p-NH,)PP)/graphene oxide (GO) composite film.
Graphene oxide coatings were obtained from graphite, through mechanical
exfoliation followed by calcination and ultrasonic agitation in an oxidant so-
lution. These samples were characterized under SEM, FTIR, Raman spectros-
copy, UV-vis and R-X techniques. On the other hand, H,T(p-NH,)PP was
synthesized in two steps process by the Rothemun reaction and the Adler
Method and it was integrated within nylon polyamide fibers by direct addition
of a hexamethylenediamine/adipoyl chloride reactant mixture. The polymeri-
zation of the nylon/H,T(p-NH,)PP species occurs in such a way that it starts
or ends on the four peripherals-NH, groups, connected and located in the
same molecular plane of H,T(p-NH,)PP, forming nylon chains at the peri-
phery of the macrocycle. The association of GO with nylon/H,T(p-NH.)PP
fibers is performed by dipole-dipole interaction and hydrogen bonding. To
take advantage of the properties of these materials, they were combined as a
ternary composite.
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1. Introduction

The new developments in materials chemistry are applied to energy research and
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nanoscience. The functional materials; composite and hybrid metal-organic
porous structures developments are available for diverse applications, such as:
hydrogen storage, carbon dioxide capture, the separation of fuel and toxic gases,
and separation of hydrocarbon molecules.

Fibers have interesting properties such as high length to diameter ratio and
hence find a lot of applications in various industries. The incorporation of fillers
and nanofillers into electrospun fibers enhances its properties relevant to a
number of applications, particularly mechanically reinforced composites [1].
The important properties of the fibers, which make them commercially impor-
tant, are their small diameter, large surface area and small pore size, which are
the ideal requirements for filtration, catalysis, and adsorption.

Graphene, a two dimensional allotrope of carbon separated from graphite in
2004 [2] [3] has attracted a lot of research interests due to its unique electronic
structure and fascinating optical, thermal and chemical stability and mechanical
properties [4] [5] [6]. Due to its excellent mechanical properties, graphene can
be used in the formation of composite materials and reinforcement of fiber
properties for improved performance; one of such properties is the thermal
conductivity.

Among all possible aromatic molecules, synthetic tetrapyrrole macrocycles,
such as porphyrins (H,P) exhibit a wide range of interesting physico-chemical
properties suitable to be used in high technology devices. Porphyrins are of pri-
mary interest in molecular electronics due to their rich electronic/photonic
properties (including charge transport, energy transfer, light absorption or emis-
sion) [7]. The relatively easy synthesis and purification of substituted tetraphenyl
porphyrins (H,T(S)PP) make them very attractive for synthesize and prepara-
tion of systems applicable in diverse technological areas.

Most of polymeric materials are limited in their technological applications for
their low conductivity and thermal stability, high electrical resistivity and plastic
deformation. However, porphyrins and graphene oxide exhibits excellent prop-
erties which are seen to leverage incorporating them into polymeric matrixes to
form a composite or hybrid material.

On the other hand, the properties that can be exploited from nylon are its
high mechanical strength, stiffness, hardness and toughness. Combined with this
polymer, the GO seeks to reduce the ionic and electrical resistance of the base
material and improve its mechanical properties. In the same way porphyrin pro-
vides its coordination capacity, charge transport, energy transfer and light ab-
sorption or emission properties. These set of properties could be combined in
hybrid materials and composites feasible to be used in innovative technological
applications such as super-capacitors, organic solar cells, development of highly
selective chemical sensors [8] [9], biological application as artificial muscles [10]
[11] [12], proton exchange membrane, coating bipolar plates fuel cell, etc.

Electrospinning is one of the techniques for production of continuous fibers
from micro to nanometer range by the application of electrostatic forces to a jet-

ting polymer solution. The basic idea behind this technology dates back to the
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early 1950’s [13] [14] [15] [16]. Electrospinning is a very attractive technique for
production of polymer fibers because of its simplicity, low cost, high productivi-
ty, reproducibility and its potential to be scaled up to industrial level [17]. The
combination of graphene with the polymer, can improve the mechanical, elec-
trical and thermal stability of the polymeric fibers [18] [19] [20].

2. Experimental
2.1. Graphene Oxide (GO)

The GO was obtained by the mechanical exfoliation of graphite (MEG). Subse-
quently, a series of treatments were performed to obtain the best GO conditions.
Within these treatments there was a calcination in a muffle with an oxygen flow
at a temperature of 700°C for two hours to remove impurities (such as crystal-
line silica and silicates) and to obtain a greater separation of the sheets through
its functionalization: a product of the graphite oxidation in the presence of oxy-
gen, fixing it in the borders of the graphite sheets, achieving their separation.
After that, ultrasonic agitation in peroxide solution was performed for six hours.
Afterwards, the material were filtered, washed, and dried to obtain the GO.

2.2. Tetrakis-(Para-Aminophenyl) Porphyrin (H.T(p-NH:)PP

The free base of tetra-(para-aminophenyl) porphyrin, H,T(p-S)PP, was synthe-
sized in two step process by the Rothemun reaction and the Adler Method [21]
from para-nitro benzaldehyde, pyrrole, and Zn(Ac)s, under reflux in propionic
acid (Figure 1). Once the reaction mixture was cooled, an equivalent volume of

chloroform was added to the mixture, which was kept with ultrasonic agitation
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Figure 1. Synthesis route of H.T(p-NH2)PP species.
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for ten hours. The resultant dark purple solid was filtered and washed with me-
thanol and chloroform. In a second step, the nitro groups (-NO,) were reduced
with SnCL-2H,O to a temperature of 70°C for 30 minutes. After, the mixture was
neutralized with NH,OH. A reddish precipitate of impure porphyrin was ex-
tracted from that solution with chloroform. Purified H,T(p-NH,)PP solid was
obtained through a chromatographic silica gel column.

2.3. Nylon/H,;T(p-NHz)PP Compound

To form the composite nylon/porphyrin it was required to prepare the next two
solutions.

Solution A: Composed of a mixture of hexamethylene-diamine and sodium
hydroxide in distilled water at 6.1% and 2.3%, respectively.

Solution B: Prepared with 2 ml of adipoyl chloride dissolved in 22 ml of chlo-
roform, and the quantity desired of reacting porphyrin, which were 5 and 100
mg of H,T(p-NH,)PP in the present work.

Once solutions were prepared, carefully hexamethylenediamine solution “A”
was poured into adipoyl chloride and porphyrin solution “B”. Immediately was
observed the separation of solutions and the formation of nylon/H,T(p-NH,)PP
compound just at the interface of the two liquid volumes. The polymer formed
at the interface is removed very slowly using tweezers, allowing contact and reac-
tion of the two solutions to facilitate compound formation nylon/H,T (p-NH,)PP.
Finally, the compound is washed with distilled water to remove traces of rea-

gents and allowed to dry in an oven at 80°C for 12 hours.

2.4. Nylon/H2T (p-NH2)PP/GO Compound

To form composite the nylon/H,T(p-NH,)PP was dissolved in formic acid, and
graphene oxide was added and the mixture was ultrasonicated at a temperature
of 60°C - 65°C for 12 hours.

2.5. Electrospinning

The experimental setup system consists of three main parts: a controlled power
source (Glassman High Voltage power source) providing a high voltage to create
a high electrostatic field, an injector or perfusion pump (Srynge Pump Model
NE300, 11 VDC Volts/Hertz, 0.75 Amperes) which generate pressure to a con-
nected syringe and expelling the fluid and a stainless steel plate collector, where
the polymer fibers are deposited.

The process starts with the preparation of a polymer solution. In the case of
the nylon/GO, the weight percent of GO were 25% or 50% and for the ny-
lon/H,T(p-NH,)PP ratio, the percent of H,T(p-NH,)PP were 0.1% or 1%. Addi-
tionally, for the nylon/H,T(p-NH,)PP/GO systems the weight percent of GO was
set at 25% and for H,T(p-NH,)PP were 0.1% or 1%.

All compounds were dissolved in formic acid and left stirring for 12 hours.
The syringe (3 ml) is prepared by cutting and grinded the bevel part of the

needle, which is electrically charged when connected to the power source.
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Table 1. Electro-spinning parameters.

Composite Charge (kV) Flow Rate Viscosity (cp) Tip-Collector (cm)
Nylon 12 0.2 ml/h 122.24 15
Nylon/GO 12 0.4 pl/min 102.16 12
Nylon/Porphyrin 12 0.4 pl/min 101.86 12
Nylon/Porphyrin/GO 13 0.2 pl/min 106.96 12

In reported experiments, electrical charge is usually between 1 and 30 kV;
other aspects taken into account are the flow rate and the distance between the
needle tip and the collector. Distances in the range of 5 to 30 cm were evaluated
in order to allowing the solvent to evaporate and the polymer fibers deposited on
the collector [22] [23]. The electro-spinning process occurs because the electric
force applied to the polymer solution, manages to overcome the surface tension of
this, generating an electrically charged beam, which is exposed to the collector.
When the fibers are dried, they are electrically charged and directly accelerated by
electric forces on the collector (stainless steel 316), where they are deposited.

The electric charge, tip-collector distance and flow rate are parameters that

were established to form the different composites shown in Table 1.

2.6. Characterization

Functionalized GO samples and electrodes were characterized using SEM, FT-

IR, Raman spectroscopy, UV-Vis, R-X techniques and TGA.

2.6.1. Scanning Electron Microscopy

These tests were performed on a LEO model operating at 15 kV, at 1, 5, 10 and
15 kX resolution to determine size, form and distribution of GO flakes. Energy
dispersive X-Ray spectroscopy (EDX) was used to determine the elemental che-
mical analysis of GO and to corroborate the presence of oxygenated functional

groups and their distribution.

2.6.2. Infrared Spectroscopy (FT-IR)

With this technique was determined the change in the structure of the different com-
pounds formed nylon/H,T(p-NH,)PP, nylon/GO and nylon/H,T(p-NH,)PP/GO in
the frequency range 500 - 4000 cm™, 4 cm™ resolution, in a spectrophotometer
Model Vector 22 Bruker, equipped with OPUS 5.5 software.

2.6.3. Raman Spectroscopy
The used equipment: WITec alpha 300 AR, laser source: 532 nm (green) power:
15.6 mW, optical objective: 100X integration time: 5 s, accumulations number 8.

This technique was used for the characterization of GO.

2.6.4. X-Ray Diffraction (XRD)

Patterns were recorded on a Bruker D2 PHASER diffractometer (35 kV, 20 m A,
Japan) With Cu Ka radiation (1 = 1.548 A) at a scan rate 2°/min, in the 26 angle
range 5° to 30°.
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2.6.5. UV-Visible
UV-visible absorption spectra were recorded on Genesys 10S UV-Vis spectro-

photometer and mainly used for the characterization of the H,T(p-NH,)PP.

2.6.6. Thermogravimetric Analysis (TGA)
Equipment: STA i 1000 (Simultaneous Thermal Analyzer) Instrument Specialists.
Approximately 5 mg of sample was heated at a rate of 20°C/min, in Nitrogen

(N,) atmosphere.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM)
3.1.1. Nylon/H,T(p-NH;)PP Compound

Figure 2 presents the result of electrospun polymer solution (nylon/porphyrin).
The obtained fibers fall in the range of 700 - 800 nanometers of width, the image
shows fibers in the range of 60 micrometers, forming a highly crossed network

on the base material (collector).

3.1.2. Graphene Oxide Characterization

Figure 3 presents the results of the SEM characterization of the different treat-
ments performed to MEG. A porous material is observed as a result of the ther-
mal treatment, due to the elimination of impurities and desorption of CO, dur-
ing its treatment at 700°C for two hours (Figure 3(a) and Figure 3(b)). After

the thermal treatment, a chemical treatment in peroxide solution was performed

(Figure 3(c) and Figure 3(d)). Ultrasonic vibrations were applied in this process

2um EHT=15.00kV Mag= 5.00 KX File Name = Ny-Porf-7- 4 jpg CIICAp
|_| Photo No. =246 WD= 20mm  Signal A= SE1 Time :11:38:43 Date :15 Oct 2014

Figure 2. SEM micrograph of the nylon/H.T(p-NH,)PP compound.
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Figure 3. SEM images of MEG samples after different chemical or thermal treatment: (a) treated 700°C to 5 kX; (b) treated 700°C
to 10 kX; (¢) treated 700°C and H2O; to 1 kX and (d) treated 700°C and H.O: to 10 kX.

to facilitate the penetration of the oxidizing solution between the sheets and faci-
litate their separation. The combination of these processes results in a delami-
nated and low-dimensional material as seen in Figure 3(c). These sheets are ob-
served as slightly folded layers due to loss of planarity and as a result of their
functionalization (Figure 3(d)).

3.1.3. SEM-EDX Graphene Oxide Characterization

A particle sample was characterized using SEM and EDX as can be seen in Fig-
ure 4. The chemical composition of a GO thin sheet (Figure 4(a)) was deter-
mined through energy dispersive X-rays (EDX), as seen in Figure 4(b). Sheet cha-
racterization shows the presence of oxygen groups attached over a structure main-
ly constituted by carbon (Figure 4(c) and Figure 4(d)) respectively. The low
oxygen percentage may be due to the weak peroxide oxidation process, com-

pared to other chemical oxidation, such as the Hummer’s process.

K2
152 #%, Scientific Research Publishing



C. Garcia-Pérez et al.

! 100nm 1

Creyggen Kal

(©)

Quantitative results

100

80

60

Weight

40

20

C (0]
Electron Image 1 Element

(b)

Carbon Kal _2

(d)

Figure 4. (a) SEM image of GO; (b) Characterized area through EDX and elemental mapping characterization shows the presence
of: (¢) oxygen groups (in red) and (d) carbon (in green) in the structure.

3.1.4. Nylon/H,T(p-NH;)PP/GO Compound

SEM micrographs show a general view and magnification of the coated system
(Figure 5). In Figure 5(a) and Figure 5(d) it can be observed even distribution
of GO sheets at a concentration of 25 and 50% on the polymer matrix nylon/
H,T(p-NH,)PP, respectively. Moreover in Figure 5(b) and Figure 5(e) a com-
plex network of nylon/H,T(p-NH,)PP/GO plates can be observed. In the micro-
graph of Figure 5(c) and Figure 5(f), the presence of functionalized graphite oxide
layers possibly bonded and surrounded by the nylon/H,T(p-NH,)PP fibers is ob-
served. This peculiar pathway suggests that the presence of hydrophilic groups
in the surface, but preferably in the periphery of the GO layers, that makes poss-
ible its interaction with the amide groups (-CO-NH-) of the nylon/
H,T(p-NH,)PP fibers [24]. The nature of these species in the materials can be
confirmed through the FT-IR spectroscopy.
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100um EHT =1500kV Mag= 250X File Name = Ny-P-Go-2-5.jpg CIICAp i CIICA
Photo No. =677 WD= 22mm Signal A=SE1 Time :12:11:50 Date :11 Nov 2014 7:33 Date :13 Nov 2014

EHT=15.00kV Mag= 100KX FileName =Ny-P-Go-25-38jpg CILICAp File Name = Ny-Porf.Go-5-0jpg  CIICApP
PhotoNg.=722 WD= 25mm  Signal A=SE1 Time :12:17:33 Date :11 Nov 2014 gnal A = SE1 12 Date :13 Nov 2014

EHT =15.00KV Mag= 1000KX FileNeme =Ny-P-Go-1-4jpg  CIICAp
Photo No. =676 WD= 22mm  Signal A=SE1 Time :12:10:33 Date :11 Nov 2014

(c)

Figure 5. Nylon/H>T(p-NH2)PP/25% wt of GO compound: (a) 250 X; (b) 1 kX; (¢) 10 kX and nylon/H.T(p-NH2)PP/50% wt of
GO compound (d) 250 X; (e) 1 kX, (f) 5 kX.
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Figure 6. FT-IR spectra: (a) MEG after thermal and chemical treatment (GO) and (b)
MEG blank.

3.2. Infrared Spectroscopy (FT-IR)

3.2.1. Graphene Oxide Characterization
The material structural changes was observed with this analysis and compared
between the different compounds formed and MEG blank (Figure 6).

Figure 6 presents the spectrum obtained for the MEG after its thermal and
chemical treatment in hydrogen peroxide showing bands that according to the
literature [25] are characteristics of GO, as are the bands associated with stret-
ching and flexion of the OH bond around 3000 - 3500 cm™ and 1419 cm™ re-
spectively, the band near 1700 cm™ is due to the presence of the C=0 bond of
the carbonyl group formed at the edges of the GO sheets, similarly, a band
around 1628 cm™ which corresponds to the stretching vibration of the C=C
bond due to the presence of conjugated double bonds in the GO aromatic struc-
ture is also present, another band at 1050 cm™ corresponding to the vibration of
the C-O bond. Also a band that was observed at 880 cm™ attributed to the
C-0O-C bond of the epoxy group. The functionalization and the change of hybri-
dization of sp* to sp® of some of the oxidized carbons is a consequence of the loss
of planarity, which induces the penetration of the oxidizing solution making

possible the separation of some sheets.

3.2.2. FT-IR Composite Films Characterization

The FTIR spectrum of H,T(p-NH,)PP free base species (Figure 7), presents one
band that can be seen at around 3300 cm™ and another one at 960 cm™; these
signals can be ascribed to the NH bond stretching and bending frequencies of
NH, substituents and of the central nitrogens of the macrocyclic porphyrin free

bases. The bands located in the range from 2850 to 3150 cm™, are attributed to
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Figure 7. FTIR spectra of HoT(p-NH:)PP free base, nylon 66 (blank), ny-
lon/H>T(p-NH.)PP, nylon/GO and nylon/H.T(p-NH2)PP/GO composites.

C-H bond vibrations of the benzene and pyrrole rings.

The band located at around 1490 to 1650 cm™ can be assigned to C=C vibra-
tions and that located at around 1350 and 1272 cm™ can be due to -C=N and
C-N stretching vibrations. The signals at around 1800 to 1900 cm™ as well as the
bands at about 800 cm™ and 750 cm™ are attributed to C-H bond bending vi-
brations of para-substituted phenyls.

In the FTIR spectra of pure nylon 66 it can be observed that the bands at 3314
and 3221 cm™, and those arising at 1450 cm™ and 750 cm™ which can be as-
signed to the stretching, deformation, and wagging vibrations of N-H bonds.
The bands at 2946 and 2867 cm™" are associated to the CH, stretching vibrations.
In turn, the C=0 stretching vibrations can be observed at around 1717 cm™. The
stretching, asymmetric deformation and wagging of NH amide groups are ob-
served at 1654, 1547, and 1376 cm™, respectively. The bands located at around
1140 cm™ can be attributed to CO-CH symmetric bending vibration combined
with CH, twisting. The bands at 936, and 600 cm™ are associated with the stret-
ching and bending vibrations of C-C bonds, and the band at 583 cm™ can be due
to O=C-N bending. Additionally, the bands appearing at 936 and 1140 cm™ are
associated to the crystalline and amorphous structures of nylon 66, respectively
[26].
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Figure 8. FTIR, spectra amplification of the different compounds at wavelengths of 1800
- 600 cm™.

In the spectra of nylon/H,T(p-NH,)PP and nylon/H,T(p-NH,)PP/GO com-
posites of Figure 8, as well as the nylon/GO samples of the Figure 7 the charac-
teristics bands of these materials can be observed. Comparison of the different
compounds with the base material (nylon 66) allows seeing small bands that
disappear at 1100, 1030 and 800 cm™, corresponding to primary (NH,) and sec-
ondary (-NH-) amines; likewise, the disappearance of other bands in the spectra
of the different compounds is observed. In the spectrum of the porphyrin the
bands associated to the -NH group appears at wavelength of 966 cm™ and those
attributed to the stretching vibrations of the NH, substituents are located at
around 850 and 793 cm™. The absence of the aforementioned bands could be
caused by the interaction between the base material (nylon 66), porphyrin
(H.T(p-NH,)PP), or inclusively by the reaction of periphery amine groups of
these last species, and the functional groups present on the periphery of the GO
sheets, mainly carboxyl (COOH) or carbonyl (C=0) groups.

3.3. Raman Spectroscopy

Figure 9 shows data obtained from Raman spectroscopy; where it can be seen
that there is a significant difference between the vibrational bands G, D and 2D
mainly, these results confirm the graphitic structure.

The G band makes reference to sp* hybridization, and as this is characteristic
of the structure of graphene, it is well defined throughout the process as ob-

served.
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Figure 9. Raman spectra at 532 nm for different treatments in obtaining the GO.

Low D band intensities suggest that the graphene flakes contain few defects,
predominantly located at the edges, compared with the basal plane of the flakes
[27]. The intensity ratio of D to G (Ip/Ig) is different for each of the treatments
performed to graphite, been 0.09 for graphite exfoliated mechanically, 0.24 for
thermal treatment and 0.52 for the chemical treatment with hydrogen peroxide.
These values are much lower than the GO obtained by other methods (1.2 - 1.5)
further indicating high preservation graphene structure in the derivate GO sam-
ples [28] [29].

The 2D band is a frequency characteristic of the symmetry of graphene oxide,
and denotes that as it is advanced in treating this, is becoming more defined but
not completely enough. The shape of the 2D band is indicative of aggregation of

thin layers in a so called multilayer (<5 layers).

3.4. X-Ray Characterization

The X-ray diffraction (DRX) was performed in the 260 angle range between 5° to
30°, due to the presence in that range of diffraction bands characteristic of the

materials used in the synthesis of the composites.

3.4.1. GO X-Ray Diffraction
The X-ray diffraction (DRX) is a very useful tool to confirm the degree of
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Figure 10. Ray-X diffraction spectra of graphene oxide and exfoliated graphite.

oxidation of graphite, since it involves the partial or complete separation of the
signal (002) graphite in the diffractogram, and the appearance of a new (001) to
26 =10". Similarly it allows to follow the reduction of GO, since the signal (001)
moves back, being closer to the starting graphite (26.5°).

Once oxidized graphite, a material exhibiting functional groups containing
oxygen is obtained, the functionalization of the material occurs mainly in the
borders of the graphite, causing the distance between sheets to increase consi-
derably. This phenomenon can be seen reflected in the diffractogram of gra-
phene oxide Figure 10, by a slight displacement in the diffraction angle com-
pared with the blank and a decrease in intensity signal, as well as the formation
of a band to a diffraction angle 26 of 11.54° corresponding to (001) plane. This
indicates an increase in the separation of the layers of 7.4 A, characteristic of GO

determined from Bragg’s law [30] [31].

3.4.2. Compounds X-Ray Diffraction

The X-ray diffraction patterns (Figure 11) of the nylon 66, nylon/H,T(p-NH,)PP,
nylon/GO and nylon/H,T(p-NH,)PP/GO samples show the same diffraction
pattern of a predominant amorphous material with some crystallinity. In this
sense, the bands at around 20.47° and 23.56° correspond to the reflection of
(100) and (010, 110) of the a phase of nylon 66 crystals oriented in a triclinic
cell. The a' phase corresponds to the distance between adjacent chains of nylon
66, interacting through hydrogen bonding, while the &* phase is attributed to the
distance between lamellae of polymer. The couple of bands attributed to the a
phase were more intense for nylon/H,T(p-NH,)PP sample than for the pristine
nylon 66. This difference in the nylon/H,T(p-NH,)PP sample could be
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Figure 11. X-ray diffraction of the compounds: Nylon 66, nylon/H,T(p-NH.)PP, ny-
lon/GO and nylon/H,T(p-NH.)PP/GO.

attributed to a slightly crystallinity increment induced by the incorporation of
the porphyrin in the polyamide network [32].

The diffraction pattern of X-Ray of the compounds nylon/GO and nylon/
H,T(p-NH,)PP/GO show bands at a diffraction 26 angle of 26.64° and 9.54° in
the case of composite nylon/GO, bands that are characteristic of graphene oxide,

as can be seen in Figure 10.

3.5. UV-Vis Characterization

3.5.1. H,T(p-NH:)PP Characterization

The UV-Visible spectra of porphyrins are characterized by an intense band at
around 420 - 430 nm (Soret band) and four small Q bands in the range of 500 to
700 nm. These last signals are assigned to the a,, = e; and a,y, a,, — egelectronic
transitions, respectively [33]. In the case of the H,T(p-NH,)PP specie, the Soret
band is located at 427 nm, while four bands appearing at 522, 560, 590 and 654
nm (Figure 12), which is characteristic for the monomers of a porphyrin free
bases. In acid solution, the purple-red solution of these compounds turns green
as a consequence of the protonation of the central nitrogens of the porphyrin ma-
crocycle that leads to the formation of the slightly nonplanar H,T(p-NH,)PP** di-

cationic specie.
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Figure 12. UV-Vis spectrum of the synthesized H.T(p-NH:)PP free bases.

3.5.2. Nylon/H,T(p-NH;)PP/GO Characterization

In the visible UV absorption spectra of the nylon/H,T(p-NH,)PP/GO system an
absorption peak at 280 nm assigned to the n-m* transition of the aromatic C=C
bond is observed (Figure 13), present in the structure of GO as in that of the
porphyrin. Also, an absorption peak at 427 nm representing Soret or B band,

characteristic of porphyrins is observed overlapped to the spectrum of the GO.

3.6. TGA Characterization

Figure 14 shows the TGA results generated on nylon 66, H,T(p-NH,)PP, nylon/
H,T(p-NH.)PP, nylon/GO and nylon/H,T (p-NH,)PP/GO.

The TGA results show that the nylon 66 polymer and H,T(p-NH,)PP undergo
thermal degradation beginning at 148°C, on the other hand nylon/H,T(p-NH,)PP,
nylon/GO and nylon/H,T(p-NH,)PP/GO compounds show an increase in tem-
perature in the first thermal degradation at 305°C, as consequence of the chemi-
cal interaction between nylon, H,T(p-NH,)PP and GO, going from a linear ny-
lon chain to a branched chain. Similarly a gradual thermal degradation is ob-
served, starting when remains around 70% of total mass of the composites that
included the GO, surely because the nylon and nylon/H,T(p-NH,)PP fibers are
interacting with the edges of GO sheets.

3.7. Structure

All the above mentioned tests suggest a chemical interaction between the differ-

ent materials that make up the compound, in the case of the species ny-
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lon/H,T(p-NH,)PP the polymerization occurs in such a way that it starts or ends

on the four peripherals -NH, groups, connected and located in the same mole-

cular plane of H,T(p-NH,)PP, forming nylon chains at the periphery of the ma-

crocycle [32]. In the presence of H,T(p-NH,)PP the polyamide chain formation

take place faster; this polymerization is favored due to the lower basicity

Weight (%)

Figure 14. TGA results obtained for nylon 66, H.T(p-NH:)PP, nylon/H.T(p-NH:)PP,
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Figure 13. UV-Vis spectra of the system: Nylon/H.T(p-NH.)PP/GO.
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nylon/GO and nylon/H,T(p-NH,)PP/GO showing thermal degradation.
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Figure 15. Chemical structure of the nylon/H,T(p-NH.)PP/GO compound, dipole-dipole
interactions and hydrogen bonds between the different species.

of the -NH, groups present in the periphery of H,T(p-NH,)PP, compared with
the basicity of these same groups in hexamethylenediamine. Dipole-dipole inte-
ractions and hydrogen bonds of nylon amide groups are mainly responsible for
the structure of the polyamide network formed with the H,T(p-NH,)PP species,
in the same way, these interactions participate in the union of the compound
nylon/H,T(p-NH,)PP with GO sheets, mainly between the amide groups of the
polyamide and carbonyl (C=0) or carboxyl (-COOH) groups, located in the pe-
riphery of the GO sheets (Figure 15).

4. Conclusions

Composites nylon/H,T(p-NH,)PP, nylon/GO and nylon/H,T(p-NH,)PP/GO
were developed by electrospinning technique. Their characterization suggests
high level of interaction and integration between the compounds of the compo-
site, mainly between the compound nylon/H,T(p-NH,)PP and the GO appearing
preferentially in the periphery of the GO sheets, improving properties such as
thermal degradation.

These interactions between the materials are intended to be used, for use in

technological applications in the area of energy.
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