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Abstract

Novel pentafunctional epoxy resin, mainly based on pentaglycidyl ether pentabisphenol A of phosphorus (PGEPBAP) 
has been synthesized and characterized through different spectroscopic methods (FTIR, 1H NMR, 13C NMR and 31P NMR). 
Moreover, the analysis of the viscosity of (PGEPBAP/Methanol) system was determined by using viscosimeter VB-1423 of 
the Ubbelohde type. Furthermore, the analysis of the rheological properties of the matrix PGEPBAP and their (PGEPBAP/
MDA/PN) elaborated composite was performed according the RHM01-RD HAAKE rheometer. In addition, the morphol-
ogy of different (PGEPBAP/MDA/PN) prepared composite was determined by using the polarizing optical microscope.
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1 Introduction

The polymers exhibit a rather particular rheological behav-
ior when compared to other materials because of exhib-
iting viscosimetric behavior in the solid state and in the 
molten state [1, 2]. The rheological evaluation of the epoxy 
resin and its composite under the conditions of the pro-
cessing by injection is useful for the control of the quality 
of the material and at the same time for further improving 
the product. Furthermore, epoxy resins and their compos-
ites can behave like Newtonian low shear fluids and non-
Newtonian high-shear fluids [3, 4]. The rheological analysis 
investigates the deformation of bodies under the effect 
of the applied stresses makes it possible to determine the 
relation between the shear stress and the deformation 
according to the shear time [5]. The products prepara-
tion process of (liquids, gels, pastes, …) or the shaping of 

the parts (in metallurgy, in plastics, …) invariably require 
the study of the considered material flow. Therefore, it is 
necessary to know the behavior of the material to deter-
mine the forces involved [6]. Depending on the nature 
of the fluid to be studied, numerous viscosimeter have 
been developed, however the technical requirements of 
the melted resin rheometer such as the high temperature 
thermal regulation and the obtaining of shear rates close 
to the industrial conditions of the setting in shape strongly 
limit the choice of these instruments [7]. Machines devel-
oped on extruders and equipped with flat dies allow both 
the determination of viscosity and rheology studies but 
at low shear rate [8].
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2  Materials and methods

All the employed chemicals were purchased from Aldrich 
Chemical Co.

2.1  Synthesis of pentaglycidyl ether 
pentabisphenol A of phosphorus PGEPBAP

The synthesis of the epoxy resin named pentaglycidyl 
ether pentabisphenol A of phosphorus (PGEPBAP) was 
carried out in two steps according to Hsissou et al. [9].

The first step consists of condensing 0.004 mol of phos-
phorus pentachloride with 0.026 mol of bisphenol A in the 
presence of the 4.274 mol of methanol with magnetic stir-
ring for 48 h at 100 °C. The reaction scheme is shown in 
Fig. 1.

In the second step, 3.014 mol of epichlorohydrin were 
added to the previously obtained solution of pentahy-
droxy pentabisphenol A ether phosphoric under magnetic 
stirring for 4 h at 70 °C. The synthesis of the epoxy resin 
named pentaglycidyl ether pentabisphenol A of phospho-
rus is finalized by adding 3.241 mol of triethylamine base 
with magnetic stirring for 3 h at 40 °C. The reaction scheme 
is presented in Fig. 2. The methanol solvent as well as the 
excessive triethylamine base was removed using the rotary 
evaporator. The triethylammonium chloride by-product 
was removed by dissolving the crude product in tetrahy-
drofuran, followed by filtration and solvent evaporation. 
Typical yield was 85%.

2.2  Hardening the pentafunctional epoxy resin 
PGEPBP with methylene dianiline

The polyepoxide architecture can be converted into a 
thermosetting matrix via the methylene dianiline acting 

as a hardener during the implementation. Methylene 
dianiline has a very good thermal stability and lends very 
good mechanical properties to the pre-polymerized resin 
(epoxide + hardener) [9] this is why they are often used 
for high-tech applications. Methylene dianiline are bearing 
two amine functions among which the four hydrogens can 
be substituted. The formation of the three-dimensional 
network mainly involves condensations reactions between 
the oxirane rings of the epoxy resins and the amine func-
tions of the hardener (Fig. 3) [10].

The cure protocol consists of preheating the approxi-
mately stoichiometric amounts of the epoxy resin and 
the hardener. The methylene dianiline is put in an oven at 
120 °C, while the epoxy resin PGEPBAP is brought to 60 °C. 
Thereafter, both molten components are mixed and cured 
in a mold at 60 °C for 2 h. Moreover, we applied the same 
protocol for the.

crosslinking reaction of the epoxy resin PGEPBAP in the 
presence of methylene dianiline as a hardener and natu-
ral phosphate at different percentages (0%, 5%, 10% and 
15%) as a filler to get a composite (PGEPBAP/MDA/PN). 
Then, we obtained samples with the well dispersed filler 
in the base matrix PGEPBAP after a major stir [11]. Natural 
phosphate composition is  Ca5(PO4)3(OH),  Ca5(PO4)3F and 
 Ca5(PO4)3Cl with average grain size 0.06 µm.

2.3  Calculation of the stoichiometric coefficients 
ratio

We hardened the pentafunctional epoxy resin; pentagly-
cidyl ether pentabisphenol A of phosphorus (PGEPBAP) 
in the presence of methylene dianiline as a hardener at 
approximately stoichiometric amounts [9]. The equivalent 
epoxy weight (EEW) and the amine hydrogen equivalent 
weight (AHEW) are calculated according to Eqs. 1 and 2. 
Furthermore, the ratio by weight of the hardener relative 

Fig. 1  Synthesis of pentahydroxy pentabisphenol A ether phosphoric
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to the epoxy resin is calculated in the majority of cases per 
100 parts of the resins or parts per hundered of resin (PHR) 
(Eq. 3). Thus, the amount of the desired charge is calculated 
using Eq. 4.

(1)EEW =
Mw(PGEPBAP)

f

(2)AHEW =
Mw(MDA)

f

(3)PHR =
AHEW

EEW
× 100

(4)y% =
x

resin +MDA + x

Fig. 2  Synthesis of pentaglycidyl ether pentabisphenol A of phosphorus
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with f is the functionality of the epoxy resin PGEPBAP, x 
is the amount of the PGEPBAP and y is the amount of the 
natural phosphate load.

2.4  Fourier transform infrared spectroscopy

The infrared spectrometer used is BRUKER Fourier trans-
formed infrared spectrometer (FTIR). The light beam 
passes through the sample to a thickness of 2 µm. The 
analysis is carried out between 4000 and 600 cm−1.

2.5  Nuclear magnetic resonance

The nuclear magnetic resonance analyzes (1H NMR, 13C 
NMR and 31P NMR) were obtained by using the BRUKER 
AVANCE 300 MHz apparatus. The used solvent is deuter-
ated DMSO (DMSO-d6) and the chemical displacements 
are expressed in ppm.

2.6  Viscosimetric behavior

The analysis of the viscosity of the pentafunctional epoxy 
resin of (PGEPBAP/Methanol) system was determined 
using capillary viscosimeter VB-1423 of the Ubbelohde 
type.

2.7  Rheological behavior

The analysis of the rheological properties of the new mac-
romolecular pentafunctional phosphoric epoxy resin (PGE-
PBAP) and its composite (PGEPBAP/MDA/PN) was followed 
by using a RHM01-RD HAAKE rheometer type.

2.8  Polarizing optical microscope

This polarizing optical microscope (POM) is composed 
of a lens optics system in order to obtain an enlarged 
image of the sample to be observed. The latter is an opti-
cal instrument which is equipped with an object and an 
eyepiece that makes it possible to magnify the image of a 
small object and to separate the details of this image so it 
becomes observable by the human eye.

3  Results and discussion

3.1  Characterization of epoxy resin PGEPBAP

The structural analysis of the synthesized pentafunctional 
epoxy resin PGEPBAP was determined by Fourier Trans-
form Infrared spectroscopy (FTIR). Its chemical structure 
was confirmed by nuclear magnetic resonance (1H NMR, 
13C NMR and 31P NMR).

3.2  Fourier transform infrared spectroscopy

The synthesized epoxy resin was characterized by Fourier 
transform infrared analysis. The latter has been exposed 
in its viscous state to infrared radiation in ATR mode. The 
different bands of the synthesized pentafunctional epoxy 
resin PGEPBAP are given in Table 1.

3.3  Nuclear magnetic resonance

The structure of the pentafunctional epoxy resin PGEPBAP 
synthesized was confirmed by (1H NMR, 13C NMR and 31P 
NMR). The letters s, d, t, q, and m signify singlet, doublet, 

Fig. 3  Structure of pentaglycidyl ether pentabisphenol A of phosphorus crosslinked with methylene dianiline
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triplet, quadruplet, and multiplet, respectively. The attribu-
tion of different chemical shifts of the synthesized epoxy 
resin PGEPBAP is as follows.

1H RMN (ppm): 1.2 (s, 30 H,  CH3); 3.2 (d, 10 H,  CH2 of 
oxirane); 3.4 (m, 5H, CH of oxirane); 4.3 (d, 10H,  CH2 related 
to oxirane); 6.7–6.8 (d, 20H, CH aromatic linked to oxygen) 
and 7–7.3 (d, 20H, CH aromatic linked to carbon).

13C RMN (ppm): 30 (s, 10 C,  CH3); 42 (s, 5C, quaternary 
carbon); 48 (s, 5C, CH of oxirane); 54 (s, 5C,  CH2 of oxirane); 
65 (s, 5C,  CH2 linked to oxirane); 115 (s, C, ortho aromatic 
carbon of the glycidyl group); 119 (s, C, ortho aromatic 
carbon of the O–P group); 128 (s, C, aromatic meta of the 
glycidyl group); 132 (s, C, aromatic meta of the O–P group); 
142 (s, C, aromatic carbon linked to quaternary carbon); 
157 (s, C, aromatic carbon linked to oxygen).

31P NMR (ppm): 1.331 (s, P)—this supports the five-
armed phosphorus structure.

3.4  Viscosity in dependence of solution 
concentration and temperature

In order to determine the viscosity of the pentafunc-
tional epoxy resin synthesized: pentaglycidyl ether pent-
abisphenol A of phosphorus (PGEPBAP) as a function of 
solution concentration and temperature, we dissolved 
this epoxy resin in methanol at different concentra-
tions (5%, 10% and 15%). Then, we studied the viscos-
ity of (PGEPBAP/Methanol) system using Ubbelohde 
VB-1423 capillary viscosimeter at variable temperatures 
(30–70 °C). Figure 4 shows the viscosity according to the 
solution concentration (a) and temperature (b), respec-
tively. From Fig. 4a, we observed that the variation of 
the viscosity increases with the increase of the solution 
concentration of epoxy resin in the (PGEPBAP/Metha-
nol) system. This is due to the effect of concentration of 
the branched epoxide molecules. It was also previously 
observed that the viscosity increases with the increase 
of the molecular weight of the (PGEPBAP/Methanol) 
system [12]. In Addition, the viscosity decreases with 
increasing trend of temperature; this implies that the 
pentafunctional epoxy resin PGEPBAP changes from a 
viscous state to a liquid state. This is explained by the 
heat generated by the apparatus which weakens the 
interaction between the links (Fig. 4b) [13].

3.5  Shear stress in dependence of the velocity 
gradient

Figure 5 shows the variation of the shear stress according 
to the velocity gradient. From this figure, we observed 
that the shear stress increases with increasing the veloc-
ity gradient. The latter is studied using a RHM01-RD 

Table 1  Different bands of IR spectrum of epoxy resin PGEPBAP

Band υ  (cm−1) Attribution

3224 Bond stretching,  Csp2 (C–H aromatic)

2969 Bond stretching, C–H in  CH3 group

2875–2931 Bond stretching,  CH2 (aliphatic)

1510 Bond stretching,  Csp2 (C=C aromatic)

1246 Bond stretching, C–O aromatic ethers (Ph–O)

1181 Bond stretching, P–O

1041 Bond stretching, C–O aliphatic ethers  (CH2–O)

880 Bending of  CH2 (epoxy)

794–832 Bending of C–H aromatic  (Csp2)
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Fig. 4  Viscosity of (PGEPBAP/Methanol) system as a function of solution concentration (a) and temperature (b)
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HAAKE rheometer type. Moreover, for a Newtonian fluid, 
the viscosity does not depend on the velocity gradient, 
which means that by representing the shear stress as a 
function of the velocity gradient. Then, we obtained a 
line that passes through the origin, whose slope value 
is the viscosity, as denoted by ƞ0 [14].

3.6  Viscosity in dependence of temperature

Figure  6 present the viscosity of the pentafunctional 
phosphoric epoxy resin PGEPBAP according to the tem-
perature. The latter is studied using a RHM01-RD HAAKE 
rheometer type. Then, the pseudo-plastic model takes into 
account the variation of the viscosity as a function of tem-
perature [15, 16]. A slight increase in temperature induces 
a decrease in viscosity due to a significant increase in the 
molecular mobility of the epoxy resin chains because of 

the heat provided by the apparatus. As will be discussed 
below this also accelerates the homopolymerization pro-
cess of the pentafunctional phosphorus matrix (high con-
centration: 100% + high temperature: 100–140 °C), which, 
however is not visible in Fig. 6. The glass transition occurs 
in the range 70–120 °C, followed by a melt region (low 
viscosity) [17, 18]. Furthermore, the viscosity strongly 
depends on the temperature to maintain a sense of the 
extent to which we specify the temperature at which it was 
made. In a liquid, the viscosity decreases rapidly depend-
ing on the temperature [19, 20].

3.7  Storage modulus and loss modulus

3.7.1  Storage modulus and loss modulus‑temperature 

dependence

Figure 7 shows the storage modulus G′ and loss modu-
lus G′′ of the epoxy resin PGEPBAP in dependence of the 
temperature, respectively. These latter are studied using 
a RHM01-RD HAAKE rheometer type. From this figure, we 
found that the values of the storage modulus G′ and loss 
modulus G′′ increase with the increase of the temperature 
up to the glass transition temperature. Above the latter, 
the storage modulus and the loss modulus diminish again. 
At temperatures below the glass transition temperature, 
the response generally is of the gel type. The cold resin 
is rigid below Tg. Interestingly, temperature increase 
does not lead to softening but to stiffening this can be 
explained by homo-polymerization, which gains impor-
tance with increasing temperature (and which is sup-
ported by the high concentration—100% of the penta-
epoxide). Below Tg, the homo-polymerizing resin is glassy, 
hence the steep increase of the modulus. Above Tg, the 
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homo-polymerizing resin becomes rubbery, the loss mod-
ulus dramatically decreases, while the storage modulus 
assumes a value typical of a very soft rubber (the homo-
polymerization still is not quantitative at this point). The 
values of the glass transition temperature deduced from 
the trends of the storage modulus and loss modulus are 
equal to: 127 and 108 °C, respectively.

3.7.2  Thermodynamic parameters

The following method was used to estimate the activation 
energy associated with the rheological behavior process 
[21, 22]. This consists of determining the activation energy 
by using the Eq. 5. Moreover, the activation enthalpy vari-
ation ΔHa and the activation entropy variation ΔSa are 
calculated according to the Eqs. 6 and 7. In addition, the 
activation of the free energy variation ΔGa is the difference 
between the ΔHa and ΔSa (Eq. 8).

where G is the rheological behavior (Pa),  G0 is the constant 
(Pa),  Ea is the activation energy (Kj mol−1), R is the perfect 
gas constant  (mol−1 K−1) and T is the temperature (K).

(5)G = G0exp

(

−

Ea

RT

)

(6)G =
RT

Nah
exp

(

ΔSa

R

)

exp

(

−ΔHa

RT

)

(7)Ln

(

G

T

)

= Ln

(

R

Nah

)

+

(

ΔSa

R

)

+

(

−ΔHa

RT

)

(8)ΔG
a
= ΔH

a
− TΔS
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Figure 8 presents the Ln (G′) and Ln (G′′) according to 
1000/T, respectively. Furthermore, the Ln (G′/T) and Ln 
(G′′/T) according to 1000/T are shown in Fig. 9.

From Figs. 8 and 9 and Eqs. 7 and 8, we determined the 
value of the activation energies, the activation enthalpy 
variation ΔHa, the activation entropy variation ΔSa and the 
activation of free energy variation ΔGa of the pentafunc-
tional epoxy resin (PGEPBAP) concerning the storage mod-
ulus G’ and loss modulus G’’, respectively. These parameters 
are given in Table 2. The negative values of the activation 
enthalpy variation ΔHa of the storage modulus and loss 
modulus mean that the reactions are exothermic. This is 
due to the heat provided by the apparatus which acceler-
ates the process of the degradation of the pentafunctional 
phosphoric epoxy resin [9].

3.7.3  Storage modulus G′ and loss modulus G′′ according 

to frequency

Figure 10 shows the storage modulus G’ and the loss mod-
ulus G’’ of the elaborated composite (PGEPBAP/MDA/PN) 
according to the frequency at different formulations (0%, 
5%, 10% and 15%) respectively. These rheological behaviors 
(G′ and G′′) increase with the increase of the frequency and 
also with the rate of the charge of the natural phosphate 
incorporated in the composite (PGEPBAP/MDA/PN) [23, 24]. 
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Table 2  Thermodynamic parameters

Rheologi-
cal behav-
iors

Ea (Kj/mol) ∆Ha (Kj/mol) ∆Sa (Kj/mol) ΔGa (Kj/mol)

G′ − 6.734 − 16.544 − 208.26 − 66.453

G′ − 16.794 − 25.523 − 246.842 − 68.674
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These latter are studied using a RHM01-RD HAAKE rheom-
eter type. Then, the storage modulus and loss modulus are 
in agreement with the results obtained by Bekhta et al. [25] 
for the dispersion of the charge, and by Fan and Advani [26] 
which showed that the rheological properties depend on 
the method of this dispersion due to the formulation of the 
composite (PGEPBAP/MDA/PN) which is well cured.

3.7.4  Morphology of composite (PGEPBAP/MDA/PN)

The morphology of different elaborated composite (PGE-
PBAP/MDA/PN) without and with natural phosphate 

incorporated in the epoxy matrix was determined by 
using the polarizing optical microscope (Fig.  11) [27, 
28]. The morphology of the prepared composite varied 
greatly with the different percentages of the natural 
phosphate incorporated into pentafunctional epoxy 
resin PGEPBAP.  Finally, the natural phosphate is well 
dispersed in the various composite (PGEPBAP/MDA/PN) 
[29, 30].

4  Conclusion

The pentafunctional epoxy resin PGEPBAP has been identi-
fied by Fourier transform infrared spectroscopy (FTIR) and 
nuclear magnetic resonance (1H NMR, 13C NMR and 31P 
NMR). Moreover, the analysis of the viscosity of (PGEPBAP/
Methanol) system shows that the viscosity increases with 
the percentage mass and decreases with the temperature. 
Furthermore, we proceeded the analysis of the rheological 
behaviors of PGEPBAP epoxy resins and their (PGEPBAP/
MDA/PN) composite. Then, the results obtained concern-
ing the temperature-dependence of storage and loss 
modulus indicate the necessity to store the epoxy matrix 
at low temperature. Additionally, the morphology of differ-
ent prepared composites (PGEPBAP/MDA/PN) shows the 
very good dispersion of the natural phosphate as a filler.
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