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Abstract: The report has a double character: it deals with the synthesis and preparation of a series of polymers based
on bisphenol-A (BPA) monomer; a series of physical and thermomechanical properties are examined for one type
(diglycidyl ether of BPA, DGEBA with nanosilica) of the prepared materials. The reactions involved in diepoxy curing with
a diamine, functional group modelling for cross-linked polymers, formation of a polymer DGEBA, BPA polyaddition to
DGEBA forming a polyether, DGEBA curing with Jeffamine and cross-linking to form a resin are analyzed.
Nanocomposites of silica, coated with cross-linked epoxy—amine, are synthesized and examined by *’Si-magic-angle-
spinning nuclear magnetic resonance and Fourier-transform infrared spectroscopies, thermogravimetric and dynamic
mechanical analyses, differential scanning calorimetry and scanning electron microscopy. Epoxy matrix is filled with
nanosilica to design materials with defined properties. A low weight percentage of filler results in matrix improvement.
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1. INTRODUCTION

Bisphenol-A (BPA, cf. Figure 1) level detected in
food and drinks received media attention. It is used to
manufacture recipients types: (1) reusable rigid ones
manufactured in polycarbonate (PC) used in water
bottles and (2) cans with a lacquer coating with epoxy
base. Small BPA amounts pass to foods and drinks,
especially with temperature. It is important in industry,
e.g., PC, epoxy resin and polyacrylate syntheses,
manufacturing baby bottles and coating layers for food
packings. It results a health risk although proof in
people is not compelling. It presents oestrogenic
activity and acts as a cell epigenetic modifier [1].
Induced changes are inherited and a model is based
on structurally similar diethylstilbestrol (DES). Both are
biphenols synthesized from the same derivatives [2].
The BPA is a suspected endocrine disruptor. Some
dental materials are based on BPA derivatives.

The DES was used as an oestrogen substitute in
pregnant women to prevent miscarriage. However, 20—
30 years later DES babies developed a risk for vaginal
neoplasia [3,4]. Mother DES exposure affects offspring
inheritance increasing cancer risk, which worries
because BPA alike action is possible. Pregnant women
and young children exposure to BPA increases risk of
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tumours down line. The endocrine system is regulated
so that the mother, foetus or young child presents not
much wrong hormones signalling at incorrect time.
Oestrogens should not be during development and
infancy. They cause changes, which is a risk factor:
BPA accumulation danger and combining with
endocrine disruptors. However, DES and BPA are
structurally different from oestrogens (17p3-oestradiol,
cf. Figure 2) and carry another risks. Parallels do the
principle of caution to ask for alternatives [5-9]. It was
reported kinetic model of BPA curing with m-phenylene
diamine, which incorporates n-order and autocatalytic
mechanisms [10-12]. Benzoxazines were reviewed
[13] and prepared from BPA [14]. Polymer diglycidyl
ether of BPA (DGEBA), cross-linked with a diamine,
results a commercially important epoxy resin and a
candidate for nanocomposites (NCs). Its dielectric
spectra at glass-transition temperature were reported
[15]. Nanofiller effect on NC dielectric was informed
[16]. Curing agent and temperature effects on rheology
of epoxy resins were analyzed [17], which modification
with polystyrene (PS)-b—polybutadiene—b—poly(methyl
methacrylate) (PMM) improved adhesive strength and
toughness [18]. Concentration of BPA was evaluated
by gas chromatography—mass spectrophotometry in
canned food [19]. Structure—toxicity relations regarded
ECOSAR toxicity of benzene-carboxylic acids’ esters
[20]. Lavorgna group reported plasticizing and
reinforcing features of siloxane domains in amide-cured
epoxy/silica hybrids [21] and functional zein—siloxane
bio-hybrids [22].
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Figure 1: Structures of (a) polycarbonate (PC), (b) bisphenol-A (BPA), (c) diethylstilbestrol (DES).
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Figure 2: Structures of (a) 17B-oestradiol; (b) BPA: BPA, R = H; tetrachlorobisphenol-A (TCBPA), R = CI; TBBPA, R = Br; (c)
bisphenol-F (BPF); (d) biphenyl (BP): 4-hydroxybiphenyl (4-OHBP), R, = OH, R2 = H; 4,4’-dihydroxybiphenyl (4,4-OHBP), Ry =

R2 = OH.

In earlier publications, it was examined poly
(styrene-co-methacrylic  acid)-b—poly(4-vinylpyridine)
treatment in solution, under liquid-liquid phase-
separation conditions with viscometry [23], compatibility
between PS (co-)polymers in solution via hydrogen
bonding [24], interaction parameters, and phase
behaviour of epoxy/PS and /co-polymer PS—-b—PMM
[25,26]. The phase behaviour of monomer/polymer/disc
NCs was theoretical [27,28] and experimentally [29]
modelled. In NCs, DGEBA was used to analyze
epoxy/PS and —-b—PMM interaction parameters, phase
behaviour [30], nanosilica (SiO;) incorporation into
epoxy—amine cross-linked materials forming NCs [31—
33] and dynamics [34,35]. The epoxy—amine polymer is
filled with nano-SiO; to design materials with desirable
properties. The present report has a double character:
(1) it deals with the synthesis and preparation of a
series of polymers based on BPA monomer; (2) a
series of physical and thermomechanical properties are
examined for one type (DGEBA with nano-SiO,) of the
prepared materials. The novelty is to investigate
epoxy—amine—SiO, NC potentials. Section 2 describes

the experimental procedure. In section 3 the results are
presented and discussed. Finally, section 4
summarizes our conclusion.

2. EXPERIMENTAL PROCEDURE

2.1. Chemical Synthesis of Bisphenol-A

Russian chemist A. P. Dianin (1891) synthesized
BPA by acetone condensation with phenol (“A” in
BPA). Reaction is catalyzed by strong acid, e.g., HCI-
sulphonated PS resin. Phenol excess ensures full
condensation (cf. Figure 3) [36].

The BPA is used to make plastics, which were in
commercial use (1957), e.g., in polysulphone and
polyether ketone synthesis, antioxidant in plasticizers,
polymerization inhibitor in polyvinyl chloride, precursor
to flame retardant tetrabromobisphenol-A (TBBPA, cf.
Figure 4), was used as fungicide, is preferred colour
developer in carbonless copy and thermal papers, and
products are used in foundry castings and lining water

pipes.
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Figure 3: Chemical synthesis of bisphenol-A (BPA).
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Figure 4: Structures of (a) polybrominated biphenyls (PBBs),

hexabromocyclododecane (HBCD) and (d) TBBPA.

2.2. Epoxy Resin Diglycidyl Ether of Bisphenol-A
DER332

The thermosetting matrix was obtained via epoxy—
amine polycondensation. The diepoxy prepolymer was
commercial DER332 from Dow Chemicals (cf. Figure
5): epoxy content was 5.78eq-kg_l determined by acid
titration, equivalent weight 173g-eq_l (pure DGEBA,
17Og-eq_1). Because of high purity and low polymer
fractions  content, DER332 assures  uniform
performance, low viscosity and Cl content, and light
colour. Under cure, resin provides improved elevated-
temperature properties over DER331. It is liquid at
room temperature (RT) and fillers disperse into it. Its
viscosity coefficient is 5Pa-s at 25°C. It is used in
filament winding, electrical laminates, encapsulation
and coating for corrosion under insulation [37]. Curing
agent variety is available to cure at ambient conditions
(cycloaliphatic polyamines, polyamides, amidoamines).
Curing at elevated temperature improves properties
(chemical resistance, glass-transition temperature).
High-temperature cures and long post-cures are
required for full-end properties if anhydride or catalytic
curing agents are used. Applications are: adhesives,
casting, tooling, NCs, photocure industrial coatings,
potting and encapsulation. Epoxy—BPA resins are used
as coatings inside food and beverage cans. However,

H,O

(7
7

B

X

(b) polybrominated diphenyl ethers (PBDEs), (c)

because of health concerns, in Japan epoxy coating
was replaced by polyethylene terephthalate film. Molar
mass and polydispersity of DER332 were determined
in our laboratory via gel permeation chromatography
(Waters), resulting: My, = 3169-m0|‘l, M, = Slog-mol_l
and | = M,/M, = 1.02 (PS calibration).

OH
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Figure 5: Diglycid¥l ether of bisphenol-A (DGEBA). Molecular
weight = 173g-eq . Valency = 2.

2.3. Curing Agent Jeffamine® D-230 Amine

The curing agent was primary diamine D-230 [O,0'-
bis(2-aminopropyl)  poly(propylene  glycol)  from
Huntsman, cf. Figure 6], which is a polyetheramine
characterized by repeating oxypropylene units in the
backbone. It presents long and flexible chains. Molar
mass is 230 g-mol_l. Amine groups are located on
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secondary C atoms at the end of the chain.
Applications are: epoxy curing agent, it reacts with
carboxylic acids to form hot-melt adhesives, reacts
quickly with isocyanates and salts are formed readily
for surfactant use. The benefits are: low viscosity,
colour and vapour pressure, miscible with many
solvents, e.g., water, it provides tough, clear, impact-
resistant coatings, castings and adhesives, and
coatings are free of surface blush prevalent with amine
curing agents.

CHg CHa

Figure 6: Curing agent (Jeffamine D-230). Molecular weight
= 230g-eq . Valency = 4.

2.4. Reaction of Bisphenol-A to Give Polycarbonate

The BPA is key monomer in epoxy resin and PC (cf.
Figure 7) production, which is clear and nearly shatter-
proof and used to make common products, e.g., baby

and water bottles, sport equipment, medical and dental
devices, dental fillings and sealants, eyeglass lenses,
CDs and DVDs, household electronics and light
valises.

2.5. Chemical Synthesis Reaction of Diethylstil-
bestrol

The DES was synthesized by L. Golberg (1938),
graduate student of Sir R. Robinson at D. Perrins Lab.
at Un. of Oxford, based on formulation of W. Lawson at
Courtand Inst. of Biochem. led by Sir E. C. Dodds, at
Middlesex Hosp. Med. Sch. of Un. Coll. London, and
synthesis was published in Nature (London) (1938). It
was synthesized by English university funded by MRC,
who had policy against patenting drugs discovered
using public funds. Its synthesis is noted down (cf.
Figure 8) [38].

2.6. Synthesis of Benzoxazines

Formation of benzoxazine monomers is shown (cf.
Figure 9).

0,
o, ) o \>\
nHO OH +n —_— 0 0O
-2n HCI \ /
CHg Cl Cl CHg
n

Figure 7: Reaction of bisphenol-A (BPA) to give polycarbonate (PC).
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Figure 8: Chemical synthesis of diethylstilbestrol (DES).
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Figure 9: Chemical synthesis reaction of benzoxazines.

The proposed polymerization mechanisms are
illustrated (cf. Figure 10).
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Figure 10: Chemical synthesis reaction of polybenzoxazines
by ring-opening reaction.

2.7. Measurements

Epoxy with and without nano-SiO, was prepared by
solution casting in amine. Dynamic mechanical
properties were gauged by DMA and SDTA 861°
(Mettler Toledo, -50-150°C, heating rate 2°C'min™" at
1Hz, deformation 1mm). Thermogravimetric analysis
(TGA) was carried out for sample thermal stability
under Nyg (25-1000°C, heating rate 10°C-min™).

o N\
R
o S O
i:,/l HAC CHy
or l
o} N
\/ \R
Samples were recorded on scanning electron

microscope (SEM). Fourier-transform infrared (FTIR)
measurements were performed in a Nicolet's Nexus™
spectrometer (Thermo Electron).

3. RESULTS AND DISCUSSION

3.1. Mechanism of the Epoxy and Diamine Reaction

Mechanism  occurs by  autocatalytic  and
nonautocatalytic pathways depending on curing
temperature [39-45]. Curing is characterized by

gelation and Vvitrification: the former occurs when
degree of epoxy resin cross-linking reaches critical
value, which depends on functionality, stoichiometry
and degree of functional-group reactivity, leading to
infinite network; the latter happens when curing
temperature is lesser than the maximum gelation
temperature Tge of the completely cured system.

3.2. Reactions Involved in Curing Diepoxy with
Diamine

For thermally stable resins, curing is necessary to
obtain final cross-linked product: agents are amines
and anhydrides. Epoxy networks were synthesized
from DGEBA-D-230 reactions (cf. Figure 11), where
epoxy groups react with primary amine H atoms to form
secondary amines which, in turn, react with epoxy
groups: in (1) and (2), epoxy reacts with amine 2:1. In
high temperature or catalysts presence, epoxy group
homopolymerization would occur.

3.3. Molecular Structure in DGEBA-D-230 Resin:
Start of the Cross-Linking Process

From DER332-D-230 combination, network having
low cross-link density is obtained and, at RT, it is in
glassy state. Aliphatic amine reactivity is higher than
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Figure 11: Three main reactions involved in the curing of a diepoxy with a diamine.

aromatic ones. However, because of long chains and —
CH; close to amines, kinetics is slow. Presence of O
atoms in chain induces polarity, which influences
interactions with SiO,. Original, active and reactive
functional groups for cross-linked polymers are
schemed (cf. Figure 12).

HaC— CH— ——CH,—CH—
e
H OH
H,N—CHy,— —» HN——CH,— —» N——CH,—
original active reactive

Figure 12: Modelling of functional groups for cross-linked

polymers.
R
Epoxide

Bisphenol A

Synthesis of DGEBA monomer from BPA—epoxide
is shown (cf. Figure 13) where R = Cl.

During synthesis, DGEBA can undergo polyaddition
reaction with BPA (cf. Figure 14).

Figure 15 shows reaction of epoxide group on
DGEBA monomer with amine on D-230.

Resulting product above reacts with up to three
more epoxide groups, since still three H atoms remain
between two amine groups. Cross-linking start leads to
networked polymer formation (cf. Figure 16).
Considerations regard: (1) o- and p-structural
conformation of DGEBA monomers, (2) polyether

OO

Figure 13: Formation of a DGEBA monomer in p—p structural form.

0 DGEBA

Polyether Product

DGEBA
+
HO
O
l Bisphenol A
HiC CHj
o]
(] (o]
n
OH

Figure 14: Polyaddition of bisphenol-A to DGEBA forming a polyether product.
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Figure 15: Reaction of DGEBA monomer with curing agent Jeffamine D-230.
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Figure 16: Start of the cross-linking process to form DGEBA/Jeffamine D-230 resin.

species fraction and (3) degree of cross-
linking/molecular topology. However, for high cure
degrees, (3) shows little effect on properties (density).

3.4. Thermogravimetric Analysis, Nuclear Magnetic
Resonance, SEM and FTIR

Figure 17 shows TGA of synthetic product No. 37
(SINT-37), 2 wt.% functional from J. Latorre (Inst. Univ.

Ciéncia Mater., Univ. Valéncia). At 1000°C, epoxy-
modified nano-SiO, lost 19.3 wt.% and unmodified
nano-SiO,, 14.2 wt.%, so epoxy content was estimated
5.1 wt.%.

The 29Si-magic-angle-spinning nuclear magnetic
resonance (NMR) spectrum of SINT-37, 2 wt.%
functional modified nano-SiO, (cf. Figure 18) shows
Quz12 peaks corresponding to Si atom surrounded by
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four O atoms, three O atoms plus one OH and two O
atoms plus two OHs, respectively. Peaks Tz
correspond to Si atom surrounded by three O atoms
plus one C atom and two O atoms plus one OH plus
one C atom. Both indicate epoxy groups on modified-
nano-SiO, surface and amount to 4.5 wt.% of whole of
peaks on surface in agreement with TGA.

Weight variation (%)

1)

T v T
0 200 400 600 800 1000

Temperature (°C)

Figure 17: TGA of SINT-37, 2 wg.% funct.: (a) unmodified
and (b) epoxy-modified nano-SiO,.

The SEM of SINT-37, 2 wt.% functional nano-SiO,
(cf. Figure 19) shows homogeneous sphere and
uniform pore diameter somewhat lesser than 100nm.

Intensity (a.u.

The FTIR attenuated total reflection measurements
of following samples were performed: (a) epoxy
prepolymer, (b) epoxy cured with D-230, (c) epoxy plus
5 wt.% epoxy-modified nano-SiO, cured with D-230
and (d) epoxy plus 50 wt.% epoxy-modified nano-SiO,
cured with D-230. Spectra, shown as percentages of
reflectance vs. wavenumbers in 400-4000cm™ (cf.
Figure 20), indicate characteristic bands of epoxy
group at 970, 913 and 870cm ™, present in all samples
although more intense in (a) while (b—d) are similar.
Bands at 2968, 2925 and 2870cm ™" are attributed to C—
H vibrations present in epoxy aromatic rings, which are
given by (a—d) with similar intensities.

Likewise, it was carried out epoxy curing with
amine-functionalized nano-SiO,, which was functiona-
lized by reaction with 3-aminopropyltriethoxysilane
(APTES, cf. Figure 21).

3.5. Dynamic Mechanical Analysis

At temperatures below glass transition, storage
modulus in shear G’ of epoxy NCs, strengthened with
epoxy—amine-functionalized nano-SiO,, increased with
nano-SiO, reinforced up to 3—5 wt.% (cf. Figure 22).

Figure 23 shows damping factor tand during glass
transition in 86—92°C. The glass-transition temperature
(tandé peak maximum) decays with increasing nano-
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2.0E8 -

1.5E8 —

1.0E8 —
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0.0E0 ¢+
5087 T T T T i i T T T -r
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Figure 18: Si-NMR spectrum of SINT-37, 2 wt.% functionalized (epoxy-modified nano-SiO5).
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SiO; content, which attributes to the higher mobility of
polymer chains in NCs.

Figure 19: SEM image of the SINT-37, 2 wt.% functionalized
nano-SiO; (diameter = 90nm).
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Figure 20: FTIR: epoxy (a) prepolymer, (b) /D-230, (c) /5 and
(d) /50 wt.%-mod. nanosilica/D-230.
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Figure 21: Molecular structure of 3-aminopropyltriethoxy-
silane (APTES).
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Figure 22: Storage modulus in shear G’ for the samples
strengthened with nano-SiO2/epoxy + /amine.
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Figure 23: Loss factor in shear tand for samples reinforced
with nano-SiOz-epoxy + SiOz-amine.
4. CONCLUSION

The present results and discussion allow the
following conclusions.

1. Composites consisting of epoxy cross-linked with
silica nanospheres were synthesised, which
present improved thermal and may be expected
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