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Nickel- and Zinc-containing epoxy polymers were synthesized by
crosslinking of digylcidyl ether of bisphenol A (DGEBA) with hexadentate Schiff
base metal complexes and maleic anhydride. Tetrabutylammonium hydroxide was
found to be a suitable catalyst for the crosslinking reaction since it decreased the
crosslinking temperature. The results from infrared spectroscopy experiments
indicated that the optimum crosslinking conditions were 110°C for 8 hours. The
polymer properties were studied using dynamic mechanical analysis,
thermogravimetric analysis and tensile testing. The metal-containing polymers
showed high thermal stability and good mechanical properties. The Nickel-
containing polymer obtained from DGEBA : nickel complex : maleic anhydride at the
mole ratio of 1 : 0.15 : 0.15 showed tensile strength of 48 N/mm?. Upon heating at
250°C for 48 hours, the weight loss of the polymer was 7.7%. In comparison to the
known epoxy polymer obtained from DGEBA-diethylenetriamine system, the nickel-
containing polymer showed much higher thermal stability.
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CHAPTER 1

INTRODUCTION

1.1 Epoxy Polymers

Epoxy polymers are thermosetting polymers formed through the reaction
between epoxy resin and a crosslinking agent.

Epoxy polymers are being increasingly used in structural applicationé since
these polymers offer many advantages. Epoxy polymers are highly chemical and
corrosion — resistant. They also exhibit low shrinkage during the crosslinking process.
Such factors are important for many applications. Epoxy polymers are used in many
areas such as adhesive bonding, construction materials, coating, laminates, molding,
textile finishing air, printed circuit boards and aerospace.'”

In general, crosslinking of the diglycidyl ether of bisphenol — A epoxy resin
(DGEBA) can be done using proper crosslinking agents such as amines, phenols,
organic acids and acid anhydrides.*® For example, diethylenetriamine reacts by
nucleophilic addition to the epoxide ring in DGEBA to give a crosslinked epoxy
polymer (Scheme 1.1.)

Acid anhydrides are extensively used as crosslinking agents in the crosslinking
reaction of DGEBA. They contribute excellent properties to the resulting epoxy
polymers such as good thermal, electrical properties and long useful pot lives.*In
the crosslinking reaction, acid anhydrides can react with the epoxy group in the
presence of the accelerators such as alcohols and amines. For example, crosslinking of
DGEBA with maleic anhydride in the presence of benzyldimethylamine is shown in

Scheme 1.2.



Ring opening by the amines produces carboxylate groups which can react with
the epoxide rings in DGEBA to generate hydroxyl groups which undergo further

reaction with maleic anhydride and DGEBA to give crosslinked epoxy polymers.

u N/\/TT‘\/\NH N 0 ¢Hs o
2 d 2 >\ _ 0— cé:H 0.~
3

diethylenetriamine digylcidyl ether of bisphenol A
l (DGEBA)

CH.
CH 3 (0]
[0} e /\/N\/\ !
N ' -—
[)\/O,Q‘(;‘Q;O/Y\ l ) TI“/\/\O C‘f o\/Q
CH; OH H H OH CH,4

l further reaction with
DGEBA and diethylenetriamine

crosslinked epoxy polymer

Scheme 1.1 Crosslinking reaction of DGEBA with diethylenetriamine
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Scheme 1.2 Possible mechanism of the crosslinking reaction of DGEBA with maleic

anhydride in the presence of benzyldimethylamine



1.2 Metal-Containing Epoxy Polymers

Epoxy polymers are finding increasing applications in many areas. A variety
of epoxy polymers are available and there are several approaches to improve the
physical and mechanical properties of epoxy polymers including the use of metal
complexes as crosslinking agents or accelerators. Modified epoxide polymers
containing transition metals show better properties of chemical resistance, thermal

resistance and electrical conductivity than the unmodified epoxy polymers.''™®

Kurnoskin!®?!

synthesized metal-containing epoxy polymers by crosslinking of
DGEBA with metal complexes of the first row transition metals and aliphatic amines.
Some of these metal complexes are shown in Scheme 1.3. The resulting metal-

containing epoxy polymers showed good thermal oxidative stability, chemical

resistance, heat resistance and high strength.

/\\ H\N N

H,C CH

2 M | 2 HzC/ \ / \CH
I M |

H, C—N% v
} r’\ /-I?I\CHZ
2C\ /M\
C=N ----------- _N/CHZ
\CH
N\\C i
T CH,

M =Zn, Cu, Nj, Co, Fe, Mn

Scheme 1.3 Structures of metal complexes of first row transition metal
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Reddy and Gowda® synthesized crosslinked epoxy polymers using copper and
nickel acetylacetonates as the accelerators for the crosslinking of DGEBA with metal
acetylacetonates. They showed that the use of both metal acetylacetonates decreased
the crosslinking time. The epoxy polymers possessed excellent thermal and electrical
insulation.

Takechi and Matsuda® synthesized metal-containing epoxy polymers by
crosslinking DGEBA with the metal salts of p—aminobenzoic acid ABA(M) and
hexahydrophthalic anhydride (Scheme 1.4). The metal — containing epoxy polymers
had good thermal oxidative stability, chemical resistance, heat resistance, electrical

conductivity and high impact strength.

0
C“> ,
ABA (M) ©
M =Mg and Ca Hexahydrophthalic anhydride
CHy
1) 1 (0]
o O o<
CH;
DGEBA
O
R— C NH@COOMOOCONHC R— C OCHZCHOCMMMW
CH2
X
Metal-containing epoxy polymers %

G
< 4O
CH,

Scheme 1.4 Synthesis of metal—containing epoxy polymers using metal salts of
p-aminobenzoic acid and hexahydrophthalic anhydride as crosslinking

agents for DGEBA



Our research group®® synthesized metal-containing epoxy polymers by
crosslinking DGEBA with tetradentate Schiff base metal complexes. These metal
complexes have two hydroxyl groups which are able to react with DGEBA to give the
crosslinked epoxy polymers (Scheme 1.5). The resulting epoxy polymers showed

good thermal stability and mechanical properties.

HO CH
(@) (@) OH 3
Sowc, e @) ] O
@[ MC 7 |>\/04< >—<l:~< >—O\/<|
Ic:N N:(‘j CH;,
H K) H
DGEBA
M =Cu, Co and Ni
A
CI‘I:; O \
i k) |
CI:I_I3 O O Owwaaanne
S— ~., _— =~
-OEO- YD
: C=N N=(|3/ =
OH H ‘\) H
O
CH;—C—CH,4
O

|

Metal-containing epoxy polymers

Scheme 1.5 Reaction of tetradentate Schiff base metal complexes with DGEBA



Further study was done on the epoxy-anhydride system.*”> Crosslinking of
DGEBA with a mixture of maleic anhydride and tetradentate Schiff base metal
complexes yielded metal-containing epoxy polymers (Scheme 1.6) which showed

good thermal stability and mechanical properties.
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Scheme 1.6 Reaction of DGEBA with tetradentate Schiff base metal complexes and

maleic anhydride



At the same time, another type of metal-containing crosslinking agent was also
synthesized in our group.26 The preparation of metal-containing epoxy polymers
involved crosslinking of DGEBA with hexadentate Schiff base metal complexes
(Scheme 1.7). The resulting metal-containing epoxy polymers alsd showed good
thermal sfability. The advantages of using this type of metal complex is their stability

and low crosslinking temperature.
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Scheme 1.7 Possible mechanism of the crosslinking reaction of DGEBA with
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1.3 Objective and Scope of the Research

The objective of this work was synthesize hcat resistant metal— containing
epoxy polymers using low crosslinking temperatures. The crosslinking was done by
reaction of DGEBA with hexadentate Schiff base metal complexes and maleic
anhydride in the presence of a basic catalyst (Scheme 1.8). The metal complexes used
were hexadentate Schiff base metal complexes. The use of maleic anhydride and a
basic catalyst was expected to decrease the crosslinking temperature. The optimum
conditions for the crosslinking reaction were determined and the physical and

mechanical properties of the metal-containing epoxy polymers were then

investigated.
Do K -{ o<
/ \N—
NH NH
Hexadentate Schiff base metal complex Maleic anhydride DGEBA
M =Niand Zn

l Basic catalyst

Metal - containing epoxy polymer

Scheme 1.8 - Synthesis of metal-containing epoxy polymers using hexadentate Schiff

base metal complexes and maleic anhydride as crosslinking agents



CHAPTER II

EXPERIMENTS

2.1 Materials

All reagents and solvents were of analytical grade quality. The solvents were
obtained from Baker Chemical Company. DGEBA epoxy resin (D.E.R. 330, epoxy
equivalent weight = 185), 2-hydroxybenzaldehyde, triethylenetetramine, nickel (II)
acetate  tetrahydrate, zinc (II) acetate dihydrate, maleic anhydride,
benzyldimethylamine, tetrabutylammonium hydroxide (0.8 M in methanol) and
sodium hydroxide were obtained from Fluka. All chemicals were used without further

purification.

2.2 Analytical Procedures

The IR spectra were recorded on a Nicolet Impact 410. Elemental analyses
were carried out on a Perkin Elmer Elemental Analyzer 2400 CHN. The thermal
properties of epoxy polymers were measured on a Perkin Elmer Differential Scanning
Calorimeter (DSC 7) and Netzch Dynamic Mechanical Analyzer (DMA 242). Tensile

strength was measured on an Instron Model 4310.

2.3 Preparation of Hexadentate Schiff Base Metal Complexes (ML)

2.3.1. Preparation of the Nickel Complex (NiL)
The preparation of NilL was carried out according to the method reported in the
literature.”® A cool (0-10°C) methanolic solution (10 ml) of triethylenetetramine (1
ml, 6.70 mmol) was added dropwise to a cooled methanolic solution (10 ml) of

salicylaldehyde (1.18 g, 9.66 mmol) and nickel (IT) acetate (1.03 g, 4.84 mmol) The
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mixture was stirred for 10 minutes then neutralized by addition of 2 M sodium
hydroxide solution (5 ml, 10 mmol) and stirred for 1 hour. Upon standing at room
temperature for 7 hours, brown crystals of Nil. precipitated from the solution. The
NiL crystals were isolated by filtration and dried in vacuo (1.82 g, 91 %) m.p. 200°C
dec. IR (KBr, cm™); 3640 (NH), 3300, 3000, 2960, 2800, 1638 (C=N), 1601, 1448,
1250, 950, 850.

2.3.2. Preparation of the Zinc Complex (ZnL)

ZnL was synthesized according to the procedure described in experiment 2.3.1
using Zinc (II) acetate instead of Nickel (II) acetate. The yellow crystals of ZnL
precipitated from the solution. The yellow precipitate was isolated by filtration and
dried in vacuo (1.86 g, 93 %) m.p. 235°C. '"H NMR & (200 MHz, CDCl;, ppm); 8.13
(2H, s, CH=N), 6.99-7.14 (4H, m, aromatic protons), 6.67-6.71 (2H, d, J=8.54,
aromatic protons), 6.37-6.44 (2H, m, aromatic protons), 4.05-4.29 (2H, m, methylene
protons), 3.21-3.48 (4H, m, methylene protons) 2.73-2.92 (2H, m, methylene
protons), 2.35-2.61 (4H, m, methylene protons). IR (KBr, cm'l); 3646 (NH), 3300,
3000, 2800, 1645 (C=N), 1600, 1448, 1200, 930, 870.

2.4 Reaction between Hexadentate Schiff Base Metal Complexes and Maleic
Anhydride
Metal complexes ( NiLL and ZnL ) and maleic anhydride ( MA ) were mixed at
the mole ratio of ML : MA =1 : 1. The sample was heated at 130 °C in an oven and

the progress of the reaction was followed by using IR spectroscopy.
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2.5 Reaction between DGEBA, Hexadentate Schiff Base Metal Complexes and
Maleic Anhydride

DGEBA , metal complexes (NiLL or ZnlL) and maleic anhydride were

mixed at the mole ratio of DGEBA : ML : MA =1 : 0.20 : 0.20 . The sample was
heated in a hot air oven in air at different isothermal temperatures and the progress
of the reaction was followed by IR spectroscopy. The disappearance of the IR band
of the epoxide group at 917 cm™ was observed when the reaction was complete. The
crosslinking temperature for each metal complex was chosen so that the
crosslinking reaction was complete in 4 hours. It was found that the optimum

temperature for both NiL and ZnL was 130°C.

2.6 Isothermal Study of Reaction between DGEBA, Hexadentate Schiff Base
Metal Complexes and Maleic Anhydride in the Presence of BuyNOH
DGEBA , metal complexes (NiL or ZnL), maleic anhydride and BuyNOH
were mixed at the mole ratio of DGEBA : ML : MA. The amount of
tetrabutylammonium hydroxide employed was 20 mole % of the metal complex. The
sample was heated in a hot air oven at 110 and 130°C and the progress of the reaction
was followed by IR spectroscopy to investigate the optimum crosslinking parameters

for DGEBA.

2.7 Preparation of Metal-Containing Epoxy Polymers Using Hexadentate
Schiff Base Metal Complexes and Maleic Anhydride as Crosslinking
Agents in the Presence of BuyNOH

2.7.1. Nickel-Containing Epoxy Polymer
NiL and maleic anhydride were used as a crosslinking agent and BuyNOH

was used as a catalyst at the amount of 10 and 20 mole % of the metal complex.
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The mole ratios of DGEBA : NiL : MA : BuNOH employed are shown in Table
2.1. A mixture of DGEBA, NiL and maleic anhydride was heated at 70°C and
stirred to become homogeneous then degassed under vacuum until gas bubbles were
not observed. The mixture was cooled to room temperature and BuyNOH was added
then stirred and degassed under vacuum at 70°C for 1 hour until gas bubbles were
not observed. The degassed mixture was put into a metal or silicone rubber mold
and cured at 110°C for 8 hours. The procedure for the preparation of Ni—containing

epoxy polymers is shown in Scheme 2.1

Table 2.1 Composition of starting materials in DGEBA : NiL : MA : BuuNOH

formulation
Mole ratio of Weight of composition (g)
DGEBA : NiL : MA

DGEBA NiL MA
1:0.20:0.20 g 0.76 0.16
1:0.15:0.15 3 0.56 0.12
1:0.10:0.10 3 0.38 0.08
1:0.05:0.05 3 0.19 0.04




Metal complex

Maleic anhydride

DGEBA

Degas at 70°C

Cool down to 30°C

Bus,NOH

Degas at 70°C

Cast in mold

Crosslink at 110°C for 8 hours

Metal-containing epoxy polymer

Scheme 2.1 Preparation scheme of metal-containing epoxy polymer
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2.7.2. Zinc—Containing Epoxy Polymers
DGEBA was crosslinked with ZnL, maleic anhydride and Bu;NOH
at110°C for 8 hours by using the same method as described in 2.7.1. The mole ratios

of DGEBA :ZnL :MA : BuuNOH are shown in Table 2.2

Table 2.2 Composition of starting materials in DGEBA : ZnL : MA : BiuNOH

formulation
Mole ratio of Weight of composition (g)
DGEBA : ZnL : MA

DGEBA ZnL MA
1:0.20:0.20 3 0.71 0.16
1:0.15:0.15 3 0.53 0.12
1:0.10:0.10 3 0.35 0.08
1:0.05:0.05 3 0.18 0.04

Comparative  polymers obtained by wusing maleic anhydride,
tetrabutylammonium hydroxide or diethylenetriamine as crosslinking agents were also
prepared using the procedure described in the literature.”> Table 2.3 shows the

composition of the starting materials.
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Table 2.3 Composition of starting materials in crosslinking reaction of DGEBA

Using maleic anhydride, tetrabutylammonium hydroxide and

diethylenetriamine as crosslinking agents

Crosslinking agent | Mole ratio of Weight of composition Crosslinking
DGEBA : condition
Crosslinking
agent
DGEBA Crosslinking
agent

Maleic anhydride® 1:2.8 3 2.25 110°C/1h
followed by

160°C/4h

Maleic anhydride® 1:0.2 3 0.16 110°C/8h
Diethylenetriamine Ll 3 0.36 100°C/1h
BusNOH 1502 3 0.09 110°C/8h

? benzyldimethylamine 0.0053 g (0.1 phr) was employed as a catalyst

b tetrabutylammonium hydroxide was employed as a catalyst




2.8. Characterization of Metal-Containing Epoxy Polymers.
2.8.1 IR Spectroscopy
The polymers obtained were characterized by IR spectroscopy as KBr

pellets.

2.8.2 Thermal Properties
The Glass transition temperatures (Tg) of the epoxy polymers were

measured by dynamic mechanical analysis at a heating rate of 3°C / min .

2.8.3 Thermal Stability
Heat resistance of the epoxy polymers was studied using the
thermogravimetric analysis. The polymer samples (1 cm x 5 cm x 3 mm) were heat
at 250°C for 48 h in a hot air oven to obtain % weight loss of polymer at different

times.

2.8.4 Mechanical Properties
Tensile testing of the epoxy polymers was performed according to the

procedure described in ASTM D 638 (tensile testing).



CHAPTER III
RESULTS AND DISCUSSION
3.1 Synthesis of Hexadentate Schiff Base Metal Complexes (ML)

Hexadentate Schiff base metal complexes were synthesized according to the
procedure described in the literature.”® The proposed mechanism is that 2 -
hydroxybenzaldehyde and the metal acetate form an intermediate in the first step.
This intermediate then undergoes condensation with triethylenetetramine to give the
Schiff base metal complex (ML) (Scheme 3.1). The spectroscopic data of these metal

complexes agreed with the values reported in the literature.

OH
C[ + M(OAc)- XH20

%H

o)
2 - hydroxy benzaldehy de metal acetate

(0-10°C) ‘ MeOH
O
\M/O
PARN + 2 AcOH
c=0 o=c¢
H

l H,N NH NH NH,

tricthy lenetetramine

@57\5@

Hexadentate Schiff base metal complex (ML)
M =Niand Zn

Scheme 3.1 Synthesis of Hexadentate Schiff base metal complexes
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3.2 Reaction between Hexadentate Schiff Base Metal Complexes and

Maleic Anhydride

The next step was to study the reaction between nickel and zinc complexes
(NiL and Znl) with maleic anhydride. As previously mentioned, Takechi and
Matsuda® studied the crosslinking of DGEBA with divalent metal salts of p-
aminobenzoic acid and hexahydrophthalic anhydride. The proposed mechanism is that
the amino groups of the metal salts first reacted with the anhydride group to give
carboxylate groups, which could then undergo further reaction with the epoxidé
groups of DGEBA.

Therefore, the amine groups in NiLL and ZnL should be able to react in a
similar way. The thermal crosslinking reaction between the metal complexes and

maleic anhydride was studied by IR spectroscopy.
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Figure 3.1 shows the IR spectra of a mixture of NiL and maleic anhydride at a
mole ratio of 1:1 before and after heating. The C=0 bands of the anhydride group at
1850 and 1777 cm'disappeared after heating at 130 °C for 1 hour. Therefore, the
anhydride ring could be opened by the amino group of NiL to generate a carboxylic
group which appears at 1708 cm™ and the C=N band appears at 1642 cm™ (Scheme

3.2). When ZnL was used, the IR study showed similar results.

= C
e \H
[ js? 9

li
N N—C—CH=CH-C—OH
/

M =Niand Zn

Scheme 3.2 Reaction between metal complex and maleic anhydride



24

3.3 Crosslinking Reaction of DGEBA with Hexadentate Schiff Base Metal
Complexes and Maleic Anhydride (MA)

Infrared spectroscopy was also used in this study to determine the suitable
temperature for crosslinking of DGEBA with ML and maleic anhydride. The reaction
was followed by observing the disappearance of the IR band of the epoxide group in
DGEBA at 917 cm™. In the case of NiL, the IR spectra were obtained from a mixture
of DGEBA : NiL: MA at the mole ratio of 1 : 0.2 : 0.2 at the temperature of 110°C
and 130 °C. Figures 3.3 and 3.4 show the results from IR experiments.

The IR spectra suggested that the crosslinking reaction at 130 °C was
completed after 4 hours. When the crosslinking was done at 110 °C the IR band at 917
cm’! was still observed, which indicated that the crosslinking reaction was incomplete.

The crosslinking reaction of DGEBA with Znl. and MA was studied using the
same method. Figures 3.5 and 3.6 show the results from IR experiment which were

similar to those obtained in the case of NiL.
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Figure3.4 IR spectra of DGEBA - NiL : MA mixture at the mole ratio of

1:0.2:0.2 (a) before heating (b) after heating at 130°C 1 h

(c) after 2 h and (d) after 4 h
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The results from previous research®® showed that the crosslinking of DGEBA
with metal complexes occurred at 180°C. Therefore, the crosslinking reaction of
DGEBA with metal complexes in the presence of maleic anhydride occurred at a low
temperature. The reaction of the functional groups in DGEBA, metal complexes and

maleic anhydrides could be considered as follows :

/O
—N—H + 0=C
| g S
R R

c=0 ——» —NCO-R,;-COOH 0

P
i R

—ITICO—RI-COOH + Rz—CQ—/CHz —u —II\ICO—RI—COOCHZ-C|3H—R2 @)

R 0 R OH
0
75 N
—ITICO—Rl—COOCHz-(IZH—Rz + o:c\ /c=o —
R OH R}
—-—I'\ICO—R1—COOCH2—ICH—OOC—RrCOOH 3)
R R,
0
VRN 4
0=C C=0 + Rp-CH—CH; —»  —OC-RCOOCH,CHO— )
N\ / N/ ]
R Rj
N— —CH— —» —N—CH,-CH—R (5)
ITI H +R, 01{ /CH2 ‘ € K

R 0 R OH
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Thus, the amine group in the metal complexes reacts with the acid anhydride
group in maleic anhydride to form a carboxylic group [eq.(1)]; the generated
carboxylic group reacts with the epoxide group in DGEBA [eq.(2)], the newly
generated hydroxyl group reacts with the acid anhydride group to form a half ester
[eq.(3)], the acid anhydride group reacts with the epoxide group to form an ester
linkage [eq.(4)], finally, the amine group reacts with the epoxide group to form a
hydroxyl group [eq.(5)].

It is well known that reaction (1) proceeds much more rapidly than reactions
(3), (4) and (5)."" Therefore, in the crosslinking of DGEBA-metal complex-maleic
anhydride systems, it is likely that the metal complexes first dissociate the amine
group, which then reacts with maleic anhydride to from a carboxylic group, which
could then open the epoxide ring in DGEBA. The generated hydroxyl group could
then undergo further reaction with DGEBA to give crossljnked epoxy polymer
(Scheme 3.3).
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Scheme 3.3 Proposed mechanism of the crosslinking reaction of DGEBA with metal

complexes and maleic anhydride
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3.4 Effect of catalyst

It is known that crosslinking of DGEBA with NiL and ZnL can beaccerelated by
the use of tetrabutylammonium hydroxide (BuyNOH) as a catalyst.”® It was reported
that the crosslinking reaction in the presence of BusNOH proceeded at a lower
temperature than the crosslinking reaction without the catalyst. The suitable amount
of BuiyNOH was found to be 20 mole % of the metal complex.

Therefore, BuyNOH was chosen as a catalyst in the crosslinking reaction of
DGEBA with the metal complexes and maleic anhydride in order to reduce the
crosslinking temperature. The amount of BusNOH employed in this work was 20
mole % of the metal complex. The crosslinking reaction was studied by IR
spectroscopy. The disappearance of the epoxide peak at 917 cm™ should be observed
after the crosslinking was completed as before.

In the case of NiL, when BusNOH was employed at the mole ratio of DGEBA :
NiL: MA =1 : 0.2 : 0.2 and crosslinking was carried out at 130 and 110°C, the
reaction was complete in 1 hour and 4 hours, respectively (Figures 3.7 and 3.8).

In comparison to the crosslinking reaction without BusNOH, the time of
crosslinking at 130 °C decreased from 4 hours to 1 hours. When the crosslinking was
carried out at 110 °C without BusNOH, the reaction did not finish in 4 hours.

Crosslinking of DGEBA with ZnL and MA in the presence of BusNOH gave
similar results to those of NiL (Figures 3.9 and 3.10).

A possible crosslinking mechanism in the presence of Bus/NOH is shown in
Scheme 3.4. The metal complex first dissociates the amine group, which opens the
maleic anhydride ring to generate a carboxylate group. BuuNOH might accelerate the
reaction by removing a proton from the ammonium salt. The carboxylate group
undergoes reaction with DGEBA to give a secondary alcohol which reacts further

with DGEBA to give crosslinked metal-containing epoxy polymers.
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Figure 3.10 IR spectra of DGEBA : ZnL : MA mixture in the presence of

20 mole % of BusNOH at the mole ratio of 1 : 0.2 : 0.2 (a) initial

mixture (b) after heating at 130 °C 1 h (c) after 2 h (d) after 4 h
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complexes and maleic anhydride in the presence of BusNOH



3.5 Preparation of Metal — Containing Epoxy Polymers

Another objective of this research was to investigate the physical and mechanical
properties of the metal-containing epoxy polymers and polymer samples were
prepared for this purpose. As previously described, crosslinking of DGEBA with the
metal complexes and maleic anhydride in the presence of BuyNOH at 110°C was
complete in 4 ﬁours. Therefore, this crosslinking temperature was chosen for the
preparation of epoxy polymer samples from both NiLlL and ZnL. The preparation
method is described in the experimental section. The time required to complete the
crosslinking process was determined by observing the disappearance of the epoxide
group in DGEBA at 917 em™. It was found that the suitable crosslinking condition
was 110°C / 4 hours followed by postcuring at the same temperature for 4 hours to
ensure the complete reaction.

To determine the optimum composition that would yield polymers with good
properties, the moie ratios of DGEBA : metal complex : maleic anhydride employed
in this study were 1 : 0.05 : 0.05, 1 : 0.1 : 0.1, 1 : 0.15:0.15and 1 : 0.2 : 0.2
BusNOH was used in the amounts of 10 and 20 mole % of the metal complexes.

The properties of the polymers prepared without using BuyNOH was not studied
since high crosslinking temperatures were required.

For comparison, different epoxy polymers were prepared using the known

crosslinking agents, namely maleic anhydride and diethylenetriamine.
3.6 Characterization of Metal — Containing Epoxy Polymers
3.6.1 IR spectroscopy

The metal — containing epoxy polymers obtained from different ratios of

DGEBA : ML : MA were characterized by IR spectroscopy. All epoxy polymers gave
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similar spectra. Examples of IR spectrum of the polymers obtained from DGEBA :
NiL : MA and DGEBA : ZnL : MA are shown in Figures 3.11 and 3.12.

In the IR spectrum the O-H absorption band of a secondary alcohol at 3300-3500
cm’’ and the band of C=0O stretching vibration at 1730-1735 cm™ were apparent. The
absorption bands at 1600-1660 and 1450-1550 cm™ were due to the C=C stretching
vibrations and C=N stretching vibrations. The bands at 1100-1300 and 1250 cm’
were assigned to be C-O (ester) stretching vibration. The absorption band at 830

cm ' was assigned to a 1,2-substituted benzene bending vibration.
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3.6.2 Glass Transition Temperature (Ty)

The glass transition temperature of the metal — containing epoxy polymers
were studied using dynamic mechanical analysis (DMA) by observing the maximum
value of the loss modulus. For example, DMA thermograms of Ni — and Zn —
containing epoxy polymers obtained from DGEBA : metal complex : MA at the ratio
of 1:0.15 : 0.15 showed Tyat 139 and 131 °C, respectively (Figures 3.13 and 3.14).
The thermograms of other metal — containing epoxy polymers are shown in Figures
A.6—25.

Table 3.1 shows the glass transition temperatures of metal — containing
epoxy polymers obtained from different formulations. It can be seen that both Ni —
and Zn — containing epoxy polymers exhibited good T, values at the mole ratio of
DGEBA : metal complex : MA=1:02:02,1:0.15:0.15and 1:0.1:0.1. Ni -
containing polymers had higher T, than Zn-containing polymers. Variation of the
BusNOH amount did not effect the T, values.

Very low T values were obtained at the ratio of 1 : 0.05 : 0.05 since there
were only small amounts of metal complexes and maleic anhydride available for the
crosslinking reaction, resulting in low crosslinking densities of the polymers. The
ratio of 1 : 0.3 : 0.3 was not studied because mixing of the starting materials to obtain
homogenous samples was difficult due to the high viscosity.

In comparison to the epoxy polymers obtained from the known systems,
namely maleic anhydride and diethylenetriamine, the metal-containing polymers
showed higher T, Crosslinking was also possible with BuyNOH, however, the

resulting polymer was a brittle material with low T,.
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Figure 3.13 DMA thermogram of Ni — containing epoxy polymer at the

mole ratio of DGEBA : NiL : MA =1 : 0.15 : 0.15 with 20

mole % of BusNOH employed as catalyst
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Glass transition temperature (Tg) of the metal — containing epoxy

Metal complex Mole ratio of T
(ML) DGEBA : ML : MA (°C)
10 Mole % of 20 mole % of
Bu/NOH BusNOH

NiL 1:0.20:0.20 130 133

1:0.15:0.15 142 139

1:0.10:0.10 124 119

1:0.05:0.05 85 91

ZnL 1:0.20:0.20 129 129

L 015 2 045 128 131

1:0.10:0.10 114 132

1:0.05:0.05 86 106
Maleic anhydride® - 69
Maleic anhydride® " 114
Diethylenetriamine® - 125
Tetrabutylammonium - 95

hydroxide d

2 mole ratio of DGEBA : MA : BuyNOH was 1:0.2:0.2

®mole ratio of DGEBA : MA was 1 : 2.8 and 0.1 phr of benzyldimethylamine

was employed as a catalyst

‘mole ratio of DGEBA : DETA was 1 : |

Ymole ratio of DGEBA : BusNOH was 1 : 0.2
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3.6.3 Thermal Stability

The thermal stability of the metal—containing epoxy polymers was
determined by heating the polymers at 250 °C for 48 hours in air. Table 3.5 shows the
weight loss of the epoxy polymers at different times.

The results indicated that the Ni-containing polymer had higher thermal
stability than the Zn-containing polymers. The optimum ratio for both epoxy
polymers that gave the highest thermal stability was 1 : 0.15 : 0.15 when 20 mole %
of BuuNOH was employed.

Ni-containing epoxy polymers exhibited much higher thermal stability
than the epoxy polymers synthesized from DGEBA — DETA system.

In comparison to the polymer obtained from DGEBA : MA and
benzyldimethylamine as catalyst, the metal-containing polymer showed slightly
higher thermal stability. In the case of the two polymers obtained from DGEBA :-MA
: BuNOH and DGEBA : BusNOH, they showed good thermal stability but these

polymers were soft and brittle materials with low T.



Table 3.2 Thermal stability at 250 °C of the metal-containing epoxy polymers obtained from

different mole ratios of DGEBA : ML : MA and BusNOH was employed as a catalyst

Metal complex Mole ratio of % Weight loss " % Weight loss
(ML) DGEBA : ML : MA 10 mole % BusNOH 20 mole % BuyNOH
12h 24 h 36 h 48 h 12h 24 h 36h 481 |
NiL 1:0.20:0.20 8.0 8.9 9.7 10.1 7.7 8.5 9.2 9.5
1:0.15:0.15 6.1 7.1 7.8 8.4 5.9 6.7 7.3 7.7
1:0.10:0.10 6.6 9.2 11.0 12.3 6.7 8.2 10.2 11.9
1:0.05:0.05 8.8 11.1 14.3 15.8 8.5 11.5 18.1 9.6 |
ZnL 1:0.20:0.20 10.0 12.9 15.2 17.0 8.9 11.1 13.0 14.6
1:0.15:0.15 6.5 8.6 10.3 11.7 6.2 8.0 9.4 10.5
1:0.10:0.10 9.6 13.9 17.6 19.7 9.3 14.1 17.5 19.6
1:0.05:0.05 9.5 13.1 16.3 19.1 9.9 13.6 17.5 19.8
Maleic anhydride * - - - - - 6.1 6.9 7.4 7.7
Maleic anhydride° - > - = - 6.6 8.1 9.5 9.8
Diethylenetriamine © - - - - - 7.3 20.7 25.3 26.6
Tetrabutylammonium - - - - - 4.6 5.1 5.5 5.9
hydroxide

mole ratio of DGEBA : MA : BuuNOH was1:0.2:0.2

mole ratio of DGEBA : MA was 1 : 2.8 and 0.1 phr of benzyldimethylamine was employed as a catalyst

b
Zmole ratio of DGEBA : DETA was 1 : 1

mole ratio of DGEBA : BuyNOH was 1 : 0.2

Sy



3.6.3 Mechanical Properties
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Mechanical properties of the metal-containing epoxy polymers obtained

from different equivalent mole ratios of metal complexes and BuyNOH were

investigated. Tensile testing was performed and the values obtained are shown in

Table 3.6.

Table 3.6 Tensile strength of the metalcontaining epoxy polymers obtained from

different mole ratios of DGEBA : ML :

employed as a catalyst

MA and BusNOH was

Metal complex

Mole ratio of

Tensile strength

(ML) DGEBA : ML : (N/mm?)
MA 10 mole % of 20 mole % of
BusNOH BusNOH
NiL 1:0.20:0.20 42 43
1:0.15:0.15 45 48
1:0.10:0.10 58 61
1:0.05:0.05 35 38
ZnL 1:0.20:0.20 44 48
1:0.15:0.15 49 51
1:0.10:0.10 57 59
1:0.05:0.05 52 53
Maleic anhydride ® - 30
Maleic anhydride” - 56
Diethylenetriamine © - 57
Tetrabutylammonium - 64
Hydroxide d

® mole ratio of DGEBA : MA : BuuNOH was 1:0.2:0.2
®mole ratio of DGEBA : MA was 1 : 2.8 and 0.1 phr of benzyldimethylamine
was employed as a catalyst

“mole ratio of DGEBA : DETA was 1 : |

4 mole ratio of DGEBA : BuyNOH was 1 : 0.2




The results suggest that variation of the BuyNOH amount has no cffect on
tensile strength. At the same mole ratio of DGEBA : ML : MA Ni- and Zn-
containing epoxy polymers prepared from 10 mole% of BusNOH show the same
tensile strength as those prepared from 20 mole% of BuyNOH.

In the case of Ni—containing epoxy polymers obtained from the equivalent
mole ratio of DGEBA : NiL: MA=1:02:02,1:0.15:0.15and 1:0.1:0.1, it
was found that the tensile strength decreased when the amount of Nil. and MA were
increased. This might be due to the increase in viscosity of the mixture before
crosslinking. Therefore, it was difficult to get a homogenous mixture. The tensile
strength of Zn—containing epoxy polymers showed a similar trend. The optimum ratio
of Ni— and Zn—containing epoxy polymers that gave the highest tensile strength was
the polymers obtained from the ratio of 1 : 0.1 : 0.1, which possessed the same tensile
strength as the epoxy polymers obtained from DGEBA - MA, DGEBA -
diethylenetriamine and DGEBA — BusNOH systems.



CHAPTER 1V
CONCLUSION AND SUGGESTION FOR FUTURE WORK

4.1 Conclusion

Metal-containing epoxy polymers were synthesized by crosslinking of the
digylcidyl ether of bisphenol A (DGEBA) with hexadentate Schiff base metal complexes
and maleic anhydride. The metal complexes employed were NiL and ZnL. In comparison
to the crosslinking reaction of DGEBA with the metal complexes without the use of
maleic anhydride, the reaction in the presence of maleic anhydride reduced the
crosslinking temperature from 180°C to 130 °C. Tetrabutylammonium hydroxide was
found to be a suitable catalyst for the crosslinking reaction since it decreased the
crosslinking temperature to 110 °C.

The progress of the crosslinking reaction was followed by using IR spectroscopy.
It was found that the optimum crosslinking condition for the preparation of nickel- and
zinc-containing epoxy polymers was 110 °C/ 8 hours. The polymers were investigated for
their physical and mechanical properties, namely glass transition temperature, thermal
stability and tensile strength. The metal-containing polymers showed good thermal
stability and high tensile strength.

Nickel-containing epoxy polymers had better properties than zinc-containing
epoxy polymers. The polymer which showed good properties was the nickel-containing
epoxy polymer obtained frdm DGEBA : nickel complex : maleic anhydride at the mole
ratio of 1 : 0.15 : 0.15. The glass transition temperature and tensile strength of the
polymer were 142 °C and 48 N/mm?, respectively. Upon heating at 250 °C for 48 hours,
‘the weight loss of the polymer was 7.7%, which indicated much higher thermal stability
compared to the known epoxy polymer obtained from DGEBA-diethylenetriamine
system. The polymer which showed good tensile strength was the nickel-containing

epoxy polymer obtained from DGEBA : nickel complex : maleic anhydride at the mole
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ratio of 1 : 0.1 : 0.1. The tensile strength of the polymer was 61 N/mm?, then the glass
transition temperature and the weight loss of the polymer were 119 °C and 11.9%,

respectively.

4.2 Suggestion for Future Work

There are still many aspects regarding the metal-containing epoxy polymers that
require further investigation. For example, the use of liquid acid anhydride such as
hexahydrophthalic anhydride to improve the compatibility of the DGEBA : metal

complex : acid anhydride mixture should improve the property of the polymers.
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DGEBA : NiL. : MA =1:0.10: 0.10 with 20 mole % of BusNOH employed as catalyst
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DGEBA : ZnL : MA =1:0.05: 0.05 with 10 mole % of BusNOH employed as catalyst
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Figure A. 15 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of
DGEBA : ZnL : MA =1:0.10: 0.10 with 10 mole % of BusNOH employed as catalyst
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Figure A. 16 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of

DGEBA : ZnL. : MA =1:0.15: 0.15 with 10 mole % of BusNOH employed as catalyst

69



E' MPa
3500 -] 300
3000 |

1 250
2500

1 200

1
2000

1 150
1500

1 100
1000 -
s00 -| 50

E"/MPa ‘ - tans

] Peak (128.7 °C, 340) Peak (138.8 °C,0.6) }

4_ — 0.5
: \ ~ 0.4
i ~ 03
] — 0.2
) g

N — 0.1

T I T I T I T T
160 : 180

I
40 60 80 100
Temperature / °C

I [
120 140
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Figure A. 18 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of
DGEBA : ZnL : MA =1:0.05: 0.05 with 20 mole % of BusNOH employed as catalyst
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Figure A. 19 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of
DGEBA : ZnL : MA =1:0.10: 0.10 with 20 mole % of BusNOH employed as catalyst
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Figure A. 20 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of
DGEBA : ZnL : MA =1:0.15: 0.15 with 20 mole % of BusNOH employed as catalyst
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Figure A. 21 DMA thermogram of Zn-containing epoxy polymer at the mole ratio of
DGEBA : ZnL : MA =1:0.20: 0.20 with 20 mole % of BuyNOH employed as catalyst
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Figure A. 22 DMA thermogram of DGEBA-MA system at DGEBA : MA ratio of 1 : 2.8 with BDMA employed as catalyst
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Figure A. 23 DMA thermogram of DGEBA-MA system at DGEBA : MA ratio of 1 : 0.2 with BusNOH employed as catalyst

9/



E'MPa E"MPa

Peak (131.0 °C, 0.6)

4000 4 400 _\/\\_’/ /‘\\

12000 1
1 900
10000 00
700 -
8000 ]
| 600
6000 - 007
i ]
4 400
200
2000 ]
100

7 I
o —

I
40 60 80 100
Temperature / °C

Figure A. 24 DMA thermogram of DGEBA-DETA system at DGEBA : DETA at 1 : 1
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