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Abstract

The paper deals with the curing behaviour of diglycidyl ether of bisphenol-A (DGEBA) using three novel multi-
functional aromatic amines having phosphine oxide and amide-acid linkages. The amines were prepared by reacting
tris(3-aminophenyl)phosphine oxide (TAP) with 1,2,4,5-benzenetetracarboxylic acid anhydride (P)/4,40-(hexafluoro-
isopropylidene)diphthalic acid anhydride (F)/3,30,4,40-benzophenonetetracarboxylic acid dianhydride (B). Amide-acid
linkage in these amines is converted to thermally stable imide linkage during curing reaction. Curing temperatures of
DGEBA were higher with phosphorylated amines than the conventional amine 4,40-diamino diphenyl sulphone (D). A
decrease in initial decomposition temperature and higher char yields were observed when phosphorus containing
amide-acid amines were used as curing agents for DGEBA.
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1. Introduction

The diglycidyl ether of bisphenol-A (DGEBA) is the
most commonly used epoxy resin as it has many at-
tractive properties such as fluidity, low shrinkage during
cure and ease of processing. The cured products have
good physical strength, excellent moisture, solvent and
chemical resistance. Their main problem is relatively
poor thermal stability and flame resistance which limits
their applications in more demanding areas such as
aerospace and electronic industry.

Phosphorus containing hardeners have been used in
the past to increase the flame resistance of DGEBA [1-
10]. Synergistic combination of phosphorus and nitro-
gen in these hardeners leads to significant improvement
in flame resistance of cured DGEBA. The nitrogen-
phosphorus synergism is probably due to formation of

P-N bonded intermediates, which are better phospho-
rylating agents than are related phosphorus compounds
without nitrogen and thus lead to an increase in char
yield [11].

Studies on phosphorus containing amine hardeners
for curing DGEBA have been carried out in our
laboratories for past several years [12-15]. Curing of
DGEBA with phosphorus containing amines increased
the anaerobic char yield at 800 °C. However a decrease
in onset temperature of degradation was observed. In-
corporation of imide group generally leads to an
improvement in thermal stability. In order to enhance
the thermal stability of cured epoxy resin we synthe-
sized phosphorus containing amide-acid amines using
bis(3-aminophenyl)methyl phosphine oxide (BAP) and
aromatic tetracarboxylic acid dianhydrides [16]. These
amide-acid groups are converted to imide units at cur-
ing temperature of epoxy (i.e. ~200 °C).

Higher thermal stability is expected if methyl group of
BAP is replaced by a phenyl group. Therefore, it was con-
sidered of interest to synthesise multifunctional amide-
acid amines by reacting tris(3-aminophenyl) phosphine
oxide (TAP) with 1,2,4,5-benzenetetracarboxylic acid
anhydride (P)/4,40-(hexafluoroisopropylidene)diphthalic
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Scheme 1. Reaction scheme for synthesis of TAP based amide-acid amines.

acid anhydride (F)/3,30,4,40-benzophenonetetracarboxylic
acid dianhydride (B) according to reaction Scheme 1.

Phosphorylated amide-acid amines have been desig-
nated as TP, TB and TF in the subsequent text.

Amide-acid groups in these phosphorylated amines
may be converted to imide groups at temperatures
generally used for curing of epoxy resins (~200 °C) ac-
cording to the following reaction scheme

containing amine TAP was prepared in the laboratory
according to the procedure reported elsewhere [17].

2.2. Synthesis of amide-acid amines

Room temperature solution condensation method
was used to prepare phosphorylated amines containing
amide-acid linkages. To a well-stirred solution of tri-
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2. Experimental

2.1. Materials

Diglycidyl ether of bisphenol-A (DGEBA, Grade LY
556; epoxy equivalent 177, Hindustan Ciba Geigy Ltd.),
N,N-dimethyl acetamide (DMAc) (CDH), N,N-di-
methylformamide (DMF) (Merck), 4,40-diaminodiphenyl
sulfone (D) (Fluka), petroleum ether (S.D. Fine Chem-
icals) were used as received. Acetic anhydride (BDH)
was purified by distillation and aromatic tetracarboxylic
acid dianhydrides B (Aldrich), F (Hoechst Chemicals)
and P (Fluka) were purified by refluxing in acetic an-
hydride and subsequent crystallisation. Phosphorus

amine TAP (1.33 moles) in dimethyl formamide (DMF),
a solution of aromatic tetracarboxylic acid dianhydride
(1 mole) (P/B/F) in DMF was added drop wise. After
complete addition, stirring was continued for 3 h at
room temperature (30-32 °C). The solution was then
added to ice cold water with vigorous stirring to pre-
cipitate the phosphorylated amine. The precipitated
solid was filtered, washed with water followed by ace-
tone and then dried in a vacuum oven.

2.3. Characterisation

The amines were characterised by elemental analysis
and amine equivalent weight determination [18]. For
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Table 1
Results of CHN

Amine

TP
TB
TF

analysis and

% Carbon

60.6 (62.8)
63.5 (65.3)
57.4 (59.0)

amine equivalent of phosphorylated

% Hydrogen

4.2 (4.0)
4.1 (4.0)
3.5 (3.4)

amines

% Nitrogen

8.0 (8.6)
7.1 (7.4)
6.1 (6.4)

Amine equivalent

331 (324)
382 (376)
441 (437)

Figures in parenthesis indicate the calculated values.

structural characterisation IR spectra of these amines in
KBr pellets were recorded using a Biorad Digilab FTS-
40 FTIR spectrometer. 1H-NMR spectra were recorded
on a Bruker AC 300 spectrometer at a frequency of 300
MHz using DMSO-d6 as solvent and tetramethyl silane
as an internal standard.

2.4. Curing studies

A Du Pont 2100 thermal analyzer having a 910 DSC
module was used to evaluate the curing behaviour of
DGEBA. A sample weight of 10 ±2 mg (freshly pre-
pared samples) and a heating rate of 10 °C/min was
used.

For curing studies, the samples were prepared by
mixing stoichiometric amount of DGEBA and phos-
phorylated amines TP or TB or TF. In order to study
the effect of phosphorus content of these amines on the
curing behaviour and thermal stability of cured resins
mixture of TP or TB or TF with 4,40-diaminodiphenyl
sulfone (D) were used. The molar ratio of phosphory-
lated amines and amine D was varied from 0.25:0.75,

0.5:0.5 and 0.75:0.25. Such amine formulations for TP:D
have been designated as TPD1, TPD and TP1D respec-
tively. Similarly, the designation used for TB:D and
TF:D were TBD1, TBD, TB1D and TFD1, TFD and
TF1D respectively.

The exothermic transition associated with curing was
characterised by determining, To — temperature of onset
of exotherm, Tp — temperature of peak position of
exotherm, Tf — temperature of end of the exotherm,
DH — heat of curing reaction. To and Tf were obtained
by extrapolation.

2.5. Thermal stability

Isothermal curing of DGEBA containing stoichio-
metric amounts of phosphorus containing amines or
mixture of amines was done by heating at 150 °C (1 h)
and 220 °C (3 h). Thermal stability of the cured resin in
nitrogen atmosphere (flow rate 60 cm3/min) was evalu-
ated using a Du Pont 2100 thermal analyser having a
951 TG module. A sample weight of 10 ± 2 mg and a
heating rate of 20 °C/min was used.

100 F

1400 1200 1000
Wavenumbers (cm"1)

800 600

Fig. 1. FTIR spectrum of amine TB.
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3. Results and discussion

3.1. Characterisation of amines

Amines were obtained in ~90% yield. The colour
ranged from white to yellow. These amines were insol-
uble in low boiling solvents such as acetone, methyl
ethyl ketone, chloroform, methanol and ethanol but
were soluble in amide solvents i.e., DMF and DM Ac.
Table 1 shows the results of CHN analysis and amine
equivalent of these phosphorylated amines. The ob-
served values of CHN analysis agreed well with the
assigned structure of the amines. The theoretical phos-
phorus content of amines TP, TB and TF were 4.77%,
4.11% and 3.65% respectively. The formulated molecu-
lar weight of TP, TB and TF amines would be 1946,
2258 and 2624 respectively. The amine equivalent weight
for these amines having an average of six amino groups/
mole agrees well with the calculated values.

In the IR spectrum, strong bands due to amide-acid
group were observed at 1718 and 1662 cm"1. Absorption
band at 1718 cm"1 is attributed to mC@O of -COOH
group of the amide-acid. The absorption band at 1662
cm"1 may be attributed to secondary amido group of
amide-acid. Characteristic absorption bands due to
P@O at 1166 cm"1, P-C6H4 at 1420 cm"1, -C6H4 at
1480 and 1594 cm"1, C-N at 1373 cm"1, N-H of sec-
ondary amido at 1541 cm"1 were also observed (Fig. 1).

In the 1H-NMR spectrum, a doublet at d — 10:9 ppm
due to amide-acid protons was present (Fig. 2). The
proton resonance signal due to -NH2 protons could not
be distinguished from the DMSO-d6 protons which were
observed at d — 3:7 ppm. A complex pattern was ob-
tained in the aromatic region (6.6-8.3 ppm).

1 1 1

In the DSC scan of these amines, sharp endotherm
indicative of melting was not observed. A broad endo-
therm was observed in the temperature range of 75-125
°C. This may be due to loss of adsorbed water as amide-
acid group and phosphorus both are highly hydrophilic
in nature. TG studies indicated a 1% mass loss in this
temperature range. Another endotherm was observed in
the temperature range of 160-280 °C and may be due to
thermal cyclisation of amide-acid to imide. A mass loss
of ~4% was observed in this temperature region by TG
studies.

3.2. Curing studies

In order to evaluate the effect of structure of amines
on curing behaviour of DGEBA, studies were carried
out using stoichiometric ratio of DGEBA and amine D,
TP, TB and TF. The phr of these amines in DGEBA
corresponds to 35, 92, 106 and 124 respectively.

A broad exotherm was observed when DGEBA was
cured with amine D (180-310 °C) whereas in amines TP,
TB and TF the curing exotherm was relatively sharp and
narrower and was in the temperature range of 223-284
°C. The characteristic curing temperatures are sum-
marised in Table 2 (Fig. 3).

The curing of epoxy resin proceeds by the nucleophilic
attack of amine on the oxirane carbon. A stronger nu-

Table 2
Results of DSC scans of DGEBA in the presence of stoichio-
metric amounts of aromatic amine

Amine designation

D
TP
TB
TF

To (°C)

184
262
223
227

Tp (°C)

224
271
246
244

Tf (°C)

310
284
271
267

6
6(ppm)

100 150 200 250
Temperature (°C)

300 350

Fig. 2. 1H-NMR spectrum of amine TB.
Fig. 3. DSC scan of DGEBA in the presence of stoichiometric
amount of amine TF.
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Table 3
Results of DSC scans of DGEBA in the presence of stoichio-
metric amounts of phosphorylated amines (TP, TB, and TF)
and amine D

Amine formulation

TPD1
TPD
TP1D
TBD1
TBD
TB1D
TFD1
TFD
TF1D

To (°Q

182
230
251
162
189
214
198
203
200

Tp (°c)
232
250
264
214
218
235
229
235
234

Tf (°C)

310
269
278
272
261
265
281
274
274

cleophile can initiate the curing process at lower tem-
perature. Therefore, onset temperature of exotherm (To)
may be used as a criterion for evaluating the relative
reactivity of various amines. The lowest To was observed
with amine D (180 °C) and highest with TP (262 °C).
Curing of DGEBA with these amines is a complex
process. It involves endothermic cyclodehydration of
amide-acid to imides as well as exothermic curing re-
action in the same temperature range. Moreover, the phr
of amines used is significantly different from amine D
and with each other because of variation in the molec-
ular weights. This basically reduces the epoxy content
per gram of resin with increase in the molecular weight
of the amine. Therefore the factors affecting the curing
process are not only the nucleophilicity of the amine but
also diffusion processes as well as reduced oxirane con-
tent.

With mixed amines i.e. TPD, TFD and TBD, curing
temperatures increased with increase in the concentra-
tion of the phosphorylated amines Table 3.

3.3. Thermal stability

The onset temperature of decomposition (To), tem-
perature of maximum rate of mass loss (Tmax) and ex-
trapolated final decomposition temperature (Tef) were
noted from TG traces (Fig. 4). The relative thermal
stability of the cured resins was compared by deter-
mining % char yield at 800 °C.

A major mass loss of 47-80% was observed in the
temperature range of 330-460 °C (Table 4). A minor
mass loss (10:5 ± 1:5%) was also observed above 480 °C.
These two stages of mass loss may be attributed to the
decomposition of (a) the phosphine oxide groups in the
phosphorylated amine and (b) the resin matrix [19]. In
DGEBA cured with phosphorylated amines, onset tem-
perature of degradation To and temperature of maxi-
mum rate of mass loss Tmax were lower than DGEBA
cured with amine D.

DGEBA cured with TAP based amide-acid amines
showed higher initial decomposition temperature than
BAP based amines [16]. The char yields of cured
DGEBA were ~10% higher with the amide-acid amines
than amide amines [14]. This may be due to the presence
of thermally stable imide linkages and higher aromatic
content of the amide-acid amines.

The results of thermal decomposition of DGEBA
cured with mixed amines are summarised in Table 5.
Addition of amine D reduced the char yield of the cured
resins. A single step decomposition was observed when

120

100

80

60

20
0 200 400 600

Temperature (°C)

Fig. 4. TG/DTG trace of DGEBA cured isothermally with amine TP.

800
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Table 4
Thermal behaviour of isothermally cured DGEBA with various amines (heating rate 20 °C/min)

Amine designation Decomposition temperature (°C) Mass loss (%)

T

Char yield at 800
°C (%)

D
TP

TB

TF

424
354
487
333
478
345
511

442
406
522
387
509
400
554

461
433
570
425
579
434
593

84.5
52.6
12.6
49.5
12.0
47.9
12.8

15.5

34.8

38.5

39.3

In samples where two-step decomposition was observed, the characteristic decomposition temperatures and mass losses in individual
steps are indicated separately.

Table 5
Thermal behaviour of isothermally cured DGEBA with mixed amines TP/TB/TF and D (heating rate 20 °C/min)

Amine formulation Decomposition temperature (°C) Mass loss (%) Char yield at 800
°C (%)

TPD1
TPD

TP1D

TBD1
TBD
TB1D

TFD1
TFD

TF1D

385
358
509
336
513
386
366
357
493
384
366
518
342
531

427
411
536
392
563
423
412
405
557
421
415
559
397
568

458
450
581
429
609
450
451
441
591
453
454
591
441
595

80.4
54.6
10.1
55.1
10.8
79.2
71.1
55.6
11.2
76.3
56.4
9.5

49.9
12.1

19.6

33.3

34.1
20.8
28.9

33.2
23.7

34.1

38.0

In samples where two-step decomposition was observed, the characteristic decomposition temperatures and mass losses in individual
steps are indicated separately.

1 1.5 2

Phosphorus Content (%)

Fig. 5. Plot showing the effect of phosphorus content on the
char yield of DGEBA cured with various aromatic amines.

DGEBA was cured with non-phosphorylated amine D.
However on addition of phosphorylated amines i.e. in
mixed amine formulations, two step decomposition was
observed. Mass loss in the second step decreased with
increasing amount of amine D. Decomposition started
at a lower temperature when phosphorylated amines are
mixed with amine D. A plot of the char yield vs. phos-
phorus content for DGEBA cured with phosphorylated
amines or mixed amines (Fig. 5) shows a linear depen-
dence obeying the expression

Char yield ð%Þ = 15:8 þ 8:08 P ð%Þ

4. Conclusions

Curing temperatures of DGEBA are higher when
phosphorus containing amide-acid amines were used as
curing agents. Incorporation of amide-acid or imide
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groups in DGEBA network did not significantly affect
the onset of degradation but increased the char residue
of the cured resin. The char yield of cured resin in-
creased linearly with increasing phosphorus content.
Since higher char yield indicates better flame retardancy,
utilisation of appropriate amounts of amide-acid amine
in the epoxy system may yield resins with better flame
resistance.
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