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ABSTRACT: Cured networks of epoxy—imide resin cured
with four types of phosphorylated diamine curing agents
that contained different alkyl groups on phosphorus were
studied. The structures of these novel phosphorus-contain-
ing curing agents were confirmed by Mass, EA, IR, and
'"H-NMR and ">C-NMR spectra characterization. The reac-
tivities were measured by differential scanning calorimetry
(DSCQ). It is found that the reactivities were not affected by
the types of alkyl groups in the curing agents. In thermal
gravimetric analysis (TGA), those polymers that were ob-

tained through the curing reactions between epoxy-imide
resin and four curing agents (BAMP, BAEP, BAPP, and
BABP) also demonstrated excellent thermal properties as
well as a high char yield. © 2002 Wiley Periodicals, Inc. ] Appl
Polym Sci 86: 141-147, 2002
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INTRODUCTION

The special structures and the variety of curing meth-
ods of epoxy resins give satisfactory mechanical prop-
erties, such as minimum shrinkage after cure, suitable
chemical and weather resistance, and good adhe-
sion."? Due to the rapid development of electronic
materials in aerospace in the past years, it is crucial to
improve the flame and thermal resistances of epoxy
polymers. There have been many ways for improving
flame properties of epoxy polymers, such as the addi-
tion of fire retardant agents or the use of fire retardant
epoxy resins or curing agents. Modification of the
backbone of epoxy resins or curing agents have re-
ceived increasing attention during recent years to en-
hance flame retardancy.’ It is found that the thermal
properties of the epoxy polymers can be improved by
introducing heterocyclic rings into the backbone of
polymers.®” However, Rao' pointed out that the
thermal stability was decreased as the flame resistance
increased in polymers materials. According to our
previous researches, it was found that the introduc-
tion of phosphorus and heterocyclic rings into the
epoxy polymers can simutaneously improve the ther-
mal and fire resistance stability.

In our previous research,'! we synthesized a phos-
phorylated diamine curing agent improving the flame
resistance of epoxy polymer via the structure modifi-
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cation of the curing agent. In this study, we also syn-
thesized four phosphorylated diamine curing agents
containing different alkyl groups on phosphorus and
compared their reactivities toward the same epoxy-
imide resin. Cured networks of epoxy-imide resin
cured with four phosphorylated diamine curing
agents were also studied on flame and thermal prop-
erties.

EXPERIMENTAL

Syntheses of bis(3-aminophenyl)alkylphosphine
oxide

Synthesis of alkyltriphenyl phosphonium iodide (I)

A mixture of 0.1 mol of triphenyl phosphine and 0.5
mol alkyl iodide in toluene was heated to reflux for
3 h. The white crystal were formed and filtered. The
residual solid was washed with toluene several times,
and dried in an oven at 100°C for use. Yield was 98%,
with an m.p. near 175°C for methyltriphenyl phospho-
nium iodide.

Synthesis of alkyldiphenyl phosphine oxide (II)

A mixture of 0.1 mol of product (I) in 250 mL water
and 70 mL 40% potassium hydroxide was heated to
reflux. The by-product benzene was removed by dis-
tillation. The degree of reaction was controlled by
thin-layer chromatography (TLC), using hexane as
mobile phase. The product was extracted with chloro-
form. The chloroform solution was washed with water
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TABLE I
Curing Cycles of Several Epoxy Systems

Curing temp. Curing Postcuring temp. Postcuring time
Composition °C timemin © min
DIDE/BAMP 160 45 210 25
DIDE/BAEP 137 45 216 30
DIDE/BAPP 135 45 221 30
DIDE/BABP 137 45 216 30

DIDE: Diimide diepoxide.

BAMP: Bis(3-aminophenyl)methylphosphine oxide.
BAEP: Bis(3-aminophenyl)ethylphosphine oxide.
BAPP: Bis(3-aminophenyl)propylphosphine oxide.
BABP: Bis(3-aminophenyl)butylphosphine oxide.

and concentrated. The residual was purified by col-
umn chromatography and dried for use. Yield was
86%, with an m.p. near 115°C for methyldiphe-
nylphosphine oxide.

Synthesis of bis(3-nitrophenyl)alkylphosphine
oxide(III)

A solution of 60 mL conc. sulfuric acid and 60 mL
conc. nitric acid was gradually added into a stirred
solution of 0.1 mol alkyldiphenylphosphine in 60 mL
conc. nitric acid at 10°C for 2 h. The reaction mixture
was brought to room temperature and bis(3-nitrophe-
nyl)alkylphosphine oxide was precipitated in iced wa-
ter. The obtained solid was a light yellow crystals.
Yield was 84%, with m.p. near 203°C for bis(3-nitro-
phenyl)methylphosphine oxide.

R=-CHy,-CoHs,-C3Hy,-CH

Scheme I Syntheses of bis(3-aminophenyl)alkylphosphine
oxide.

Synthesis of bis(3-aminophenyl)alkylphosphine
oxide(IV)

Bis(3-nitrophenyl)alkylphosphine oxide (0.6 mol) re-
acted with powder tin(Il) chioride dihydrated (110.0
g) in a solution of 120 mL ethanol and 120 mL fuming
hydrochloric acid at room temperture for 2 h. The
solution was concentrated until salt came out of solu-
tion. The salt was neutralized using 25% sodium hy-
droxide, and the product was extracted with chloro-
form. Solid residue was obtained when chloroform
was removed by distillation at a reduced pressure.
The obtained solid was recrystallized from dichlo-
romethane. The product was a light yellow crystalline
solid. Yield was 87%, with an m.p. near 146°C for
bis(3-aminophenyl)methylphosphine oxide.

Preparation of polymers

Polymers studied were prepared as indicated in Table
I. To obtain a highly crosslinked polymer with good
thermal stability, a 1-epoxy equivalent weight of the
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Scheme II Syntheses of diimide-diepoxide.
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TABLE II
The Data of Elemental Analysis

Alkyltriphenyl Alkyltriphenyl phosphine

phosphonium iodide oxide Bis(3-nitrophenyl) alkyl phosphine oxide Bis(3-aminophenyl) alkyl phosphine oxide
Compounds C% H% C% H% C% H% N% C% H% N%
When alkylis  Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.
Methyl 56.46 5646 448 449 7211 7222 610 6.06 5091 5099 368 362 915 915 63.03 6341 612 611 1132 1138
Ethyl 5741 5743 481 481 7289 7303 6.63 657 5202 5250 406 409 869 875 6352 6460 659 658 1052 10.76
Propyl 5835 5824 513 512 7382 7376 7.00 701 5383 5390 452 512 837 838 6324 6570 7.01 690 9.77 10.20
n-Butyl 5920 59.18 542 542 7458 7440 756 741 5544 5518 507 492 790 804 6568 6565 730 734 953 9.72

epoxy-imide resin'' was polymerized with 0.5 mol of
curing agent. The epoxy equivalent weight of epoxy—
imide resin was 282 g/equiv.

Characterization and measurements

Infrared spectra (IR) were examined using a JASCO-
200 and Bomen MB-100. Mass spectra were obtained
from JEOL SX-102A. Elemental analyses (EA) were
carried out on Heraeus CHN-O Rapid Analyer. 'H-
NMR and "C-NMR spectra were obtained from a
Bruker AM-400 where samples dissolved in DMSO-d,
with TMS being employed as an internal standard.
Thermal resistance was evaluated by thermogravimet-
ric analysis (TGA) on a TGA DU PONT 2100 with a
heating rate of 10°C/min. The curing cycles and reac-
tivities were measured by differential scanning calo-
rimetry (DSC) on a Perkin-Elmer DSC 7.

RESULTS AND DISCUSSION

Bis(3-aminophenyl)alkylphosphine oxide (BAMP, BAEP,
BAPP, BABP) were obtained through the following four
synthetic steps: synthesis of alkyltriphenyl phospho-
nium iodide(I), alkyldiphenyl phosphine (II), bis(3-nitro-
phenyl)alkylphosphine oxide (III), and the hydrogena-
tion of bis (3-nitrophenyl)alkylphosphine oxide using tin
(I) chloride dihydrated in acidic condition. The synthetic
pathways of bis(3-aminophenyl)alkylphosphine oxide
and epoxy—imide resin were shown as in Schemes I and
II. The chemical structures of phosphorus-containing
curing agents and their precursors are identified.

Identification of bis(3-nitrophenyl)alkylphosphine
oxide (III)

Elemental analyses data of bis(3-nitrophenyl)alky-
Iphosphine oxides which alkyl is methyl, ethyl, pro-
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Figure 1 IR spectrum of bis(3-nitrophenyl)butylphosphine oxide and bis(3-aminophenyl)butylphosphine oxide.
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Figure 2 'H-NMR spectrum of bis(3-aminophenyl)butylphosphine oxide.

pyl, n-butyl are listed in Table II. The IR spectrum of  Identification of bis(3-aminophenyl)alkylphosphine
bis(3-nitrophenyl)alkylphosphine oxide is shown in  oxide (IV)

Figure 1. Peaks at 3000 cm ™' and 3100 cm ™' display ~ Elemental analyses data of bis(3-aminophenyl)alky-
the absorptions of aromatic C—H. Absorptions arising  lphosphine oxides which alkyl is methyl, ethyl, pro-
because of —NO, at 1530 cm ™! and 1350 cm ™!, pyl, n-butyl, respectively, are listed in Table II. The IR
—P=0 at 1170 cm™ " were observed. spectrum of bis(3-aminophenyl) butylphosphine ox-
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Figure 3 '>C-NMR spectrum of bis(3-aminophenyl)butylphosphine oxide.
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TABLE III
"H-NMR Data of Bis(3-aminophenyl)alkyl-phosphine oxide
Types of proton 1 2 3 4 NH, Aromatic hydrogens
alkyl Chemical shifts (ppm)
Methyl 1.82 (3H.m) 4.50-5.36 (4H,s) 6.68-7.16 (8H,br)
Ethyl 1.14 (3H,m) 2.13 (2H,m) 3.12-3.92 (4H,s) 6.69-7.16 (8H,br)
Propyl 1.48 (3H,m) 2.09 (2H,m) 2.62 (2H,m) 3.78-4.63 (4H,s) 6.69-7.16 (8H,br)
n-Butyl 0.83 (3H,m) 1.40 (2H,m) 1.52 (2H,m) 2.11 2H,m) 3.53-4.05 (4H,s) 6.69-7.16 (8H,br)
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ide is shown in Figure 1. Peaks at 3400 cm ™' and 3200
cm ™' display the absorptions of aromatic primary
amine. Absorptions arising because of P—C¢H, at
1440 em™', —C—N at 1300 cm ™!, —P=0 at 1160
cm ™! were observed. The mass data of bis(3-amino-
phenyl)alkylphosphine oxide were in good agreement
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with the calculated values. The '"H-NMR spectrum of
bis(3-aminophenyl) butylphosphine oxide is shown in
Figure 3. The chemical shifts of characterized protons
in bis(3-aminophenyl)alkylphosphine oxides are listed
in Table III. These resonance lines arising because of
aliphatic hydrogens at 1.0-1.2 ppm, amino group hy-

TABLE 1V
3C-NMR Data of Bis(3-aminophenyl)alkylphosphine oxide
Type of proton 1 2 3 4 a b c d e f
When alkyl is Chemical shifts (ppm)
Methyl 16.00 135.71 116.65 148.85 115.26 129.15 117.12
Ethyl 15.54 23.70 132.52 117.07 146.76 117.96 129.47 120.21
Propyl 15.21 25.44 32.34 134.99 117.16 146.69 117.88 129.47 120.24
n-Butyl 13.50 23.43 24.16 28.50 134.98 116.94 146.79 117.8 129.18 119.93
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Figure 4 DSC thermograms of bis(3-aminophenyl)bu-
tylphosphine oxide/diimide-diepoxide, the heating rate is
10°C/min.

drogens at 3.5-5.5 ppm, and aromatic hydrogen at
6.6—7.3 ppm were observed. The *C-NMR spectra are
shown in Figure 3. These resonance lines in spectra fall
into two regions, ie.,, 10-20 ppm for the aliphatic
carbon, 110-150 ppm for the aromatic carbon. These
chemical shifts of characterized carbon in bis(3-amino-
phenyl)alkylphosphine oxides are listed in Table IV.

Reactivity of diimide-diepoxide and bis(3-
aminophenyl)alkyl-phosphine oxides

The polymerization reaction were studied by DSC.
Significant caution was taken during the DSC study of
polymerization reaction to obtain homogenous mix-
tures of the epoxy resin and those curing agents. Typ-
ical DSC thermograms of the epoxy-imide resin and
curing agents compositions are shown in Figure 4. The
influence of the chemical reactivity of the curing
agents on cure behavior is indicated from this figure to
be apparent. For the epoxy-imide resin used, the exo-
therm starting temperatures were similar. A curing
agent that exhibits a lower exothermic starting tem-
perature under the same set of curing condition is
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Figure 5 TGA thermograms of bis(3-aminophenyl)bu-
tylphosphine oxide/diimide-diepoxide in a nitrogen envi-
ronment; the heating rate is 10°C/min.

more reactive toward the epoxy-imide resin. It is,
therefore, reasonable to propose that the chemical re-
activity of these four different curing agents toward
epoxy—-imide resin were not affected by the bulk of
alkyl group in the phosphorus group.

Thermal and flame properties

Glass transition temperature (T,) of these cured phos-
phorus-containing epoxy-imide polymers (DIDE/
BAMP, DIDE/BAMP, DIDE/B-APP, DIDE/BABP)
are listed in Table V.

The thermal stability of synthesized phosphorylated
epoxy-imide polymers throught the reaction between
epoxy-imide resin and various phosphorylated curing
agents (BAMP, BAEP, BAPP, BABP) were evaluated by
thermal gravimetric analysis (TGA). The TGA thermo-
grams of polymers in nitrogen and air environments are
shown in Figures 5 and 6, respectively. The polymers
began to decompose in a nitrogen environment at a
temperature higher than ca. 330°C. The residual weight
contents in a nitrogen environment were ca. 45% at
800°C. The decomposition in an air environment, how-

TABLE V
Decomposition Temperatures, Weight Residues, and T, of Cured Epoxy Resins, the Heating Rate is 10°C/min

Weight loss at temp (°C)

Weight residue (%)

Curing

Environment Resin agent 10% 20% 30% 40% 50% 600°C 700°C T,
N, DIDE BAMP 378.1 406.3 4235 442.2 564.2 494 47.9 121
DIDE BAEP 354.4 395.5 424.1 447.3 518.7 49.9 48.0 123

DIDE BAPP 366.1 400.0 417.9 435.7 480.4 46.9 45.1 124

DIDE BABP 366.1 403.6 425.0 4439 498.2 48.5 46.1 122

Air DIDE BAMP 375.0 409.4 429.7 471.9 578.2 41.6 25.8 127
DIDE BAEP 358.9 396.4 426.7 496.4 589.2 48.0 34.1 126

DIDE BAPP 362.5 403.6 432.1 503.6 617.8 52.0 41.9 123

DIDE BABP 365.2 402.7 431.3 472.3 599.1 49.9 41.0 119

DIDE: Diimide diepoxide.

BAMP: Bis(3-aminophenyl)methylphosphine oxide.
BAEP: Bis(3-aminophenyl)ethylphosphine oxide.
BAPP: Bis(3-aminophenyl)propylphosphine oxide.
BABP: Bis(3-aminophenyl)butylphosphine oxide.
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Figure 6 TGA thermograms of bis(3-aminophenyl)bu-
tylphosphine oxide/diimide-diepoxide in an atmosphere
environment, the heating rate is 10°C/min.

ever, falls into two steps. The first region of decomposi-
tion was ca. 330-430°C with the residual weight con-
tents being ca. 60%. The second step of decomposition
started at 705°C. The synthesized phosphorylated ep-
oxy-imide polymers showing good thermal stability and
flame resistance (higher char residual on pyrolysis) were
found in the TGA study.

CONCLUSIONS

The structures of these novel curing agents of epoxy
resins were confirmed throught Mass, EA, IR, H-
NMR, and "*C-NMR characterizations. Using imide

147

and phosphorus groups to modify the epoxy, the ther-
mal and flame resistance of epoxy can be improved.
Some novel phosphorylated epoxy—imide polymers
have been synthesizd here, where the imide and phos-
phorus were incorperated into the main chain of ep-
oxy polymers. These polymers showed good thermal
and flame resistance. In this study, we found that the
synthesized curing agents have excellent flameless
properties for epoxy polymers.
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