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ABSTRACT: Phenol/dicyclopentadiene (DCPD) adducts were prepared from the BF-
catalyzed reaction of p-nonylphenol and dicyclopentadiene at molar ratios of 2 : 1 and
3 : 2. The phenol-terminating adducts were consequently reacted with diethylenetri-
amine and formaldehyde using Mannich reaction conditions. These products containing
phenol, amine and tricyclodecane functionalities in the same molecule can be used as
epoxy curing agents. The diethylenetriamine was add to the phenol via Mannich
reaction at approximately 50% theoretical equivalent. The multiple N—H groups in
amines and the O—H groups in phenols provide crosslinking sites for epoxy resins. The
cured epoxy resins show improvement in tensile strength and elongation in comparison
with those cured by the poly(oxypropylene) diamine (400 molecular weight) or
diethylenetriamine. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 2129-2139, 1999
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INTRODUCTION

Cyclopentadiene (CPD) is a byproduct of
Cystreams in oil refineries. The CPD monomer
exists in the form of dicyclopentadiene (DCPD), a
dimeric adduct through Diels Alder reaction, at
ambient temperature. DCPD is readily cracked
into CPD at 170°C. The high purity DCPD (95%)
can be widely applied as a comonomer in several
polymer systems such as ethylene propylene
diene monomer (EPDM),"? unsaturated polyes-
ter,? olefin metathesis,*® and epoxy resins.'?~'2

In epoxy applications, DCPD-based novolac ep-
oxy resins have the advantages of reduction in
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epoxy cure shrinkage, moisture resistance, and
retention of excellent electrical insulation proper-
ties.’®16 These features are very important for
surface properties of composites and for delicate
electronic applications.

The Mannich condensation of phenols, formal-
dehyde, and amines was first reported

OH OH /R,
XN & o CHaN
@ + CH,O + N — ©/ \R,.
/ > g / >
R

as early as 1942,'” and has resulted in many
industrial applications.’®'® The uses of various
amines and alkylphenols produced materials use-
ful for fine chemicals,?%?! polymers,??22* grease
components,?® antifoulants,?® and fuel addi-
tives.2”?® In epoxy applications, the presence of

phenol groups in Mannich condensates has the
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Scheme 1 Reaction of p-nonylphenol and dicyclopen-
tadiene.

advantages of providing further reactive func-
tions as well as an acceleration catalyst.??=3! It
has been known that phenol-containing com-
pounds, such as poly(p-vinylphenol) or 2,3,6-tris-
(dimethylaminomethyl)phenol, can function as an
epoxy curing accelerator.’%33 Another advantage
of using Mannich condensates is to convert the
low molecular weight of poly(oxyalkylene)amines
into prepolymers that are more suitable during
epoxy curing process. The low molecular weight
amines as epoxy curing agents usually generate
brittle materials with too high a crosslinking den-
sity. The higher molecular weight analogs may
overcome those disadvantages. The coupling of a
low molecular weight poly(oxyethylene) diamine
through carboxylic acid-derived amide is able to
yield highly active epoxy curing agents.?*

In this study, we prepare the Mannich conden-
sates from DCPD-containing phenols as epoxy
curing agents and investigate the relationships
between mechanical properties of the cured poly-
mers and molecular structure of amines curing
agents. This synthesis involves two consecutive
reactions, coupling the DCPD and p-nonylphenol

by using BF; catalyst, followed by a Mannich
reaction to introduce amine moiety in the final
structure.

EXPERIMENTAL

Materials

Liquid epoxy resin (BE-188) with an epoxide
equivalent weight (EEW) of 188 was obtained
from the Nan-Ya Chemical of Taiwan. Triph-
enylphosphine (Ph;P), p-nonylphenol (NP), dicy-
clopentadiene (DCPD), boron trifluoride diethyl
ether (BF; - Et,0), formalin, and diethylenetri-
amine (DETA) were purchased from the Aldrich
Co. Poly(oxypropylene) diamine at 400 molecular
weight, i.e., Jeffamine® D-400, was received from
the Huntsman Co.

H,NCH,CH,NHCH,CH,NH,

DETA

H,N—CHCH, [OCH2(|3 HI],NH,

|
CH,

CH;
x =56
Poly(oxypropylene) diamine
Syntheses of p-Nonylphenol and
Dicyclopentadiene Adducts

The preparation of dicyclopentadiene and phenol
adducts was reported previously.?® To a 2-liter

Table I Characteristic IR Absorptions for III and IV

Peak/Band (cm™ 1)

Assignment

3650-3200
3400-3300
3044
2960, 2872
2930
1610-1600
1510-1500
1465
1378, 1365
1257, 1244
1180
1120
852-805
730-670

O—H stretch

N—H stretch

Aromatic C—H stretch

—CH, stretch

—CH,, stretch

cyclopentenyl ring or aromatic C=C stretch
Aromatic ring C=C stretch

—CH,, scissoring

isopropyl and/or ¢-butyl —CH, bending
t-butyl backbond stretch (nonyl groups)
C—O stretch (phenol)

Aliphatic C—N

1,4- and/or 1,2,4-substituted aromatic ring
cis double-bond C—H bending
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Scheme 2 Mannich reaction of p-nonylphenol/dicyclopentadiene.

four-necked flask equipped with a mechanical
stirrer, nitrogen inlet, thermometer, Dean-Stark
trap, and dropping funnel, p-nonylphenyl (440 g,
2.0 mol) and BF; - Et,0 (2.2 g) in toluene (100 g)
were added. While stirring, the mixture was
heated to 70°C, held for 1 h, and then cooled to
40°C. At this temperature, DCPD (132 g, 1.0 mol)
was added dropwise through an additional funnel
over a 1-h period of time. During the addition, the
exothermic temperature up to 53°C was observed.
The temperature was then raised to 100-110°C,
held for 3 h, and 130-150°C for additional 2 h. At
ambient temperature, the product mixture was
extracted with 5 wt % NaOH for at least three
times to remove BF; and impurities. The final
product was subjected to a rotary evaporator un-
der vacuum to give a black and viscous liquid (I).
Using the similar procedures, the adduct of p-
nonylphenol (440 g, 2.0 mol)/DCPD (176 g, 1.3
mol) (mol ratio 3 : 2) was also prepared (II). The
glass transition temperatures (T,) detected by
DSC of I and IT are —9.9 and 9.5°C, respectively.

Adducts of p-nonylphenol and dicyclopentadiene
at molar ratios of 2 : 1 and 3 : 2 were obtained as
oligomers with representative structures I (x = 1)
and II (x = 2), as shown in Scheme 1.

Syntheses of p-Nonylphenol/Dicyclopentadiene-
Based Mannich Amines

The Mannich amines can be prepared by an one-
pot synthesis during the reaction of NP and
DCPD, without the BF; - Et,0O removal. As an
example, DETA (206 g, 2 mol) was added into the
DCPD/NP adducts (472 g, molar ratio = 1 : 2 or
616 g, molar ratio = 2 : 3) prepared by the above

procedures. While stirring, 37 wt % formalin (162
g, 2 mol) was added over a 1-h period of time.
During the addition, the exothermic temperature
up to 48°C was observed. The temperature was
then raised to 80°C, held for 3 h, and 120-130°C
for additional 2 h. At ambient temperature, the
product mixture was extracted with 5 wt % NaOH
for at least three times to separate the unreacted
amines from the product. The final product was
subjected to a rotary evaporator under vacuum to
afford a viscous orange liquid. p-Nonylphenol/di-
cyclopentadiene/formalin/DETA at2:1:2: 2 and
3:2:2:2molar ratios were obtained as oligomers
with hypothetically representative structures de-
scribed in Scheme 2.

Curing Procedures

Stoichiometric amounts of those prepared Man-
nich amine curing agents blended with
poly(oxypropylene) diamine (Jeffamine® D-400)
were employed to cure with the DGEBA (BE-
188). The general curing conditions are de-
scribed: mixed at 70°C, cooled to 50°C, added
Ph,P accelerator (two parts per hundred based
on epoxy resin), and degassed at 50°C in a vac-
uum oven for 10 min. The resultant mixture
was then placed immediately into a preheated
steel mold. The curing cycle was 50°C for 1 h,
100°C for 1 h, 150°C for 2 h, and 160°C for 1
additional hour. When the diethylenetriamine
was involved, the mixing and degassing temper-
atures were at room temperature, and the cur-
ing cycle was 50°C for 1 h, 100°C for 1 h, 150°C
for 2 h, and 160°C for 1 additional hour.
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Instrumental Analysis

'H-NMR characterization was carried out by a
Varrion VXR-300 (300 MHz) NMR spectrometer
using CDCl; as the solvent. FTIR spectra were
obtained using a Nicolet 520 spectrometer. Gel
permeation chromatography (GPC) was per-
formed by a Water 410 differential refractome-
ter at 40°C of the column temperature. Dynamic
differential scanning calorimetry (DSC) was
carried out on a Seiko DSC 5200 at a heating
rate of 5°C/min under a nitrogen atmosphere.
Tensile properties were measured according to
ASTM D638-86 at a testing rate of 5 mm/min,
and flexural properties were measured accord-
ing to ASTM D790 at a testing rate of 2.6 mm/
min using an Instron machine. Notched Izod
impact tests were carried out at ambient condi-
tions according to ASTM D256. Amine contents
were obtained based on ASTM D2073-92 titra-
tion method.

RESULTS AND DISCUSSION

Syntheses and Characterization of p-Nonylphenol/
Dicyclopentadiene-Based Mannich Amines

According to the result of amine titration, Man-
nich amine products III and IV have the total
amine content of 3.80 mEq/g (theoretical 7.48
mEq/g) and 2.57 mEq/g (theoretical 5.20 mEq/
g), respectively. This result indicates that about
50% of the DETA is attached to the products.
The representative chemical structures of Man-
nich amine products III and IV are shown as
below:

oH OH
CHz—HN/\/NH /\/NH2
p

CgHyg CoHig

m
OH oH OH
Hy—HN NH NH;
c | \\f /\/ /\/ :
=
Corro Catrs
v

CoHis

The characteristic IR absorptions are listed
in Table I. The FTIR spectra of analogous Man-
nich amine products III and IV are shown in
Figure 1. The peak intensity at 2960 cm ! (CH,
stretch) is stronger than that at 2930 cm ™!

(CH,, stretch), an indication of high branching
of the nonyl group. The main alkene character-
istic absorptions are 3100-3000 cm ! (C—H
stretch), 1680—1600 cm ' (C=C stretch), and
730-670 cm™ ! (cis form of C—H, out of the
plane bend). The absorptions at 3100-3000
cm ! and 1610-1600 cm ! indicate the pres-
ence of the aromatic ring. The absorption peak
intensity at 730—670 cm ™! (cis form of a double
bond of C—H bending) is rather weak, implying
the absence of the DCPD starting material. Fig-
ure 1 also shows more absorption peaks at
3400-3300 cm ! for the N—H stretch and at
1120 cm ™! for the C—N for the structure of
diethylenetriamine (DETA). The water-soluble
free DETA must be totally removed through
extraction to make sure that the detected DETA
is truly attached to these two analogs. The GPC
analysis shown in Figure 2 also confirms that
both Mannich amines III and IV are free of
DETA. Additionally, Figure 2 shows that small
amounts of the unreacted DCPD remained in
both III and IV. This is consistent with the
observation of FTIR spectra. Moreover, the GPC
result shows the Mannich amine IV has higher
average molecular weight than that of the III.
The relative M,, can also be verified indirectly
by their glass transition temperatures (7,s), as
shown in Table II and Figure 3. The Mannich
amine IV has a higher 7, (13.7°C) than product
IIT (—2.6°C).

'H-NMR spectra of products III and IV are
given in Figure 4. The chemical shifts are: &
= 0.51-2.35 ppm (saturated protons for nonyl
group and DCPD), § = 2.60-2.81 ppm (—CH,—
for DETA and DCPD), 6§ = 3.73-3.97 ppm
(Ph—CH,—N linkage), 8 = 5.5 and 5.7 ppm
(—CH=CH— for DCPD) and 8 = 6.65—-7.20 ppm
(aromatic protons). The observed 8§ = 3.73-3.97
ppm is assigned to the Ph—CH,—N, which is
characteristic of the Mannich amines. This result
had been reported by Jamois et al.2836:37

Mechanical and Thermal Properties of Epoxy
Resins

Product Il and 1V as Curing Agents

A compound containing amine and hydroxyl func-
tional groups in the same molecule has the ability
to react with epoxy with different rates, and re-
sults in a sequential interpenetrating polymer
network (IPN). Products III and IV are the Man-
nich adducts that possess DETA aliphatic amine,
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Figure 1 FTIR spectra of products III and IV.

p-nonylphenol, and tricyclodecane functionalities
in the same molecule.

In the experiments, the code III' is to consider
only the amine hydrogens (—NH) of the structure
III (—NH functionalities = 4, —NH equivalent
= 172 g/Eq) in reacting with the epoxy resin. While
the code III” takes into account both the amine
hydrogens (—NH) and phenolic hydroxyl groups

(—OH) of the structure III (—NH + —OH function-
alities = 6, —NH + —OH equivalent = 114.7 g/Eq)
in reacting with the epoxy resin. By the same defi-
nition, IV’ (—NH functionalities = 4, —NH equiv-
alent = 260 g/Eq) and IV" (—NH + —OH function-
alities = 7, —NH + —OH equivalent = 148.6 g/Eq)
were employed for products IV in the IV'/BE-188
and IV'/BE-188 curing systems.
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T,s of DSC thermograms for the pure IIT,
IIT", TV’, and IV” cured products are shown in
Figure 5. According to stoichiometric ratios, the
IIT"/BE-188-cured polymer is expected to have
higher crosslinking density and should possess
higher T, than that of III'/BE-188. The experi-
mental results show the opposite, which may be

cunng sites.

BE-188

attributed to the molecular orientation of the
Mannich amines. The multiple amines can be
rapidly cured into a polymer network, which
may trap residual unreactive —OH functional-
ities and limit further curing processes. Similar
results were observed in the IV'/BE-188 and
IV"/BE-188-cured polymers.
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Figure 2 Relative GPC retention time of III, IV, NP, DCPD, and DETA.
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Product Il Mixed with Polyetheramine as Curing
Agents

To improve the process in epoxy curing, the com-
mercially available polyetheramine (Jeffamine
D-400 amine) has been added. The addition of
Jeffamine D-400 amine made the curing mixtures
more pourable and improved the curing process.

+ HgN- CHCH;_[OCHZCH],NHZ

/\/NHZ

\cunng sites /

H
? x=5.6

D-400 BE-188
+ RGOOCCHN, ° i
x=5.6
D-400 BE-188

Structures III" and III” represent the curing stoi-
chiometry according to the amine and phenol
functionalities, as described previously.

The mechanical properties for the cured mate-
rials are summarized in Table III. The I11"/D-400/
BE-188-cured product is expected to have higher
crosslinking density than that of III'/D-400/BE-
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Table II Glass Transition Temperature

Composition Weight Fraction T, (°C)
Product IIT —2.6
Product IV 13.7
D-400/BE-188 35/65 40.9
DETA/BE-188 10/90 140
DETA/D-400/BE-188 5/18/77 83
I11'/D-400/BE-188 29/13/58 67.9
I11"/D-400/BE-188 25/12/63 60.6
IV'/D-400/BE-188 38.7/11.6/49.7 68.9
IV"/D-400/BE-188 32/10/58 58.8

188. As observed, the tensile strength improved
slightly from 63.9 to 65.8 MPa, and the elongation
decreased from 12.50 to 11.45%. However, the T',s
did not show the trend of higher crosslinking den-
sity (Table II, 60.6°C vs. 67.9°C).

Curing of an epoxy resin with an amine may
result in four possible reactions: primary
amine-epoxy (PA-E), secondary amine-epoxy
(SA-E), epoxy-epoxy (E-E) polymerization, and
hydroxyl-epoxy (OH-E). Besides, phenolic hy-
droxyl groups in the system provide additional
curing sites and also function as an accelerator.
Relative extents of these reactions are mainly
determined by the ratio of amine to epoxy
groups>® and also the curing condition.?® It was
reported that on the depletion of the PA-E re-
action, SA-E and OH-E reactions become dom-
inant and proceed at approximately the same
rate.*® In the III"/D-400/BE-188-cured system,
it is assumed that the PA-E and SA-E reactions

Exo—

13.74 C

-B44 uw
0.620 mJ/deg.mp

< Endo

are faster than the OH-E reaction (including
phenolic hydroxyl-epoxy reaction). During the
process of amine curing, the polymer molecular
weight and entanglement increased and the
pendant NP/DCPD phenol curing reactivity de-
creased accordingly. The unreacted low molec-
ular weight epoxide could be trapped, and 7,s
were affected.

Mechanical properties of these two cured sys-
tems are compared with that of pure D-400 or

m GH oH
Hy— —N
a p /%z HN‘%Hz_Csz h‘/\/NH2
b’ c h
Co Co
i

1
CNCL -Cli=CH- I’l’
‘ of DCPD h -
T
IX L_J
)l\“w T

/CHz—HN—CHz—CHZ—NH/\/NHZ
N d e f

el

1 -CH=CH~
of DCPD

-80 -37.5 5 47 .5 90
TEMP C (Heating)

Figure 3 DSC thermograms of products IIT and IV.

9 8 7 6 5 4 3 2 1 0 ppm

Figure 4 'H-NMR spectra of products III and IV.



DETA. The improvement of tensile strength
and elongation properties are shown. Compared
with the DETA/D-400 mixture, the mechanical
properties of the DETA/D-400/BE-188 are sim-
ilar to that of the IT1I'/D-400/BE-188, except for

—«/\/m w»«
\ + HoN-CHCHy{OCH,CHINHy 4
Ens Ehy
X

-

v

/_\ curing snes/\

N —-4/- A
+ H2N£HCH2[OCHZCH],(NH2 +
Kg / éHg
uring sites x=

IV”

the flexural modulus (2.7 GPa vs. 2.9 GPa in
Table III). The improved flexural modulus may
be due to the rigid phenol component in the
structures.

Exo—

c
uW

8w

9 mJ/deg.mg

© X
\v,

90 a c ]
0 239 mJ/ueg gmg_

76 7 C
\ 0 266 mJ/neu mg

>

<« Endo

0 36.3 72.5 108.8 145
TEMP C (Heating)

Figure 5 DSC thermograms of different cured poly-
mers: (A) III'/BE-188; (B) III"/BE-188; (C) IV'/BE-188;
(D) IV"/BE-188.
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Product 1V Mixed with Polyetheramine as Curing
Agents

In the IV"/D-400/BE-188 system the tensile
strength, elongation, and T,s are poor in com-
parison to the IV'/D-400/BE-188 system. Simi-

Q. e}

=5.6

D-400 BE-188

O\ o]

=5.6

D-400 BE-188

lar to the corresponding results shown previ-
ously, the system involving IV” is inferior to
that of IV'. The improvement may be made by
finding a suitable catalyst for increasing the
phenolic hydroxyl curing.

Furthermore, the presence of tricyclodecane
should improve the flexibility. The expected re-
sults are not observed. This may be attributed
to the polymers’ orientation that DCPD exists
in the pendant position rather than in the back-
bone.

CONCLUSIONS

A series of phenol/dicyclopentadiene (DCPD)
adducts can be prepared from the reaction of
p-nonylphenol and dicyclopentadiene at various
molar ratios. The molecules contain tricyclode-
cane and multiple phenol functionalities. The
consequent Mannich reaction using diethylene-
triamine and formaldehyde gave rise to an ep-
oxy curing agent containing phenol, amine, and
tricyclodecane in the same molecule. Through
the Mannich reaction, amines could add to the
phenol at approximately 50% theoretical equiv-
alents. As curing agents, the multiple amine
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Table IIT Properties of Cured Epoxy Involving Mannich Amine IIT and IV

Tensile Properties Flexural Properties
Tensile Flexural Flexural Displacement
Weight Strength Strain at Strength Modulus at Break
Composition Fraction (Mpa) Break (%) (Mpa) (Mpa) (mm)
D-400/BE-188 35/65 51.9 (1.1) 7.98 (0.07) 81.4% (0.3) 2882 (45) —
DETA/BE-188 10/90 49.0 (1.9) 8.37 (0.58) 84.6% (5.8) 2480 (49) —
DETA/D-400/BE-188 5/18/77 61.1(1.0) 12.3 (1.4) 102*  (30) 2742 (76) —
II1'/D-400/BE-188 29/13/58 63.9 (0.7) 12.5(1.40) 103.9 (0.3) 2945 (18) 14.00 (0.35)
I11"/D-400/BE-188 25/12/63 65.8 (1.0) 11.43 (0.31) 94.6 (6.5) 3109 (97) 8.32(1.15)
IV'/D-400/BE-188 38.7/11.6/49.7 67.8 (0.4) 11.53(0.13) 102.5 (1.5) 2897 (48) 11.40 (1.07)
IV"/D-400/BE-188 32/10/58 57.0 (3.7) 7.22 (0.50) 80.3 (2.6) 3012(52) 6.88 (0.73)

2 yield strength.

III": nonylphenol/dicyclopentadiene/formalin/DETA product at 2 : 1 : 2 : 2 molar ratio cured epoxy resin with the —NH
functional group.

III": nonylphenol/dicyclopentadiene/formalin/DETA product at 2 : 1 : 2 : 2 molar ratio cured epoxy resin with the —NH + —OH
functional groups.

IV': nonylphenol/dicyclopentadiene/formalin/DETA product at 3 : 2: 2: 2 molar ratio cured epoxy resin with the —NH functional
group.

IV": nonylphenol/dicyclopentadiene/formalin/DETA product at 3 : 2 : 2 : 2 molar ratio cured epoxy resin with the —NH + —OH
functional groups.

BE-188: diglycidyl ether of bisphenol A.

D-400: poly(oxypropylene) diamine or Jeffamine® D-400 at 400 M,,.

DETA: diethylenetriamine.
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