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ABSTRACT

A series of phenol-HPM-dicyclopentadiene (PHD) resins were synthesi zed
through the Friedel-Craftsreaction of phenol, N-(4-hydroxy phenyl) maleimide
(HPM) and dicyclopentadiene. The PHD resinswere characterized by FTIR,
HNMR, Gel Permeation Chromatography (GPC) and Elemental analyses.
The PHD resins were used as curing agents for o-cresol formaldehyde
novoloc epoxy (CNE) resin. Thethermal stability of cured epoxy resinswas
determined by termogravimetric analyss (TGA). Theobtained results showed
that the cured epoxy resins exhibited good thermal stability (5% degrada-
tion temperature > 330 °C) and high char yield (800 °C, 47.2%). The moisture
absorptions of cured epoxy resinswere also tested. The results showed that
the cured epoxy resins had lower moisture absorption (1.13%-1.54%) than
that of the epoxy resin cured by phenol formaldehyde novolac (PN) resin
(1.72%). Moreover, thethermal stability and moisture absorption of the cured
epoxy resinswere found to be increased with the increase of HPM content.
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INTRODUCTION

Epoxy resnsareextensively used inindustry fields
ascoatings, adhesives, insul ating and substrate materi-
asduetother good therma and dimensiona stability,
excdlent chemica and corrosion resistance, etc™. How-
ever, the conventional epoxy resinsand curing agents
are unableto meet the requirements of some applica-
tionssuch asintegrated circuit packaging and advanced
materialswhich requirehigher therma resistant prop-
ertiesand lower moisture absorption. Soitisneces-
sary todeve op higher thermd stability and lower mois-
ture-absorbing resin systemsfor these gpplications.

Imidecompoundsand polymers, which containaro-
matic or heterocyclic groups, can offer desirablehigh

temperaturestability®®. Therefore, usingimidegroupsto
modify the structure of epoxy resinto enhanceitsther-
mal res tancehasattracted greet attention. Onemethod
to improve the thermal resistance of epoxy resinis
introducting imide groupsinto the backbonesof epoxy
compounds. Y.L.Liu“ synthesi zed ahybrid monomer
of 4-(N-mae midophenyl) lycidylether. Thediglycidyl
ester compound further reacted with amine compounds
toresultincrosslinking networks. Theresultedresins
exhibited good thermal stability and highglasstrandtion
temperature. Devel oping nove imideconta ning epoxy
curing agentsisa so an effectiveway toincressetherma
stability of the cured polymersg>*U, Dicyclopentadiene
(DCPD) isabyproduct of C, streamsinoil refineries. It
isaraw materid for producing low diglectric polymers
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duetotheir low polarity, low moisture absorption and
reldively low cogt. Thishydrophobic, nonpolar bridging
group contributes excellent moistureresistanceand a
dramatic reductionin thedie ectric constant without de-
terminately affecting therma performance®?. Many ex-
perimentsfocused on reaction DCPD with phenol and
naphthol. Theexperimentd resultsshowed that DCPD-
contai ning compounds exhibited |ow moisture absorp-
tion(*>*8, However, the synthesi sof epoxy curing agent
contai ning bothimide structure and DCPD moiety has
not been reported.

In order to improve both thetherma stability and
moi sture absorption, the objective of the present study
isto synthesizeanovel novolac epoxy curing agent con-
taining both aimide structureand aDCPD moiety. The
thermal stability and moisture absorption of the cured
epoxy resinwereinvestigated and compared with the
epoxy curing agent PN.

EXPERIMENTAL

Materials

4-aminophenol, mae canhydride, p-toluenesulfonic
acid (p-TSA), aluminum chloride, phenol,
dicyclopentadi ene and tri phenyl phosphine were pur-
chased from Shanghai Chemicals China. The epoxy
resin used was o-cresol formal dehyde novol oc epoxy
(CNE, epoxy equivalent weight, EEW=207 g/eq)). A
phenol forma dehydenovolacresin (PN) withahydroxyl
equivaent weight of about 126 g/eqwasused ascuring
agent. Both CNE and PN werekindly supplied by Ba
Ling Petrochemical of China. All reagentsand solvents
were used without further purification.

Synthesisof HPM

HPM was synthesized by two-step reaction pro-
cedure from 4-aminophenol and maleic anhydride as
previoudy described®. Firgt, the N-(4-hydroxyphenyl)
maleamic acid (HPMAc) was prepared by the reac-
tion of 4-aminophenol with maeicanhydridein acetone
and obtained ayellow powder product. The p-TSA
was used for the cyclodehydration of HPMACc. The
product was recrystallized from amixed solvent of
water-isopropanol (1.1, V/V) to giveanorange crys-
talline needle product (yield 65%). FTIR (KBr, cm™?):
3481(Ph-OH), 1705(C=0, symmetrical stretching),
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1369(C-N stretching), 714 (C=0 bending), 688 (C=C
bending).

Synthesis of phenol-HPM-dicyclopentadiene
(PHD)resins

The PHD resinscontaining various proportions of
HPM were synthesized by the Friedel -Craftsreaction
of phenol, HPM and DCPD at 110°C for 10 h, using
auminum chlorideasthe catayst. The Synthetic route
of PHD resinswas showed in Scheme 1. Inatypical
experiment, amixtureof phenol (909, 0.85mal), HPM
(10 g, 0.106 mol), and auminum chloride (5 g) were
heated in afour-necked flask equipped with aheating
oil bath, stirrer, reflux condenser and nitrogeninlet. In
order to dissolute HPM in phenol absolutdly, thereac-
tant mixture was heated to 90°C. The DCPD was
added gradually over aperiod of 1 h and thenthemix-
ture was heated to 110°C and maintained for 10 h.
When the excessive phenol and DCPD wereremoved
under vacuum, the product then dried at 50°C under
vacuum for 4 h and gave abrown color resin (yield
60.2%; softening point 60.6-67.5 °C; hydroxyl equiva-
lent weight=125.7 g/eq). FTIR (KBr, cnr?): 3390 cm?
(Ph-OH), 2945 cm™* (-CH,- for DCPD ring), 1707
cm(C=0, symmetrical stretching), 1242 cmr? (C-N-
C), 692 cm* (=C-H group of maleimide). HNMR
(TMS) 6 ppm: 1.0-3.0 ppm (saturated protonsin the
DCPD ring), 3.0-3.5 (imide protons), 6.7-7.2 ppm
(aromatic protons), 8.1ppm (-OH).

Prepar ation of cured epoxy resins

Thecured epoxy resinswereobtained viathermal ly
curing of PHD resinswith CNE. In order to obtaina
highly crosdinked polymer with good thermd stability,
one epoxy equivalent weight of the epoxy resinwas
cured with one functional equivaent weight of the
novolac curing agents. Theresin wasthen cured at 80
°C for 1 h, 150 °C for 2 h, 180 °C for 2 h, and 200 °C

for 2, respectively.
Instruments

Fourier transform infrared spectroscopy (FTIR)
was recorded using aWQF-410 spectrophotometer.
'HNMR spectra was obtained with an INOVA-400
'HNMR spectrometer using tetramethylsilane (TMS)
asinterna standard. Gel Permeation Chromatography
(GPC) was performed on aWaters 1525/2414 GPC
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instrument using tetrahydrofuran as el uent. Elemental
analyseswas performed using aHeraeus CHN-O-S-
Rapid elementa analyzer. TGA datawereobtained us-
ingaSTA-449C ThermogravimetricAndyzer at ahesat-
ingrateof 10 °C/min under nitrogen atmosphere. Mois-
ture absorption wastested asfollows. Samplesof the
cured epoxy resins (1x1x0.1 cm) were dried under
vacuum at 100 °C for 24 h until traces water was ex-
pelled. Then the samples were cooled to room tem-
peratureand weighed. After placing inboiling weater for
24 h, the sampleswere reweighed. The moisture ab-
sorption was cal cul ated as percent weight gain = (W/
W -1)x100%, where W was the weight of sample af-

ter placing in boiling water for 24 h, and W, wasthe
weight of samplebefore placinginwater.

RESULTSAND DISCUSSION

Synthesisand characterization

The PHD resinscontaining various proportions of
HPM were synthesized by the Friedel-Crafts reac-
tion of phenol, HPM and dicyclopentadiene accord-
ing to Scheme 1. HPM was solublein phenol uptoa
solid loading of 50 wt %, beyond which an appre-
ciable amount of the monomer remained solid, mak-
ing thereaction system heterogeneous. Therefore, only

Scheme1: Syntheticrouteof PHD resins.

TABLE 1: Characteristicsof thepurified PDH resins.

Polymer Wt%HPM  Wt%HPM  Molecular weight (GPC)
number inthefeed inthepolymer pp2 Mw Mp°® Mw/Mn®

PHD-0 0 0 1056 1676 992  1.63
PHD-10 10 7 900 1275 732 142
PHD-30 30 16 540 855 483 158
PHD-50 50 29 660 1002 480 152

3Number average molecular weight, "Weight average molecu-
lar weight, °Peak molecular weight, “Polydispersity.
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Figurel: GPC tracesof purified PHD resins(a-HPM, b -
PHD-0, c- PHD-10,d - PHD-30, e- PHD-50).

the compositionsthat werelessthan 50 wt %6 HPM in
thefeed were used. The GPC patternswereshownin
Figure 1. The GPC results showed the absence of
freeHPM inthe purified PHD resins. The GPC data
of the purified PHD resinscontai ning various propor-
tionsof HPM weregivenin TABLE 1. Ascan been
seen from TABLE 1, the number average molecular
weight of PHD resins decreased asthe HPM content
increased in thefeed. Thereason wasthat HPM con-
tained arelatively bulky maleimide group which can
hinder itsreactivity to some extent. The diminished
reactivity of HPM also accounted for thereductionin
the nitrogen content of PHD resinscompairing with
the nitrogen content in thefeed.

The PHD resinswerecharacterized by FTIR (Fig-
ure2) and *HNMR (Figure 3), respectively. The FTIR
spectra of PDH-10 displayed characteristic absorp-
tion bandsat 1707 cm™* (C=0, symmetrical stretch-
ing), 1242 cm* (C-N-C) and 692 cm'* (=C-H group
of maemide). It proposed that the PHD-10 contained
HPM. Theabsorption bandsat 2945 cm corresponded
to-CH._- for DCPD ring. The characteristic absorption
bands of -CH=CH- at 1650, 1609 and 700-740 cm™
(from DCPD) disappeared, and the OH absorption
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peaks of novolac at 3390 cm! are observed, implying
that all - CH=CH- functional groups had reacted with
phenol or HPM. The *HNMR signal at 5.4 and 5.9
ppm disappears dueto the protons of the— HC=CH —
functional groups (from DCPD) reacting with phenol
or HPM. The characteristic peaks of aromatic ring at
6.7-7.2 ppm, peaks of imide protons at 3.0-3.5 ppm
and the OH absorption peaks at 8.1 ppm are all ob-
served. Theseresultswerefound to be coincident with

the expected chemica structure.
2
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Figure2: FTIR spectraof (A) HPM and (B) PHD-10.
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Figure3: *HNM R spectraof PHD-10.
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Thermal propertiesof the cured epoxy resins

Thetherma stability of the cured epoxy resinswas
examined with TGA measurements(FHgure4). TheTGA
dataof cured epoxy resinswerelistedinTABLE 2. As
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can been seen from TABLE 2, the CNE epoxy resin
cured with PN exhibited 5% degradation temperature
(T, a 312.7 °C, 10% degradation temperature
(T 4000 & 346.6 °C in N,. However, the CNE epoxy
resin cured with PHD resinsexhibited higher thermal
stability. The CNE epoxy resin cured with PHD resins
exhibitedtheT ,, ranging between 335.0°C and 337.6
°C, the T ,, ranging between 354.2°C and 376.3 °C,
thechar yield at 800 °C ranging between 15.69% and
47.2%. Moreover, theresultsindicated that the T .,
T 100, @Nd the char yield at 800 °C shifted toward the
higher temperature asthe amount of HPM increased.
Thehigher thermd stability wasattributed to the higher
content of HPM inthe polymer chain.
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Figure4: TGA thermogramsof cured epoxy resinsinN, (a-
CNE/PHD-0,b-CNE/PN, c- CNE/PHD-10,d - CNE/PHD-30,
e- CNE/PHD-50).
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TABLE 2: Thermal propertiesof cured epoxy resins.
Sample number  *Tuse, (°C)  "Tarom (°C)  "Wagoec (%)

CNE/PN 312.7 346.6 20.07
CNE/PHD-0 335.0 354.2 15.69
CNE/PHD-10 336.4 363.0 21.01
CNE/PHD-30 337.8 376.3 29.51
CNE/PHD-50 337.7 370.0 47.2

aThe temperature 5% of the mass was volatilized, "The tem-
perature 10% of the masswas volatilized, °Char yield at 800 °C.

M oistureabsor ption

The moisture absorptions of cured epoxy resins
weregiveninTABLE 3. Asseenin TABLE 3, themois-
ture absorptionsof the cured CNE/PHD resinsexhib-
ited lower mositure absorption (1.13%-1.54%) than
that of the epoxy resin cured by PN (1.72%). It was
duetothe hydrophobic, nonpolar bridging DCPD group
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which contributed to theexcellent moistureresistance
without detrimental ly affecting thermal performance.
Furthermore, the moisture absorptionsof cured epoxy
resins were found to be enhanced by increasing the
HPM content. The reason was that the crosslinking
density of cured epoxy resins can beimproved by in-
creasing HPM content. Asaresult, moisture absorp-
tion wasenhanced by increasing crosdinking density®.

TABLE 3: Moistureabsor ption of thecured epoxy resins

Samples M oistur e absoption (%)
CNE/PN 172
CNE/PHD-0 113
CNE/PHD-10 1.25
CNE/PHD-30 134
CNE/PHD-50 154

CONCLUSIONS

A seriesof imide-DCPD-based PHD resinswere
synthesized and were used as curing agentsfor CNE
epoxy resin. Thecured epoxy resinsshowed good ther-
mal stability (5% degradation temperature> 330 °C)
and high char yield (800 °C, 47.2%). The moisture
absorptions of cured epoxy resins were also tested.
Theresults showed |ower moisture absorption (1.13%-
1.54%) than the epoxy resin cured by PN (1.72%).
Moreover, therma stability and moisture absorptions
of cured epoxy resnswerefound to beincreased with
theincrease of the HPM content. The combination of
good thermal stability and outstanding resistanceto
moi sture absorption makethe CNE/PHD resinsattrac-
tivecandidatein printed circuit board application.
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