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Abstract  A novel novolac curing agent containing both naphthalene and dicyclopentadiene (DCPD) moieties was 
prepared to produce a highly heat-resistant cured polymer network. The chemical structure was characterized using 
Fourier transform infrared spectroscopy, nuclear magnetic resonance, mass spectrometry, and gel permeation chro-
matography analyses. The thermal properties of the resulting polymer from diglycidyl ether of bisphenol A epoxy 
resin cured with the novel curing agent were evaluated using dynamic mechanical thermal analysis and thermogra-
vimetric analysis. Compared with the conventional curing agent, the resulting polymer cured with naphtha-
lene/DCPD navolac shows considerable improvement in heat resistant properties such as higher glass transition 
temperature (Tg) and thermal stability. The result also shows better moisture resistance because of the hydrophobic 
nature of naphthalene/DCPD structure. 
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1  INTRODUCTION 
Epoxy resins are commonly used in laminating, 

adhesive, surface coating and semiconductor encapsu-
lation applications because of their heat, solvent, mois-
ture and chemical resistance, good mechanical and 
electrical properties, and great adherence to many sub-
strates. However, the conventional epoxy resins and 
curing agents are unable to meet the requirements of 
some applications such as integrated circuit packaging 
and advanced materials which require higher ther-
mal-resistant properties[1].Thus, it is necessary to de-
velop higher glass transition temperature and low 
moisture-absorbing resin systems for these applications. 

The properties of cured epoxy polymers depend 
largely on the nature of chemical structure of the start-
ing resins and curing agents. Many approaches have 
been reported to improve the heat resistance of epoxy 
resins by the introduction of a naphthalene structure 
into the epoxy skeleton. Kaji and Endo[2], Wang et 
al.[3] and Castell et al.[4] synthesized the naphtha-
lene-based epoxy resins containing naphthyl and 
phenyl structures. Xu et al.[5] reported that a novel 
naphthalene cycloaliphatic moieties-linked epoxy resin 
was obtained and its cured polymers had a higher glass 
transition temperature. Liquid crystalline epoxy resin 
based on naphthalene mesogen was studied by Lee and 
Jang[6] and they found that when cured with diamino-
diphenylsulfone (DDS), the polymer exhibited superior 
thermal properties. Furthermore, glass transition tem-
perature rises as crosslinking density increases[7,8]. 
Naphthalene multifunctional epoxy resins have a higher 
Tg than that of the di-functional naphthalene-based epoxy 
resins[9—11]. Developing novel naphthyl-containing 
epoxy curing agents is also an effective way to increase 
the glass transition temperature and thermal stability of 
the cured polymers because the introduction of rigid 
naphthalene structure into the cured network increases 
the glass transition temperature and thermal stability of 
the polymers. As a possible approach to advanced 

heat-resistant thermosets, a project aimed at the prepa-
ration of thermally more stable epoxy resins and curing 
agents had been initiated in this laboratory.  The ob-
jective of the present study is to synthesize a novel no-
volac epoxy curing agent containing both a naphthalene 
structure and a dicyclopentadiene (DCPD) moiety. 

In this study, the novel monomer was prepared 
through Friedel Crafts reaction between 1-naphthol and 
DCPD, followed by the reaction with paraformalde-
hyde to obtain a relatively higher molecular weight no-
volac resin. The novolac resin was used as curing agent 
and cured with different kinds of diglycidyl ether of 
bisphenol A (DGEBA) epoxy resins. The characteristics 
of physical properties of the cured polymers were in-
vestigated by several methods, and compared with 
those of the conventional epoxy curing agents. 

2  EXPERIMENTAL  
2.1  Materials 

DCPD was purchased from Fluka Co., USA; 
1-naphthol (99.0%) from Shanghai Tingxin Chemical 
Engineering Reagent Co., China; paraformaldehyde 
from Tianjin Chemical Reagent Co., China and used 
without further purification. Triphenylphosphine 
(from Acros Co. USA) was used as catalyst during the 
curing procedure. 4-4′-diaminodiphenylsulfone (DDS) 
obtained from Yinsheng Chemicals Co. Ltd., China, 
was used to be compared with the novel curing agent. 
DGEBA epoxy resin (E-51, Epoxy equivalent weight 
196) was obtained from Wujiang Heli Chemical Co. 
Ltd., China, and DGEBA epoxy resin (E-12, Epoxy 
equivalent weight 833) was supplied by Huangshan 
Shanfu Chemical Co. Ltd., China. All solvents and 
other chemicals were of reagent or better grade. 

2.2  Synthesis 
2.2.1  Preparation of alkylated product of 1-naphthol 
with DCPD 

A total of 86.4g of 1-naphthol and 200ml of toluene 
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were put into a 500ml four-necked round-bottom flask 
equipped with a heating oil bath, stirrer, reflux con-
denser and argon inlet. The reactant mixture was 
heated to 90℃ to enable the absolute dissolution of 
1-naphthol in toluene, and then 1.5g of AlCl3 powder 
were charged into the flask as the Friedel Crafts con-
densation catalyst. A total of 15ml DCPD toluene so-
lution (4mol·L－1) was added gradually over a period 
of 1h, then the mixture was heated to 120℃ and 
maintained for another 7h. After cooling down, the 
resultant mixture was washed with 5% (by mass) 
NaHCO3 (aq) to terminate the reaction followed by 
washing with water thrice. The organic phase was 
separated and recrystallized to remove the excess 
1-naphthol, then distilled in a rotary evaporator to re-
move the solvent, finally placed in the vacuum oven 
to remove the traces of toluene and 1-naphthol. A 
brown product (indicated as A) of 22.85g was ob-
tained. The equation for the reaction is shown in Fig.1. 
2.2.2  Preparation of naphthol-DCPD novolac resin 

Into a 250ml four-necked round-bottom flask 
equipped with a heating oil bath, stirrer, reflux con-
denser and argon inlet, were charged 21g A, 1.5g 
paraformaldehyde and 150ml methyl isobutyl ketone 
(MIBK). After A and paraformaldehyde were dis-
solved in the MIBK, 0.2g p-toluene sulfonic acid 
(PSTA) was added, then the mixture was heated to 

120℃ and refluxed for 6h. When the reaction was 
completed, the solvent was evaporated under vacuum 
pressure. A dark brown-colored solid product (indi-
cated as B, see Fig.5) of 21.9g was obtained. 

2.3  Curing procedure 
The curing agents and DGEBA epoxy resins 

were mixed in a molar stoichiometric ratio of 1︰1, and 
triphenylphosphine (two parts per hundred based on 
epoxy resin) was added as accelerator. The mixture 
degassed at 100℃ in a vacuum oven for 30min, 
heated on hot plates and cured at 110℃ for 1h, 160℃ 
for 1h and 200℃ for 2h, and then the samples were 
cooled slowly to room temperature to prevent crack-
ing.  

2.4  Characterization 
The electrospray ionization (ESI) mass spec-

trometry (MS) was carried out on a Bruker Es-
quire-LC 00075 spectrometer. FTIR spectra were re-
corded on a Nicolet 5700 FTIR spectrometer. 1H 
NMR and 13C NMR characterizations were carried out 
by Bruker Avance DMX 500 NMR spectrometer using 
tetramethylsilane (TMS) as internal standard. Gel per-
meation chromatography (GPC) was performed using 
Waters 1525/2414 GPC instrument. The epoxide 

 
Figure 1  Synthesis of product A 

MS(ESI): m/z=419.1 (Fig.2); IR(KBr): 3411cm－1 ( OH of naphthyl), 1269cm－1 (C O), 1653cm－1, 1597cm－1, 1511cm－1 (aromatic 
C C) [Fig.3(a)]; 1H-NMR(CDCl3) δ(ppm): 8.30 ( OH of naphthyl), 6.87—7.86 (aromatic proton), 1.0—3.0 (saturated protons of 

DCPD ring) (Fig.4) 

 
Figure 2  ESI-MS spectrum of product A 
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equivalent weight (EEW) of epoxy resin was deter-
mined by HCl/acetone titration method. Thermogravim-
etric analysis (TGA) was performed using a Pyris 1 
thermogravimetric analyzer (Perkin-Elmer Cetus In-
struments, Norwalk, CT) at a heating rate of 10℃·min－1 
under nitrogen and air atmosphere. Dynamic mechani-
cal thermal analysis (DMTA) was carried out with a TA 
DMA Q800 instrument using 2mm×10mm×30mm 
rectangular samples at a programmed heating rate of  
3℃·min－1 from 50℃ to 300℃ at a frequency of 1Hz 
under air atmosphere. Moisture absorption was tested 
as follows: 10mm×10mm×2mm rectangular sample 
was dried under vacuum until traces of water had been 
expelled, cooled to room temperature, weighed and 
placed in water for 72h, and reweighed. The moisture 
absorption was calculated as percent mass gain. 

3  RESULTS AND DISSCUSSION 
3.1  Synthesis and characterization  

The alkylated product of 1-naphthol with DCPD 
was synthesized by Friedel Crafts reaction between 
1-naphthol and DCPD. It involves an electrophillic 
aromatic substitution of DCPD on naphthol ring. First, 
DCPD reacted with AlCl3 to form carbocations with 

three possible structures[12] (see Fig.6), then the three 
possible active carbocations attack the naphthalene 
ring resulting in C—C linkage. It is similar to the re-
action between phenol and DCPD[13,14].  

Several isomeric compounds would be obtained 
because of the presence of three different carbocations 
from DCPD. Mass spectrum showed that the alkylates 
had the same molecular weight (m/z=419.1), 1H NMR 
analyses of A indicated that the product was not just a 
single compound but a mixture of isomeric com-
pounds obtained from the alkylation between different 
carbocations and naphthalene. In this study, no efforts 
were made to separate the product and all of the iso-
meric compounds can be used to form the final resin. 
In addition, the molar ratio of naphthol to DCPD and 
the reaction temperature could influence the resultant 
product. It was found that if the reaction temperature 
was too low, the predominant product was DCPD sin-
gle-substituted alkylate, which was the compound 
created via the alkylation process between one DCPD 
molecule and one 1-naphthol molecule. As the molar 
ratio of naphthol to DCPD increased, the DCPD sin-
gle-substituted alkylate decreased evidently. Therefore, 
with large molar excess of naphthol to DCPD and the 
appropriate reaction temperature, optimum concentra-
tion for naphthol-DCPD alkylate obtained. A was 
characterized by ESI-MS, FTIR and 1H NMR spectra. 
Mass spectrum showed that A has a single 
mass-charge ratio (m/z=419.1) and contains no sin-
gle-substituted alkylate. 1H NMR spectrum (Fig.4) 
exhibited broad peaks at 1.0—2.6 that is attributed to 
the presence of saturated protons in the DCPD ring, 
supporting the suggestion that A contains two or more 
isomeric compounds. The molar ratios of hydroxyl 
group protons to aromatic protons and saturated pro-
tons calculated from the 1H NMR spectrum were     
1︰6.05 and 1︰6.92, which were close to the theoreti-
cal constants of 1︰6 and 1︰7, and no signals were 
found at 5.0—6.0 ppm which is the signal range for 
unsaturated protons of DCPD ring. These observations 
also proved that no single-substituted alkylate or un-
reacted DCPD is contained in A.  

Naphthalene/DCPD novolac resin was prepared 
by the condensation reaction between A and parafor-
maldehyde in the presence of PSTA as catalyst. The 
novel resin showed increase in molecular weight and 

 
Figure 3  FTIR spectra of A and B 

 
Figure 4  1H-NMR spectrum of A 

 
Figure 5  Synthesis of product B 

IR(KBr): 3443cm－1 ( OH of aromatic ring); 1386cm－1 (C O); 1658cm－1, 1598cm－1, 1508cm－1 (aromatic C C) [Fig.3(b)]. 
1H-NMR(CDCl3) δ(ppm): 8.29( OH), 6.72—7.76 (aromatic protons), 4.53—4.72 (multiple peak –CH2 between naphthyl), 1.0—3.0

(saturated CH CH2). 13C-NMR(Dimethyl sulfoxide, d6) δ(ppm): 148.2, 134.4, 132.4, 130—125, 123.9, 123.0, 121.8, 113.6 
(naphthalene); 52.3 ( CH2 between naphthyl); 43.4, 40.3, 35.1, 34.3, 32.1, 30.5, 26.2, 25.1, 24.4, 22.8 (DCPD ring). GPC: Mn= 973;

polydisperity: 1.61 
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in the number of hydroxyl groups contained in one 
molecule. The GPC measurement showed that the 
number average molecular weight of B is 973g·mol－1 
and the average molecular weight is 1561g·mol－1, 
thus, 2 or 3 molecules of A had been linked together 
by the methylene bridge. So, high crosslinking density 
epoxy cured network could be obtained from this mul-
tifunctional curing agent.  

3.2  Characteristics of the cured polymer 
3.2.1  Dynamic mechanical thermal analyses 

Dynamic mechanical observations were carried 
out to analyze the dynamic elastic modulus and the 
occurrence of molecular mobility transitions such as 
glass transition. Fig.7 and Fig.8 show the dependence 
of storage modulus and tan θ of E-51/B, E-12/B and 
common epoxy curing system including E-51/DDS 
and E-12/DDS on temperature, respectively.  

 
Figure 7  Temperature dependences of storage modulus 

for cured polymers 
□ E-51/B; △ E-12/B; ○ E-51/DDS; × E-12/DDS 

 
Figure 8  Temperature dependences of tanθ for cured 

polymers 
□ E-51/B; △ E-12/B; ○ E-51/DDS; × E-12/DDS 

The storage modulus of E-51/product B was 
higher than that of the other three epoxy systems both 
in the glassy and rubbery region characterized by the 
temperature corresponding to the maximum peak of 
tanθ. The cured polymer using naphthalene/DCPD 
novolac resin as curing agent exhibited much higher 
Tg than that using conventional phenyl-based epoxy 
curing agent DDS by approximately 30℃ (Table 1). 
This result confirms that the Tg of the epoxy polymer 
can be increased by introducing some rigid group into 
the backbone of epoxy network. The higher rigidity of 
naphthalene and DCPD structure could restrain the 
thermal movements and rotation of polymer chains. 
Though E-12/B had lower storage modulus than 
E-51/DDS and E-12/DDS in glass region, it had 
higher storage modulus at the temperature above Tg. 
Higher retention of storage modulus for E-12/B may 
attributed to the high crosslinking density because the 
naphthalene-DCPD novolac resin is a multi-functional 
curing agent. 

Table 1  Dynamic thermal mechanical analysis of the 
cured polymers 

Storage modulus, MPa 
Sample Tg, ℃

glassy region① rubbery region②

E-51/B 206.6 2107.2 33.31 
E-12/B 189.5 1371.5 29.85 

E-51/DDS 172.9 1507.0 14.17 
E-12/DDS 153.6 1691.9 12.40 

① Storage modulus at 60℃. 
② Storage modulus at Tg. 

3.2.2  Thermogravimetric analyses 
TGA is a convenient technique that can rapidly 

evaluate the comparative thermal stabilities of various 
polymers. Fig.9 and Fig.10 present the TGA curves of 
the cured polymer under nitrogen and air, respectively. 
As depicted in Table 2, by comparing the T10% (10% 
degradation temperature) of the four cured polymers, 
DGEBA/B system had a better thermal stability than 
DGEBA/DDS system because of the three resonance 
structures of naphthalene compared with the two 
resonance structures for phenyl[9]. DGEBA/B system 
also exhibited a higher char yield. It may be proposed 
that the formation of char is facilitated because of the 
presence of naphthalene and DCPD structure. 

 
Figure 9  Mass loss of the cured polymers under nitrogen 

atmosphere 
■ E-51/B; ● E-12/B; ▲ E-51/DDS; × E-12/DDS 

 
Figure 6  Three possible carbocations formed after 

DCPD reacted with AlCl3 
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Figure 10  Mass loss of the cured polymer under air at-

mosphere 
■ E-51/B; ● E-12/B; ▲ E-51/DDS; × E-12/DDS 

Table 2  Thermal stability of the cured polymers by TGA 

Nitrogen atmosphere  Air atmosphere 
Sample T10%, 

℃ 
Char yield①, 

%  T10%, 
℃ 

Char yield①,
% 

E-51/B 398.2 27.10  390.9 26.83 
E-12/B 412.8 15.07  399.8 4.99 

E-51/DDS 344.1 11.36  344.7 3.36 
E-12/DDS 395.1 0.11  382.5 0 

① Char yield at 800℃. 

The mass loss increased rapidly under air at a 
temperature above 600℃, the presence of oxygen re-
sults in a complicated decomposition mechanism of 
the cured polymer and the pyrolysis reaction was ac-
tivated by the existence of oxygen[15]. 
3.2.3  Moisture absorption 

Moisture absorption increases the dielectric constant 
of the cured polymer. Furthermore, it ionizes the ionic 
impurities and thus corrodes the integrated circuits. Thus, 
to obtain a higher performance epoxy polymer, it is nec-
essary to decrease the moisture absorption. The moisture 
absorption of the DGEBA/B and DGEBA/DDS system 
are shown in Table 3. Conventionally, the moisture 
absorption increases as the Tg increases in the cured 
polymers from novolac-type epoxy resin and phenol 
novolac[16]. However, because of the hydrophobic 
nature of both aliphatic DCPD and naphthyl structure, 
the cured polymer from DGEBA/product B system 
exhibited a high Tg and relatively low moisture ab-
sorption. 

Table 3  Moisture absorption of the cured polymers 
Sample Water absorption, % 
E-51/B 0.662 
E-12/B 0.971 

E-51/DDS 1.437 
E-12/DDS 1.892 

4  CONCLUSIONS 
A novel naphthalene-DCPD-based novolac ep-

oxy curing agent was prepared from inexpensive and 
easily available starting materials by relatively simple 
synthetic methods. The multiple naphthol O–H groups 

provided more crosslinking sites for epoxy resins. 
Because of the presence of the naphthalene and DCPD 
structure in the cured polymer network, the resulting 
epoxy polymers exhibited higher Tg, good thermal 
stability and lower moisture absorption. These pro-
nounced good properties revealed that the novel 
naphthalene/DCPD novolac curing agent could be 
used as an alternative method to obtain heat-resistant 
thermosets.  
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