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Synopsis 

The relation between the structure and the viscoelastic properties of seven kinds of epoxy resins 
was studied. Seven tetraglycidylethers were synthesized from four-nuclei novolacs in which the 
positions of methylene linkage or number of kind of substituents were different. These epoxy 
compounds were cured with diaminodiphenylmethane as a hardener. From the viscoelastic 
properties of the fully cured resins with the hardener, characteristic properties such as glass 
transition temperature (Tg), average molecular weight between crwlinking points (M,), and front 
factor ($I) were obtained. It was concluded that higher linearity in the main chain of epoxy resins 
gave a cured resin with a higher Tg, a smaller mc, and a larger $I. 

INTRODUCTION 

Epoxy resins have been widely used as an engineering plastic because of its 
high performance, such as good mechanical, thermal, and electrical properties. 
To use epoxy resins properly, it is important to understand the relation 
between structures and properties of epoxy resins. Considerable amounts of 
researches discussed on the relation between the properties of cured epoxy 
resins and the structures of epoxy compounds. However, these studies were 
mostly made on the base of bisphenol-A type epoxy resins with various kinds 
of hardeners. 

Recently, since high performance epoxy resin is strict in its requirement, 
polyfunctional epoxy resins have been of interest and have been offered in 
practical fields. In particular, novolac type epoxy resin is largely used as on 
electronics encapsulation material because of its good heat resistance. Since 
the structures of novolac type epoxy resins have a large influence on the 
properties of cured epoxy resins, it is necessary to elucidate the relation 
between structure and properties systematically. However, there are few 
papers concerned with such a study. Therefore, we have studied the relation 
between the viscoelastic properties and structures of epoxy resins prepared 
from novolacs in which the positions of methylene linkage, or number and 
kind of substituents were different. In the previous paper~ , l -~  we reported the 
relation between the structure of the epoxy resins prepared from two- or 
three-nuclei novolacs and the properties of the cured resin, and the conclu- 
sions were: (1) A bulky and rigid substituent such as t-butyl or phenyl group 
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was effective for improving Tg of the cured resin, while a flexible substituent 
such as nonyl group reduced Tg; (2) the values of M, and @ were more 
influenced by the degree of bend in the main chain than by the kind of 
substituents. 

In the present study, the relation between the viscoelastic properties and 
the structures of epoxy resins prepared from four-nuclei novolacs were investi- 
gated. Additionally, two kinds of the commercial novolac type epoxy resins 
were used in the same way as reference resins and were compared to our 
prepared epoxy resins. 

EXPERIMENTAL 

Preparation of Four-Nuclei Novolacs 

Seven four-nuclei novolacs (I-VII) were prepared by following routes, as 
shown in Schemes 1 and 2: 

I OH 

Scheme 1 
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Bts(2-Hydroxy-3-(4-Hydroxybenzyl)-5-Methy~~nyl)~et~~ (I) and 
2,2’-Dihydroxy-3-(4- Hydroxybenzyl)-3’-(2- Hydr0xybenzyl)- 

5,5’- Dimethyldiphenylmethane (11) 

Compound A was reacted with the excess of phenol in an acetic acid 
solution in the presence of the catalytic amount of HC1. A white solid was 
then precipitated from the solution. After recrystallization of the precipita- 
tion, the solid was identified to be compound (11) by ‘H-NMR and HPLC 
analysis (mp = 215-217°C). The filtrate was concentrated under reduced 
pressure, and a white solid was obtained. This solid was characterized to be a 
mixture of compounds (I) and (11), of the ratio 6 : 4, by HPLC analysis. From 
the solid, compound (I) was separated by the extraction with a mixed solvent 
(1,2-dichloroethane/CC14 = 95/5), and was identified by ‘H-NMR and HPLC 
analysis (mp = 187-197°C). 

Bis(2-Hydroxy-3-(2-Hydroxybenzyl)-5-Methylphenyl)Met~~ (111) 

At the first step, bis(2-hydroxy-3-(2-hydroxy-5-bromobenzyl)-5-methyl- 
pheny1)methane (111’) was prepared by the reaction of compound A with the 

65 60 55 50 
Elution volume (ml) 

Fig. 1. GPC chromatograms of epoxy resins. 
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excess of p-bromophenol in an acetic acid solution in the presence of the 
catalytic amount of HC1. Secondly, compound (111’) was reduced over Raney 
n i ~ k e l . ~  This reduced product was purified by recrystallization and was 
identified to  be compound (111) by ‘H-NMR and HPLC analysis (mp = 

186-189°C). 

Bis(2- Hydroxy-3-(3-Methyl-4-Hydroxybenzyl)- 5-Methylphenyl)Methune 
(Iv) 

Compound (IV) was prepared by the reaction of compound A and o-cresol 
under the same method as described in compound (I). The product was 
purified by recrystallization and identified to be compound (IV) by ‘H-NMR 
and HPLC analysis (mp = 151-154°C). 

Bis(2- H y d r o x y - 3 - ( 2 - H y d r o x y - 5 - M e t h y l b e n z y l ) - n e  
rn 

By the reaction of compound A with the excess of p-cresol in an acetic acid 
solution in the presence of the catalytic amount of HC1, compound (V) was 
prepared in the same way as compound (IV) (mp = 186-187OC). 

Bis(4-Hydroxy-3-(4-Hydroxybenzyl)-5-Methy~henyl)Methune (VI) 

By the reaction of compound B with the excess of phenol in an acetic acid 
solution in the presence of the catalytic amount of HC1, compound (VI) was 
prepared in the same way as compound (IV) (mp = 166-172OC). 

Bis(4- Hydroxy-3-(3-Methy1-4- Hydr0xybenzyl)- 5- Methylphenyl)Methane 
(vrr) 

Compound B was reacted with the excess of o-cresol in an acetic acid 
solution in the presence of the catalytic amount of HC1. After concentrating 
the reaction solution, a pale yellow solid was obtained. This product was 
identified to be the mixture of three isomers of compound (VII) by HPLC 
analysis (mp = 60-65°C; (VII), 56%; 3-(3-methyl-4-hydroxybenzyl)-3’- 
(2-hydroxy-3-methyl-benzyl)-4,4’-dihydroxy-5,5’-dimethyldiphenylmethane, 
38%; bis(3-(2-hydroxy-3-methylbenzyl)-4-hydroxy-5-methylphenyl)methane, 
6%). 

Synthesis of Epoxy Compounds 

The tetraglycidylethers of four-nuclei novolacs were synthesized by a con- 
ventional m e t h ~ d . ~  Epoxide equivalent of the obtained epoxy resins was 
determined by the tetraethylammoniumbromide-perchloric acid method 
(IS0-3001), using a potentiometric meter. In addition to the synthesized 
epoxy resins, two commercial epoxy resins (Epiclon N-740, phenolnovolac-type, 
and Epiclon N-660, o-cresolnovolac-type, Dainippon Ink and Chemicals) were 
used in this study. GPC chromatograms of the two commercial epoxy resins 
are shown in Figure 1, and average molecular weights (M, and M,) were 
calculated by use of GPC calibration curve that was made on the base of a 
series of epoxy compounds with a known molecular weight. The p-/o- ratios 
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of methylene linkage of the two commercial epoxy resins were measured by 
NMR method. These ratios of the other epoxy compounds were calculated 
from their structures. The structures and properties of these epoxy resins are 
shown in Table I. The average number of functional groups of the commercial 
epoxy resins was calculated by the ratio of number-average molecular weight 
to epoxy equivalent weight. This value was 3.49 for N-740 and 4.10 for N-660. 

Hardener and Curing Conditions 

As a hardener, commercial 4,4'-diaminodiphenylmethane (DDM) was used 
without further purification. The mixture of epoxy resins and the stoichiomet- 
ric amount of DDM was heated to 120"C, well mixed, and transferred to a 
preheated Tefron mold. The mixture was then cured under these conditions: 
4 h a t 1 2 0 " C + l h a t 1 4 0 ° C +  1ha t160"C+1ha t180"C+1ha t200"C+ 
1 h a t  220°C + 1 h at  240°C. 

Measurement 

Dynamic mechanical properties of cured resin were measured by a viscoelas- 
tic spectrometer (tensile-mode, VES-S type, Iwamoto Co.) a t  10 Hz with a 
heating rate of 2"C/min. Coefficients of linear expansion were measured by a 
thermal mechanical analyzer (TMA-30 type, Shimazu Co.) with a heating rate 
of 5"C/min. 

RESULTS AND DISCUSSION 

Dynamic Mechanical Properties of Cured Epoxy Resins 

The dynamic mechanical properties are shown in Figures 2-5. The modu- 
lus-temperature curves showed clearly three regions, which are typical for 

-o-TeGETeP-1(4,4') 
-o-TeGETeP-1(2,4') 

I 
-o-TeGETeP-1(2,2') 
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Fig. 2. Dynamic mechanical properties of epoxy resins cured with DDM. 
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Fig. 3. Dynamic mechanical properties of epoxy resins cured with DDM. 

highly crosslinked systems, i.e., a glassy region, a transition region, and a 
rubbery region. The peak temperature of tan6 was considered as the glass 
transition temperature.6 The degree of crosslinks of a polymer network is 
usually described by the parameter M,, the average molecular weight between 
crosslinking points. The value of M, can be calculated using the equation of 
state for rubber elasticity7 

where @ is the front factor, d is the density of the network at  an absolute 

-0- TeGETeP-2(4,4') 
-0- TeGETec-2(4,4' 1 

107 - 

0 

50 100 150 200 250 300 

Temperature (OC) 

Fig. 4. Dynamic mechanical properties of epoxy resins cured with DDM. 
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Fig. 5. Dynamic mechanical properties of epoxy resins cured with DDM. 

temperature T,  R is the gas constant, and E‘ is the storage modulus of the 
network a t  the temperature T. 

Equation (1) is suitable to the polymer network that has a rubbery plateau 
region. As the polymer network systems that were prepared in this study were 
highly crosslinked, the magnitude of the rubbery plateau modulus of some 
network systems was too high to use the word “rubbery.” The application of 
eq. (1) to these systems may be beyond the applicable range of eq. (1) on the 
basis of rubbery elasticity. But there is no good method to compare the degree 
of crosslinks of highly crosslinked polymers. On the other hand, some 
studies8-’’ about the highly crosslinking systems had been done, with the 
result that the rubber elasticity theory was useful in discussing the degree of 
crosslinks. So, to compare the properties of highly crosslinked polymers, eq. 
(1) was adapted to the polymers for convenience. 

The experimental Xc value, Xc(E’),  was calculated by eq. (l), where + was 
assumed to be unity.” A method for estimating mc of polyfunctional epoxy 
resin/amine system was reported by Lau and Hodd.12 The theoretical Tc was 
calculated by 

Kc = N W / C .  (2) 

where N is Avogadro’s number, W is the total weight of a single network 
molecule, given by eq. (3), and C is the total number of molecular chains 
between crosslink or junction points, given by eq. (4). We designate this Xc by 
Wc( s), where s means “stoichiometry”: 

W = czMA + bMB (3) 

where a = moles of amine, MA = molecular weight of amine, b = moles of 
epoxy resin, MB = molecular weight of epoxy resin, 

C = ~ ( A u  + B b ) N  (4) 
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A = number of crosslink points formed from an amine molecule = (number of 
active hydrogens -2)) and B = number of crosslink points formed from an 
epoxy resin molecule = (number of functional groups -2). The factor 3/2 
arises because three chains originate from each junction and each chain 
terminates at two junction points. 

An apparent front factor, +,, 13 is expressed by 

The front factor was usually smaller than unity,13 but in our study the 
calculated +a was larger than unity in major cases. This result should come 
from the fact that the adaption of eq. (1) to the highly crosslinking systems 
was over the applicability of the rubber elasticity theory. 

The respective viscoelastic parameters of cured resins were tabulated in 
Table 11. 

Glass Transition Temperature 

Glass transition temperature (T,) of four-nuclei epoxy resin systems were 
241-28loC, which were higher than those of three-nuclei epoxy resin systems3 
(181-253°C). This tendency was dependent on the number of functional 
groups of epoxy compound. 

In the three systems of TeGETeP-1, Tg became higher in the order, 2,2’-, 
2,4‘-, and 4,4‘-. That is to say, the higher linearity in the main chain of epoxy 
resins gave a cured resin with a higher T,.“ In the systems of TeGETeC-1, 
the Same tendency as described above was also found. The TeGETeP-2(4,4’) 
system had the highest Tg of 281°C. T, became higher in 5-7°C when the 
methyl group was introduced, as seen from two examples, TeGETeC-1(4,4’) vs. 
TeGETeP-1(4,4’) and TeGETeC-1(2,2’) vs. TeGETeP-1(2,2’). In the commer- 
cial epoxy resins, N-660 system gave a higher T, than N-740 system. This 
result was due to N-660 containing less amounts of low molecular weight 
compounds (two- or three-nuclei compounds) than N-740, and p- /o-  ratio of 
N-660 was larger than that of N-740. 

Storage Modulus (E 7 
There was no significant difference in the storage modulus ( E ’ )  a t  a glassy 

state, but there was a large difference at  a rubbery state. In the systems of 
TeGETeP-1, E’ a t  a rubbery state became higher in the order, 2,2’-, 24’-, and 
4,4‘, and this order was the same as that of T, described above. The same 
tendency was found in the TeGETeC-1 system. It was concluded that the 
higher linearity in the main chain of epoxy resins gave a cured resin with a 
higher E‘ a t  a rubbery state. 

M,(E’) a d  +a 

Both Xc( E’)  and were in a wide range of values due to the structures of 
epoxy resins. In the previous papery3 we reported that the three-nuclei type 
epoxy resin with largely bent main chain had a larger Zc( E’)  and a smaller +a. 
The same tendency was found in this study. That is to say, an epoxy resin 
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P/O- r a t i o  o f  methvlene linkage 
Fig. 6. Correlation between $I,, and p- /o -  ratio of methylene linkage. 

with a smaller ratio of p- /o -  gave a larger Wc(E')  and a smaller A. A nearly 
linear relation was obtained when was plotted against the ratio of p- /o- ,  as 
shown in Figure 6. We can predict +a from the p- /o-  ratio of methylene 
linkage for a novolac-type epoxy resin by using the relation. On the other 
hand, from Table I1 it was concluded that the introduction of a methyl group 
had little influence on the ZC( E')  and 

Thermal Mechanical Analysis (TMA) 

The results of TMA measurement of cured resins were tabulated in Table 
111. However, Tg measured by TMA was lower 50-60°C than that measured 

TABLE I11 
Thermal Expansion Properties of Epoxy Resins Cured with DDM 

Coefficient of linear expansion (K ~ ') 

Epoxy resin Tg("C) Before Tg After T8 

TeGETeP-1(4,4') 
TeGETeP- 1(2,4') 
TeGETeP- 1(2,2') 
TeGETeC-1(4,4') 
TeGETeC-1(2,2') 
TeGETeP-2(4,4') 

N-740 
N-660 

TeGETeC-2(4,4') 

193 
188 
175 
202 
189 
220 
183 
197 
204 

7.85 x 1 0 - ~  
7.14 x 
6.73 X lo-" 
7.57 x 1 0 - ~  
6.60 X 
7.34 x 
7.73 x 1 0 - ~  
7.99 x 10 
7.40 X 

1.85 x 1 0 - ~  
1.81 x 10-4 

2.00 x 1 0 - ~  
1.76 x 1 0 - ~  
2.01 x 10 
1.81 x 1 0 - ~  
1.44 x 
1.59 x 10 - 4 

1.94 X 10 
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by VES (viscoelastic spe~troscopy).~ The relation between Tg and the struc- 
ture of epoxy resins showed the same tendency as that measured by VES. The 
coefficient of linear expansion ( 8 )  was shown in the two regions, i.e., before Tg 
and after Tg. In this study, took the value of 6.6-8.0 X lop5 (K-’) before 
Tg and 1.4-2.0 x was 
not clear. However, in the three systems of TeGETeP-1, j3 in a glassy state 
became larger in the order, 2,2’, 2,4’, and 4,4’, and the order was reversed to 
the order of E ’ in a glassy state. The epoxy resin system with a larger E ’ had 
a smaller 8. 

(K-’) after Tg. The effect of structures on the 

CONCLUSION 

The relation between the structures and the viscoelastic properties of epoxy 
resins prepared from four-nuclei novolacs was studied. Tg was closely related 
to the structures of epoxy resins, that is to say, a higher p- /o-  ratio of 
methylene linkage gave a cured resin with a higher Tg. Furthermore, when a 
methyl group was introduced to the benzene ring, Tg was somewhat increased. 
It was found that Zc(E’ )  and were closely related to the structures of 
epoxy resins, that is, higher p- /o-  ratio of methylene linkage gave a cured 
resin with a smaller M,(E’) and a larger &. 
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