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SYNOPSIS 

Epoxy resins based on 4,4’-dihydroxydiphenylsulfone ( DGEBS ) and diglycidyl ether of 
bisphenol A ( DGEBA ) were prepared by alkaline condensation of 4,4’-dihydroxydiphen- 
ylsulfone (bisphenol S ) with epichlorohydrin and by recrystallization of liquid, commercial 
bisphenol A-type epoxy resin, respectively. Curing kinetics of the two epoxy compounds 
with 4,4‘-diaminodiphenylmethane (DDM) and with 4,4’-diaminodiphenylsulfone (DDS ) 
as well as TB values of the cured materials were determined by the DSC method. It was 
found that the - SO2 - group both in the epoxy resin and in the hardener increases T8 
values of the cured materials. DGEBS reacts with the used hardeners faster than does 
DGEBA and the curing reaction of DGEBS begins at lower temperature than does the 
curing reaction of DGEBA when the same amine is used. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Aromatic diglycidyl ethers of the bisphenol type 
forms an important group of epoxy resins. Epoxy 
resins based on bisphenol A have achieved the 
greatest significance. Efforts to branch out the ap- 
plication areas of epoxides led to the investigation 
of other bisphenols as raw materials for the pro- 
duction of epoxy resins. First of all, 4,4‘-dihydrox- 
ydiphenylmethane (bisphenol F) and bisphenol S 
were used. 

Epoxy resin based on bisphenol S, prepared by 
condensation of bisphenol S and epichlorohydrin, 
was described for the first time by Beavers in 1953.l 
It was obtained in the form of white crystalline pow- 
der with melting point of 162-163OC. 

At present, epoxy resins based on bisphenol S are 
used, for instance, in castings with good flexural and 
compressive strength, in production of laminates 
with higher toughness, for laminates and two-com- 
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ponent adhesives with good thermal stability and 
chemical re~is tance,~ for coatings with higher ther- 
mal resistance than that of epoxy resins based on 
bisphenol and for thermoplastic products 
characterized by relatively high strength at elevated 
temperatures and high resistance to mechanical 
shock.’ 

EXPERIMENTAL 

Materials Used 

Diglycidyl ether of bisphenol A (DGEBA) was ob- 
tained in the form of a white crystalline powder by 
recrystallization of commercial liquid epoxy resin 
CHS Epoxy 15 ( Spolchemie, Czech Republic) from 
the mixture of ethyl methyl ketone and methanol 
(1 : 4) .  The product had an epoxy value of 5.78 
equiv/kg and a total chlorine content of 0.03%, and 
a melting point of 43°C was obtained. 

4,4’-Diaminodiphenylmethane (DDM ) and 4,4’- 
diaminodiphenylsulfone (DDS ) were products of 
BASF and Ruttgerswerke, respectively; epichloro- 
hydrin and sodium hydroxide, of Spolchemie; bis- 
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phenol S, of Bayer; and isobutyl methyl ketone, of 
Shell Oil Co. 

Synthesis of 4,4'-Dihydroxydiphenylsulfone 
(DCEBS) 

Into a reactor equipped with thermometer, mechan- 
ical stirrer, and reflux condenser were charged 200 
g (0.8 g mol) of bisphenol S and 370 g (4  g mol) of 
epichlorohydrin. The stirred mixture was heated 
under a nitrogen atmosphere to the refluxing tem- 
perature. Bisphenol S dissolved completely in epi- 
chlorohydrin. The mixture was maintained at the 
refluxing temperature ( 100-110°C) for 7 h while 70.4 
g (1.76 g mol) of NaOH were added in the form of 
a 42% aqueous solution. 

The excess of epichlorohydrin and water were 
distilled off a t  100°C and 40 kPa. Then, the reaction 
mixture was dissolved in boiling isobutyl methyl ke- 
tone, stirred 30 min, and then filtered. DGEBS was 
obtained after cooling in the form of white crystal- 
line powder with an epoxy value 4.985 equivlkg, 
total chlorine content of 0.21%, and a melting point 
of 163°C. 

Cure Procedure 

Samples for Tg measurements were prepared by the 
following procedure: Melted DGEBA was mixed 
with DDM or DDS at  120-130°C. Melted DGEBS 
was mixed with DDS at 170°C. Compositions were 
stirred until transparent solutions were obtained. 
The liquids were poured into vertical steel molds 
and cured. In the case of the DGEBS-DDM system, 
DGEBS was melted at 170°C and poured into a con- 
tainer with DDM. This mixture was mixed and 
stirred until the transparent solution was obtained. 
This liquid was poured into a vertical steel mold and 
left 15 min at room temperature and then heated at 
the curing temperature. Curing conditions for the 
measured systems are given in Table I. 

Table I Curing Conditions of Epoxide 
Compositions 

System Curing Procedure (h/"C) 

DGEBSIDDM 

DGEBS/DDS + 1/230 
DGEBAIDDM 2/130 + 4/180 
DGEBA/DDS 

21140 + 21160 + 2j180 f 21200 
21160 + 2/180 + 2/200 + 1/220 

2/130 + 2/180 + 21200 + 11220 

Table I1 Tg Values of the Cured DGEBS 
and DGEBA 

DGEBS/DDM 
DGEBSIDDS 
DGEBA/DDM 
DGEBA/DDS 

172 
201 
163 
183 

DSC Method 

Tg measurements and kinetic parameters of the cur- 
ing process were determined using a Perkin-Elmer 
differential scanning calorimeter DSC-2 in a stoi- 
chiometric ratio of epoxy resin and diamine. Tg 
measurements were taken at 50-377°C with a heat- 
ing rate 10"C/min. Calculation of Tg values was 
performed by the Richardson and Savill m e t h ~ d . ~  

The activation energy of the curing process was 
calculated by Kissinger's method." Measurements 
were taken at various heating rates, 5, 10, 20, 40, 
and 8O0C/min, in a nitrogen atmosphere. The S (  m,  
n) kinetic model was used for the formal kinetic 
description of the curing process [ eq. ( 1 ) ] : 

( d x l d t )  = k . x " . ( l -  x ) "  (1) 

where k is the rate constant; x ,  the conversion; and 
m and n, the kinetic exponents of the S (  m, n )  
model. 

RESULTS AND DISCUSSION 

Tg Measurements 

The influence of the central - SO2 - group both 
in the epoxy resin and in the hardener on the Tg of 
the cured samples is evident from Table 11. The 
maximum curing temperature of each system was 
significantly above the Tg found, so we suppose that 
the maximum conversion at the functional groups 
was reached. 

As is obvious, Tg values increase significantly in 
the range of DGEBA/DDM < DGEBS/DDM 
< DGEBA/DDS < DGEBS/DDS. We can say that 
the -SO,- group both in the hardener and in 
the epoxy resin raises the Tg of the cured material. 
The difference between the two boundary compo- 
sitions DGEBA/DDM and DGEBS/DDS is nearly 
40°C. It was not surprising because similar differ- 
ences between Tg values of epoxy resins cured with 
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DDM and DDS were found formerly."-'3 The in- 
crease of Tg values after curing was found also when 
the central -SO2- group instead of the alkyl 
group was in the epoxy resin. Kamon14 found that 
the Tg values of diglycidyl ethers cured with DDM 
increase in the range of DGEBF ( Tg value is 150°C) 
< DGEBA (180°C) c DGEBS (200°C). 

Similar results were found for diglycidyl ethers 
cured with methylhexahydrophthalic anh~dride. '~ In 
the case of tetraglycidyl ethers based on DDM or 
DDS cured with DDS, l5 a higher Tg value was also 
found for the composition with the central 
- SO2 - group. Reinking" studied the influence 
of different bisphenols in poly ( hydroxy ethers) and 
Johnson17 in poly(ary1 ethers). It was found that 
central group between two benzene rings influences 
the Tg in a similar way as in the above-mentioned 
cases. Higher Tg values were found at polymers with 
highly polar groups -SO2- and - C O -  in 
comparison with the - C ( CH3)2 - group. Similar 
results were found even in the case of copolymers 

I I I I I I I I I 

Table I11 
Curing Rates 

Peak Temperatures (T,) at Various 

Heating Rate ("C/min) 

5 10 20 40 80 

DGEBS/DDM 129 145 162 179 205 
DGEBS/DDS 197 210 230 251 277 
DGEBA/DDM 157 172 180 216 239 
DGEBA/DDS 212 228 255 276 304 

based on bisphenol A, bisphenol S, and their di- 
glycidyl ethers." 

Reaction Kinetics 

Dependence of the heat capacity on the temperature 
for the followed systems is evident from Figure 1. 
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Table IV Kinetic Parameters of the Curing Process, Rate Constants, and Kinetics Exponents of the 
S(m, n) Kinetic Model for Measured Systems 

E k (150°C) In A 
System (kJ/mol) ( S - 7  n m (8-l) 

DGEBS/DDM 
DGEBS/DDS 
DGEBA/DDM 
DGEBA/DDS 

50.0 
64.8 
51.4 
60.0 

4.38 - lo-' 1.60 0.88 11,090 

8.55.10-4 1.43 0.57 9,997 

1.30- 10-3 1.36 0.38 11,782 
8.30 - 10-~ 1.40 0.69 9.824 

The curing reaction of the used epoxy resins with 
DDM begins a t  a lower temperature than does the 
same reaction with DDS. On the contrary, if the 
-SO2-  group is in aromatic diglycidyl ether 
(DGEBS) , the curing reaction begins at a lower 
temperature in comparison with DGEBA containing 
a central alkyl group, when the same amine is used. 
It is in agreement with the peak temperatures T,, 
which are seen from Table 111. T, was used also for 
the calculation of the activation energy (E) and fre- 
quency factor (A ) by Kissinger's method." 

Kinetic parameters of the curing process, rate 
constants, and exponents of the S ( m ,  n) kinetic 
model for the measured systems are shown in Table 
IV. It was found that DDS reacts with epoxy resins 
much more slowly than does DDM. The reason is 
in the lower basicity and electron density on the 
nitrogene in DDS in comparison with DDM (- M 
effect of the central - SO2 - group). Rate constant 
ratios of the reactions of DDM and DDS were found 
to be 

The rate constant ratio, Kl, is in accordance with 
our previous results, where reaction kinetics were 
followed isothermally at 80°C using IR spectros- 
copy.'g In this work, Kl was found to be 12.5. The 
epoxy resin DGEBS reacts with the used hardeners 
faster than does DGEBA. The central -SO2- 
group in the molecule of DGEBS is more electro- 
negative than is the -C(CH3)2- group in 
DGEBA. It is the reason for the higher 6' charge 
on the end carbon atom of the epoxy group in 
DGEBS. Similar results were found, e.g., for the re- 
action of phenylglycidyl ether (PGE) and N-meth- 
ylglycidyl aniline with dibutylamine, 2o where the 
higher 6+ charge on the end carbon atom of the epoxy 
group in PGE causes higher reaction rate. Rate con- 

stant ratios of the reactions of the DGEBS and 
DGEBA with the amines used were found to be 

It was found that the hardener has only a slight 
influence on the values of the exponents of the S (  m, 
n) kinetic model. 

CONCLUSIONS 

The central - SO2 - group both in the epoxy resin 
and in the hardener increases Tg values of the cured 
materials significantly as expected from the struc- 
ture. The epoxy resin with this group reacts faster 
and the curing reaction begins at lower temperature 
than in the case of DGEBA when the same amine 
is used. On the contrary, the hardener with this 
group (DDS) reacts much more slowly than 
does DDM. 
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