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The reactions of 1,2,3,4-diepoxybutane (DEPB), 1,2,7,8-diepoxyoctane (DEPO), 
the diglycidyl ether of 1,4-butanediol (DGEBU) and the diglycidyl ether of bisphenol 
A (DGEBA) with ethylenediamine (EDA), diethylenetriamine (DETA) and tetra- 
ethylene-pentamine (TEPA) have been studied with DSC only. The epoxide reactivity 
decreases according to the sequence: 

DEPO > DEPB > DGEBU > DGEBA 

At low amine concentration the conversion of epoxy groups increases as the active 
hydrogen concentration increases, no matter which polyamine is used. 

From DSC dynamic measurements, according to Freeman and Carroll's treatment, 
the reaction activation energy is about 98 kJ/E.M.M, for a large range of polyamine/ 
epoxy ratios, while as calculated from isothermal experiments using Barton's equation, 
it is 38--42 kJ/E.M.M. 

The reaction of  epoxides with crosslinking agents such as amines is of  great 
practical importance and has been the subject of  several studies concerning mix- 
tures containing nearly one active hydrogen a tom to one epoxidic group [1 - 5 ] .  
Largerly DSC has been employed to study the kinetics of  these reactions and to 
determine some important parameters such as activation energy and reaction order 
[1, 2, 5]. 

The present study considers the reactions of  four different epoxides with aliphatic 
polyamines in amounts corresponding to active hydrogen concentrations between 
0.1 and 7 g atoms per E.M.M. ; the activation energy has also been determined. 

The reactions have been investigated mainly in DSC dynamic experiments; a few 
tests have been performed isothermally, using only DGEBA and D G E B U  to 
determine the activation energy. 

Experimental 

The following reactants were used: 

Bisphenol A diglicydil ether (DGEBA);  E.M.M. = 201, Epikote 828 (Shell 
Chem.). 

* To whom correspondence should be addressed. 

J. Thermal AnaL 25, 1982 



516 S E V E R I N I  et al.:  R E A C T I O N S  O F  E P O X I D E S  W I T H  P O L Y A M I N E S  

1,4-Butanediol diglicydil ether (DGEBU); E.M.M. = 131, Heloxy WC 67 
(Wihlington Chem.). 

1,2,3,4-Diepoxybutane (DEPB); E.M.M. = 41, Fluka reagent. 

1,2,7,8-Diepoxyoctane (DEPO); E.M.M. = 80, Fluka reagent. 

Ethylenediamine (EDA); Fluka, analytical grade. Diethylenetriamine (DETA) and 
tetraethylenepentamine (TEPA); Fluka, technical grade. 

Beside each epoxide is reported the weight which contains 1 g equivalent of 
epoxy group (E.M.M.) and the trade name. Products were used without further 
purification. 

DSC curves were obtained on a DSC 2 Perkin-Elmer instrument. Samples of 
1 0 -  15 mg epoxide were weighed in aluminium pans and the polyamine then added 
from a microsyringe. 

The instrument was preset at 308 or 323 K and the sample was either heated to 
493- 503 K at 20 degree/min (dynamic tests) or rapidly heated (160 deg/min) to 
a predetermined temperature (isothermal test). 

Indium was used as the standard for calibrating the temperature axis and the 
enthalpy output. All experiments were carried out in nitrogen atmosphere. 

Results and discussion 

The obtained data were analysed assuming that the evolved heat is directly pro- 
portional to the extent of reaction. 

The average heat of reaction of one epoxy group with an amine was taken as 
108.8 kJ/E.M.M., i.e. the heat of reaction of the model system phenylglycidyl 
ether/n-butylamine [6]. 

DGEBU-DGEBA 

Polyamine/epoxide ratios from 0.0036 to 1.07 mol amine/E.M.M, were used. 
For TEPA, at concentrations lower than 0.8 mol/E.M.M, regular DSC curves 

characterized by only one peak were obtained (Fig. 1A), while at higher amine con- 
centrations the DSC curves show a main peak followed by several secondary endo- 
thermic and exothermic peaks which are not completely reproducible and may in 
some cases represent up to 20-25 % of the total evolved heat. 

Figure 1B shows a typical example of a DSC curve affording small exothermic 
peaks, due to the reac*ion of residual epoxidic groups, following the initial endo- 
thermic signal. 

Because of the high boiling points of the reagents the endothermic peak is not 
attributable to evaporation processes and may possibly be due to a rearrangement 
of the initially formed crosslinked structure. The enthalpy of reaction between 
DGEBU or DGEBA and TEPA increases as the amine concentration rises and 
reaches an asymptotic value beginning at an active hydrogen atom concentration 
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Fig. 1. Typical DSC curves: a) DGEBU + TEPA (0.5 moles TEPA/E.M.M.); b) DGEBU + 
TEPA (1 mol TEPA/E.M.M.); c) DEPO + TEPA (0.16 moles TEPA/E.M.M.); d) DEPB + 

DETA (0.09 moles DETA/E.M.M.) 

of  5 to 6, corresponding to a strong excess calculated on a basis of  1 active hydrogen 
atom to 1 epoxy group (Figs 2 and 3). Figure 4 shows the conversion ~ vs. tempera- 
ture plots for the reactions of  DGEBA and DGEBU with TEPA (0.5 tool TEPA/ 
E. M.M.). The fraction reacted ~ was calculated as the fraction of the total measured 
enthalpy of  the reaction. 
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Fig. 2. DGEBU + TEPA; heat of reaction vs. moles TEPA/E.M.M 
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Fig. 3. DGEBA 4- TEPA; heat of reaction vs. moles TEPA/E.M.M. 

Analysis of the DSC curves for the reaction of  DGEBA or DGEBU with TEPA 
shows that the temperature of the DSC peak decreases as the TEPA concentration 
increases; this is also true for 1,2,7,8-diepoxyoctane (Fig. 5). 

D E P B - D E P O  

Results on the reactions of  DEPO with TEPA and DETA are listed in Table 1. 
Table 2 contains results on the reactions of DEPB with TEPA, DETA and EDA 
at the same concentration of  0.09 mol/E.M.M. 

All the data show that the epoxide conversion increases as the active hydrogen 
concentration increases. 
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Fig. 4. Fraction (e) of epoxy groups reacted vs. temperature, e was estimated as the ratio of the 
heat evolved at each temperature and the total measured heat evolved. DGEBA -1- TEPA A ; 

DGEBU q- TEPA �9 ; 0.5 moles TEPA/E.M.M. 
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Table 1 

Results f rom DSC analysis of reactions between DEPO and amines. Temperature  range 
�9 308--493 K; [] 308--573 K. Heating rate 20 degree/rain 

Amine Active H g atoms AH Epoxy group con- 
per E.M.M. kJ/E.M.M, version %, 

DETA �9 0.45 31.0 0.28 
TEPA �9 0.63 41.8 0.38 
TEPA ~ 1.10 62.8 0.57 
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Fig. 5. Temperature of DSC peak vs. active hydrogen a tom number /E .M.M.  Reaction of 
TEPA with: D G E B U  o;  D G E B A  zx; DEPO [] 

T h e  D E P O  D S C  c u r v e s  s h o w  a s h o u l d e r  p r e c e d i n g  t h e  m a x i m u m ,  w h e r e a s  f o r  

D E P B  t w o  p e a k s  a p p e a r ,  t h e  s e c o n d  o n e  g iv ing  t h e  m a i n  c o n t r i b u t i o n  to  t h e  t o t a l  

a r e a  (F igs  1C a n d  1D).  

T h e  p r e s e n c e  o f  t w o  p e a k s  c o u l d  m e a n  t h a t  t h e  r e a c t i o n  p r o c e e d s  w i t h  a d i f f e ren t  

m e c h a n i s m  f r o m  t h a t  i n  t h e  case  o f  t h e  o t h e r  epox ides .  

Table 2 

Results from DSC analysis in the range 3 0 8 -  473 K of the reactions between DEPB and amines 
Heating rate 20 degree/rain 

Amine Active H g atoms A// Epoxy group conver- 
per E.M.M. kJ/E.M.IVL sion %, a 

EDA 0.36 15.5 0.14 
DETA 0.45 24.7 0.22 
I 'EPA 0.63 36.4 0.33 
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Fig. 6. Arrhenius plot according to Barton's equation for the reaction D G E B U  + TEPA 
(1 mole TEPA/E .M.M. )  

Activation energy evaluation 

The reactions of  DGEBA and DGEBU with TEPA (1 tool TEPA/E.M.M.) were 
carried out isothermally at 353, 358 and 363 K and at 343, 353 and 368 K, respec- 
tively. Reproducible regular DSC curves were obtained, and the activation energy 
was calculated using Barton's equation [1]: 

E 
In r a = In [Af(e)] - R---T" 

1 
Figure 6 shows the lg r, vs. ~ -  plot for the reaction of DGEBU with TEPA. 

Table 3 lists activation energy values calculated from DSC dynamic experiments 
using Freeman and Carroll's equation [7]. Figure 7 shows the 

d~ 1 
Alg A - -  plot 

dt T 
VS. 

Alg (1 - ~) Alg (1 - ~) 

Table 3 

Activation energy data from DSC analysis of the reactions between T E P A  
and epoxides. Heating rate 20 degree/min 

Epoxide Active I-I g atoms E, kJ/E.M.M. Range of scanned 
per E.M.M. temperature, K 

D G E B A  0.30 97.9 323 --473 
D G E B A  0.74 99.2 323 --473 
D G E B U  3.50 99.2 323 --473 
D E P O  1.10 98.3 308--573 

J. Thermal Anal. 25, 1982 



SEVERINI et al.:  REACTIONS OF EPOXIDES WITH POLYAMINES 521 

4 x104 K -1 

20 z,O 60 80 
"~ 0 "~X~' I I I I ~ 

I 

-12 

cn -16 
<1 

-20 

224 

-28 

-32 

-36 

Fig. 7. Activation energy calculation according to Freeman and Carroll for the reaction 
DEPO -F TEPA (0.16 moles TEPA/E.M.M.)  

for the reaction of DEPO with TEPA (0.16 tool TEPA]E.M.M.). No matter which 
epoxide and amine are used and regardless of their ratio in the mixture, the activa- 
tion energy obtained from DSC dynamic measurements is about 98 kJ/E.M.M. 
This value is higher than those obtained isothermally (41.4 and 42.7 kJ/E.M.M.) 
for DGEBA and DGEBU respectively. This difference agrees with other data 
reported in the literature [2]. 

Epoxide and amine reactivities 

Table 4 contains results on the reactions of the four studied epoxides with the 
same amine concentration (0.09 tool TEPA/E.M.M.), corresponding to 0.63 active 
hydrogen atoms/E.M.M. 

Table 4 

Reactions between epoxides and TEPA. Heating rate 20 deg/min, 
0.09 tool TEPA/E.M.M. Range of scanned temperature: DGEBA, 
323--473 K; DGEBU,  323--473 K;  DEPB, 308--473 K;  DEPO, 

308-- 573 K 

E po x ide  AH, kJ/E.M.M. E p o x y  group conver-  
s ion  %, 

D G E B A  20.9 0.19 
D G E B U  26.6 0.24 
DEPB 34.7 0.32 
DEPO 42.3 0.39 
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According to the heat evolved, the quantity of  each reacting epoxide decreases 
as follows: 

DEPO > DEPB > DGEBU > D G E B A .  

This sequence may be regarded as an indicator of  epoxide reactivity. 
Given the DSC curve complexity, the value reported for DEPB has been esti- 

mated with some approximation. 
The heat of reaction vs. active hydrogen concentration plot (Fig. 8) shows that 

the evolved heat increases as the active hydrogen concentration increases, no mat- 
ter which amine is used and regardless of  the ratio of  primary to secondary hydro- 
gen atoms present. 
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Fig. 8. Heat of  reaction vs. active hydrogen g atoms/E.M.M. Curve 1: DGEBU + amines; 
Curve 2: DGEBA q- amines; [] EDA;  �9 DETA;  z~ TEPA 

In the described experiments, characterized by short reaction times, the heat 
evolved from the reacting E.M.M. was always lower than 108.8 kJ, the heat of  
reaction of  one epoxy group with an amine [6]. The features of  the crosslinked sys- 
tem that are formed during the reaction between epoxide and amine probably in- 
fluence the diffusion of  the reagents and, as a consequence, the further development 
of  the reaction [8] and the temperature of  the DSC curve peak (Fig. 5) correspond- 
ing to the maximum reaction rate. 
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ZUSAMMENFASSUNG - -  Die Reakt ion von 1.2.3.4-Diepoxybutan (DEPB), 1.2.7.8-Diepoxy- 
octan (DEPO) und der Diglycidyliither yon 1.4-Butandiol (DGEBU)  und  Bisphenol A 
(DGEBA) mit Athylendiamin (EDA), Di/i thylentriamin (DETA) und Tetraii thylenpentamin 
(TEPA) wurde ausschliel31ich mit DSC untersucht.  Die Reaktivit/it  der Epoxide n immt  in der 
Reihenfolge 

DEPO > DEPB > D G E B U  > D G E B A  

ab. Die Konversion der Epoxygruppen steigt mit  zunehmender Konzentra t ion an  aktivem 
Wasserstoff an, gleich welches Polyamin benutzt  wird. Dynamische DSC-Messungen, ausge- 
wertet nach  Freeman und Caroll, ergeben fiir einen weiten Bereich des Polyamin/Epoxy-Ver- 
h/iltnisses eine Aktivierungsenergie von 98 kJ/E.M.M.,  w~ihrend aus isothermen Experimenten 
nach Barton 's  Gleichung Werte von 38--42 kJ/E.M.M, berechnet werden. 

Pe3IoMe - -  C nOMOm~lO ~ C K  rt3yqeHa p e a r m ~  B3aHMoRe~CTB~ 1,2,3,4-~n3norca6yTaHa 
()~)HB), 1,2,7,8-~anoKc,orTaHa ( ~ ) H O ) ,  ~rtrstrmrtaHoro aqb~pa 1,4-6yTan~aona (~F~)BY), 
~rtrsmttrtanoro aCrtpa 6rtcqberiona A ()~F:gBA) c 3TH~el:l,~i, ta MHHOM, ~It3Tn~rterITpHa.Mn~OM r/TeT- 
paaTnnerineHTaMaaOM. PearLmormart C.OCO6HOCTb 3nOKCn~OB yMermmaeTc~ B noc0xe~oBaTertb- 
nocTrt: ) I 3 H O  > )I~)I-II~ > ~F~)I~Y > ,/2FOBA. Ylprt Ha3ro~ rormertTpaim~ aMrma npeBpa- 
meHHe anoxcrtrpymI yBenrt~qBaeTca, nocrom, Ky yseartq-rmaeTcz rorrtteriTpaima arTg_Bnoro BO~O- 
poza  ne3aBr~CnMO or  TOrO Kaxo~ nonHaMgn 6~,i~t ncnonc3oBan. O6pa6oTXO~ ~aarm~x ~ C K  ~aaa-  
M-n-,tecrdJx H3Mepenr~ no MeTO~y CpaM3na--Kappona O, ina BBIVi~c~eHa ~In~t nzKpoxo~ o6nacTrt 
COOTnomeHm~ IlOnrtaMmi-3noI(cI,~ 3neprrl~ a I ( T H B ~  paBriaa 98 I(n:.Ir M. M. 7)rleprrla aKTrt- 
Bairns, Bl, mcJieaEta~ ~ia OCrlOSe ypaBHenrls BapTorla 1,13 ~anm, Ix rI3oTepMH,.mCKrlX rI3Mepem~, 
6l, laa pamlofi 38--42 i(a:,Ir M. M. 
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