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Effect of 1-substituted imidazole derivatives for the curing process of epoxy-
-isocyanate composition
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The kinetics of the curing process of isocyanate-epoxy materials hardened in the presence of 1- substituted imi-
dazole derivatives was studied by the Coast-Redfern method. The extent of a conversion parameter of the curing 
process in two ways was calculated: DSC (peak area integration) and rheology (viscosity changes). The activation 
energy values were determined for epoxy-isocyanate cured in the presence of 0.5; 1.0 and 2.0 phr 1-substituted 
imidazole derivatives respectively.  Increasing of accelerators amount results in decreasing the activation energy 
and other kinetic parameters. 
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INTRODUCTION

Epoxy resins are the most important industrial reactive 
oligomers1. Mixing epoxy resins with various components 
allowed to obtain a wide range of materials with different 
properties, applied e.g. for coatings, adhesives, compo-
sites. One possibility of obtaining materials with high 
thermal resistance is mixing epoxy resin with isocyanate 
derivatives2–16. The described reagents are known to re-
act to oxazolidones1–13: 2-oxazolidone and 4-oxazolidone 
derivatives. They could be formed in the temperature 
range of 220–280°C12, 13 or 150–250°C14, depending on 
the diisocyanate kind.

However, it is also known that substantial quantities of 
undesirable by-products are formed in the temperature 
range of 80–150°C2–11, 15, 16 in the following reactions: 
between epoxy resin and isocyanate forming urethane 
bond and isocyanate trimerizations as well as formulation 
of biuret and allophanate compound. 

The isocyanate-epoxy compositions without accelerator 
exhibited a relatively long pot life at room temperature, 
especially with aliphatic and cycloaliphatic diizocyanate 
derivatives. The curing process could be accelerated by 
introducing the selected catalyst(s) or catalyst system 
into the isocyanate-epoxy composition.

The conventional catalysts of epoxy resin/diisocyanates 
crosslinking reactions could be divided into two groups: (i) 
tertiary amine e.g. diazabicyclo-[2.2.2]-octane or Girard 
reagent2, 3 and (ii) the halogen derivatives of zinc salts16. 

THEORY AND CALCULATIONS

Activation energy 
All kinetic studies can start with the basic equation 

relating to the rate of the weight loss at a constant 
temperature to the decomposition conversion17–21

 (1)
where k is the rate constant and α is the decomposition 
conversion at a given time. 

The differential conversion function f(α) may present 
various functional forms with the most common one, 

applicable for solid-state reactions, being the reaction 
of the n-order kinetic model, namely:

 (2)
where n is the reaction order, assumed to remain con-
stant during the reaction. The rate constant dependent 
on the reaction temperature is normally expressed by 
the Arrhenius formula:

 (3)

where Ed is the activation energy (in this case the curing 
process activation energy), A is a pre-exponential factor, 
R is the universal gas constant (8.314 J/(mol K)) and T 
is the absolute temperature of the reaction. Eqs. (1–3) 
may be combined to obtain the function:

 (4)

The use of the non-isothermal analytics method requ-
ires the need to transform Eq. (4) with Eq. (5), whose 
reaction rate is as a function of the temperature at a 
constant heating rate by using the relationship:

 (5)

where dα/dT is the non-isothermal reaction rate, dα/dt 
is the isothermal reaction rate, and dT/dt is the heating 
rate (β ) (K/min). Combination Eq. (2) and Eq. (4) with 
Eq. (5) leads to: 

 (6)

Integration of Eq.6 from the initial temperature T0, 
and the degree of reaction of α0 to the maximum tem-
perature Tp, where α = αp, leads to the Eq. 7:

 (7)

If T0 is low, it can be assumed that α0 = 0 from 0 to 
T0, there is no reaction in the temperature range of 0 
to T0, then the obtained Eq. (8)

 (8)
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where g(α) is the integral reaction model defi ned by the 
function of conversion21–23. 

The temperature dependent Eq. (8) cannot be solved 
analytically there but exist many good approximation 
methods e.g. the classical Coats-Redfern method23, 24, 
which has been widely applied to analyze the DSC data 
under the constant heating rate and non-isothermal 
conditions. The Coats-Redfern correlation is described 
by the following expression Eq. 9:

 (9)
For n=1 Eq. 9 leads to form

 (10)

For n≠1 Eq. 9 leads to form: 

 (11)

A plot of ln[1–(1–α)1–n/(T2(1–n)] or ln[(1–α)/(T2)] versus 
1/T should result in a straight line of slope being equal 
to –Ed/R for the correct value of the reaction order n 
and a set of kinetic parameters such as Ed and A can 
be obtained.

Model fi tting kinetics 
After obtaining the value of Ed, there could be used 

a statistic method to analyze the non-isothermal experi-
ment data for a thermal stimulated physical or chemical 
process, by constructing two functions with special y(α) 
and z(α) for guiding to determine an appropriate ki-
netic model24, 25. The functions y(α) and z(α) could be 
expressed in terms of Eqs. 12 and 13. 

 (12)

 (13)

where x is the reduced activation energy, (-Ed/RT), and 
β is the heating rate, π(x) is the expression related to 
the temperature integral which can be well approximated 
using the equation of Senum and Yang27 Eq. 14 .

 (14)

From the maximum of the curves y(α) and z(α) or 
(dα/td) vs α suitable αM, αp

∞ and αp  could be assigned, 
respectively. 

An examination of αM, αp
∞ and αp shows that their 

values satisfy the following conditions simultaneously: 
0<αM<αp

∞ and αp
∞≠0.632, which leads to the conclu-

sion that the two parameter Sesták-Berggren model (SB 
(m, n))27, 28, (Eq. 15).

 (15)

where m and n are the reaction orders, and the other 
parameters else have the same meaning as the above 
equations. Note here that the ratio of m and n, p, can 
be replaced by αM/(1 – αM) according to Málek25. Thus, 
Eq. 15 can be transformed into the following Eq. 16.:

 (16)

From Eq. 16 there could be constructed a series of 
the plots of ln(dα/dt)exp(x) vs. ln(αp(1 – α) with good 
linearity for each curing process, and consequently the 
values of m, n and ln A could be calculated from the 
intercept and slope of these fi tting straight lines.

EXPERIMENTAL 

Materials
The compositions were prepared by mixing Bisphenol 

A epoxy resin Epidian 6 (E6, epoxy equivalent 185, 
viscosity 18 000 mPa∙s at 23°C) from Organika Sarzyna 
S.A. (Poland) with isophorone diisocyanate (IPDI, pu-
rity 99%) from Sigma-Aldrich in a molar ratio of epoxy 
group:isocyanate group 1:1 and 1:2. The accelerators 
were: 1-methylimidazole (1MI, purity 98%) and 1-buty-
limidazole (1BI, purity 98%) from Sigma-Aldrich. The 
catalyst was introduced in the amount of 0.5; 1.0 and 
2.0 phr of epoxy resin. The epoxy-isocyanate materials 
content were collected in Table 1.

Methods
The curing process of the epoxy-isocyanate composi-

tion was characterized by using a differential scanning 
calorimeter DSC Q-100 by TA Instruments (USA), at 
the heating rates of 10K/min in the temperature range 
of 273–653 K and an ARES Rheometer (from Rhe-
ometrics Scientifi c) at a heating rate of 10°C/min in the 
temperature range of 313–573K, in 40 mm parallel-plate 
confi guration with a gap of 1 mm. 

RESULTS AND DISCUSSION

The increasing of 1-substituted imidazole derivatives 
content causes decreasing of the beginning, maximum 
temperature (Fig. 1) and the gel point (Fig. 2) of the 
curing process. 

DSC curves could be divided into two areas: in the 
temperature range from 100 to 200–275°C, in which un-
desired reactions could be observed and urethane bonds 
and allophanate formulations are formed and the range 
from 200–275°C to 310–340°C, which are accounted for 

Table 1. Exemplary epoxy-isocyanate compositions content
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the main reactions: the obtaining of isocyanurate and 
oxazolidone ring. In further analyses we are based on 
the description of the second peak, which described two 
main crosslinking processes.

Independently of the epoxy-isocyanate kind composi-
tes and accelerator content rheometric curves could be 
divided into several ranges: (i) from 40 to 120°C where 
slight viscosity changes might be observed, (ii) from 120 to 
200–250°C with decreasing viscosity caused by minor reac-
tions (similarly to DSC curves) and (iii) above 200–250°C 
with high viscosity increase assigned to major reaction (the 
initial temperature of this range is related to the amount 
of the catalyst). Independently of the isocyanate content 
the highest viscosity changes might be observed for epo-
xy-isocyanate composition with the highest amount of 
1-ethylimidazole. The lowest viscosity increase is noticed 

for the composition without accelerator with the epoxy:
isocyanate group molar ratio equal 1:1.

The degree of conversion is calculated by integrating 
the area of the second peak on the DSC curve, or as 
a result of comparison of the viscosity at current tem-
perature to the maximum viscosity, which is read off the 
rheological curve. The designated data are allowed to 
calculate the activation energy with the Coast-Redfern 
method for the fi rst order reaction (Table 2).

The crosslinking process of the composition with 
a higher diisocyanate isophorone content requires much 
higher energy (the activation energy for neat mixture 

Figure 1. DSC curves of epoxy-isocyanate compositions cur-
ing process catalyzed with 1MI, (a – molar ratio of 
epoxy group: NCO 1:1, b – molar ratio of epoxy 
group: NCO 1:2)

Table 2. Activation energies of epoxy-isocyanate compositions curing process

Figure 2. Rheometric curves of epoxy-isocyanate compositions 
curing process catalyzed with 1MI, (a – molar ratio 
of epoxy group: NCO 1:1, b – molar ratio of epoxy 
group: NCO 1:2)
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E6_2IPDI is more than twice higher than the value obta-
ined for the material with lower IPDI content (E6_IPDI). 

The increasing of 1-substituted imidazole derivative 
content causes decreasing of activation energy and larger 
changes are observed in the case of 1-methylimidazole 
using, with exception of the values, which are calculated 
for the type E6_IPDI mixtures (ratio of-NCO to epoxy 
groups of 1:1) with the smallest 1-butylimidazole content.

The activation energy obtained by two methods is sli-
ghtly different, usually greater (from about 4 to 20) are 
the values calculated on the  rheological curves basis. 

In order to determine precisely the effect of the curing 
accelerators, mixtures of epoxy resin and IPDI used 

fi tting kinetics model. Differentiation of the fractional 
conversion relative to reaction temperature (Fig. 3) 
followed by a certain transformation gives rise to the 
reaction rate dα/dt as a function of conversion α, as 
displayed in Figure 4. 

Noticeably, as the accelerator content is increased, 
dα/dt increases steadily, but the peak reaction rate 
appears at essentially constant αp of 0.49–0.69 (Figs. 5 
and 6, Table 3).

After obtaining the value of Ed, we can construct the 
normalized function curves of y(α) and z(α) (Eqs. 12 and 
13). As illustrated in Figure 4, the y(α) curves exhibit 
a sigmoidal profi le with essentially the same peak values 

Table 3. Characteristic peak conversion values αp, αM and αp
∞ for epoxy-isocyanate compositions curing process with different 

accelerator content

Figure 3. Plots conversion vs. the temperature of the epoxy-
isocyanate compositions curing process catalyzed 
with 1MI, (a – molar ratio of epoxy group: NCO 
1:1, b – molar ratio of epoxy group: NCO 1:2) 

Figure 4. The reaction rate vs. conversion (calculated αp) of 
the epoxy-isocyanate compositions curing process 
catalyzed with 1MI, (a – molar ratio of epoxy group: 
NCO 1:1, b – molar ratio of epoxy group: NCO 1:2)
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conversion αM being in 0.44–0.67, while the z(α) curves 
show αp

∞, within 0.49–0.70, dependent of accelerator 
content and kind. The greatest differences are noted 
for the composition without accelerator with a different 
IPDI content. The use of accelerators decrease the dif-
ferences in the values, which are located in the range 
for αM from 0.58 to 0.64. 

A further examination of αM and αp
∞ shows that their 

values satisfy the following conditions simultaneously: 
0 < αM < αp

∞ and αp
∞≠ 0.632, which leads to the conc-

lusion that the two parameter Sesták–Berggren model 
(SB (m, n) – Table 4) is suitable for the kinetic modeling 
of the studied reactions according to the criteria of the 

Málek method. Notice that as the demonstrated  αM 
could serve as a probe for refl ecting the autocatalytic 
tendency of the reaction; i.e., the smaller αM value, the 
less apparent  tendency of the autocatalytic reaction.

As can be found, kinetic parameters for the compo-
sition with accelerator very slightly depends on their 
content, but exceeding 10% of their mean values (m, n) 
can be observed.

The greatest differences are observed for A factor, 
especially in the case of the composition with a higher 
content of isocyanate component. The introduction of 
the accelerator (especially 1-methylimidazole) reduces 

Table 4. Calculated kinetic parameter m, n and ln A for SB (m, n) model for isocyanate-epoxy compositions curing process with 
different accelerator content 

Figure 5. Selected y(α) master plots (calculated αM) of the 
epoxy-isocyanate compositions curing process cata-
lyzed with 1MI, (a – molar ratio of epoxy group: 
NCO 1:1, b – molar ratio of epoxy group: NCO 1:2)

Figure 6. Selected z(α) master plots (calculated αp∞) of the 
epoxy-isocyanate compositions curing process cata-
lyzed with 1MI, (a – molar ratio of epoxy group: 
NCO 1:1, b – molar ratio of epoxy group: NCO 1:2)
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the A value of more than 100% (E6_IPDI mixture with 
the largest 1MI content).

CONCLUSIONS

Introducing catalysts to epoxy-isocyanate material acce-
lerates its curing process independently of the isocyanate 
content. The effect of using 1-imidazole derivatives, such 
as: 1-methylimidazole and 1-butylimidazole is similar and 
kinetic parameters are comparable for mixtures with the 
same 1-imidazole derivatives content. The further advan-
tage of using 1-imidazole derivatives is their excellent 
solubility in epoxy resin. 

The biggest differences for the crosslinking process are 
observed for mixtures without accelerators, especially 
in the case of the activation energy and other kinetic 
parameters (especially αM). The greater autocatalytic 
tendency of a crosslinking process is observed for the 
composition with a higher IPDI content.

LITERATURE CITED
1. Lee, H. & Neville, K. (2012). Epoxy Resins: Their Appli-

cations And Technology. Literary Licensing, LLC. 
2. Parodi, F. Post. (2007). Curing and high-performance 

isocyanate-epoxy FPR resin systems for structural composi-
tes and heavy-duty electrical/electromechanical applications. 
http://www.fpchem.com

3. Koenig, R. & Gon, J. (1992). Epoxy terminated polyoxa-
zolidones and process for the preparation thereof. US Pat. 5 
112 932.

4. Senger, J.S., Yilgor, I., McGrath, J.E. & Patsiga, R.A. 
(1989). Isocyanate-epoxy reactions in bulk and solution. J. Appl. 
Polym. Sci., 38, 373–382, DOI: 10.1002/app.1989.070380218.

5. Caille, D., Pascault, J.P. & Tighzert, L. (1990). Reaction of 
a diepoxide with a diisocyanate in bulk. Polym. Bull., 24, 23–30.

6. Caille, D., Pascault, J.P. & Tighzert, L. (1990). Reaction of 
a diepoxide with a diisocyanate in bulk. Polym. Bull., 24, 31–36.

7. De Meuse, M.T., Gillham, J.K. & Parodi, F. (1997). 
Evolution of properties of an isocyanate/epoxy thermosetting 
system during cure: continuous heating (CHT) and izother-
mal time-temperature-transformation (TTT) cure diagrams. 
J. Appl. Polym. Sci., 64, 15–25, DOI: 10.1002/(SICI)1097-
-4628(19970404)64:1<15::AID-APP2>3.0.CO;2-U.

8. Sala, G. (2000). Impact behaviour of heat-resistant to-
ughened composites. Composites Part B: Eng., 31, 161–173, 
DOI: http://dx.doi.org/10.1016/S1359-8368(00)00006-8.

9. Ardenengo III, A.J. & Corcoron, P.H. (1991). Isocyanurate 
– crosslinked epoxy resin coatings containing imidazolethione 
catalysts. PCT Int. Appl. WO 91 189 937.

10. Thermosetting adhesive and method of making some. 
(1998). PCT Int. Appl. WO 98 006 767.

11. Barsotti, R.J., Harper, L.R. & Nordstrom J.D. (2002). 
Oligomeric epoxy/isocyanate systems. US Pat. 6 426 148.

12. Pilawka, R. & Goracy, K. (2011). Investigations of cu-
ring process for epoxy-isocyanate compositions. Kompozyty, 
11, 44–48. 

13. Pilawka, R. & Goracy, K. (2011). In: Monograph: Struc-
tural polymers and composites, Gliwice, 362–370.

14. Pilawka, R. (2010). In: Monograph: Structural polymers 
and composites, Gliwice, 258–261 (in Polish). 

15. Dileone, R.R. (1970). Synthesis of poly-2-oxazolidones 
from diisocyanates and diepoxides. J. Polym. Sci., Part A, 8, 
609–615, DOI: 10.1002/pol.1970.150080304.

16. Speranza, G.P. & Peppe, W.J. (1958). Preparation of 
substituted 2-oxazolidones from 1,2-epoxides and isocyanates. 
J. Org. Chem., 23, 1992–1998.

17. Vyazovkin, S., Burnham, A.K., Criado, J.M., Pérez-Ma-
queda, L.A., Popescu, C. & Sbirrazzuoli, N. (2011). ICTAC 
Kinetics Committee recommendations for performing kinetic 
computations on thermal analysis data. Thermochim. Acta., 
520, 1–19, DOI:10.1016/j.tca.2011.03.034.

18. Ozawa, T. (1965). A new method of analyzing ther-
mogravimetric data. Bull. Chem. Soc. Jpn. 38, 1881–1886, 
DOI: 10.1246/bcsj.38.1881.

19. Friedman, H.L. (1964). Kinetics of thermal degradation 
of char-forming plastics from thermogravimetry. Application 
to a phenolic plastic. J. Polym. Sci. Part C Polym. Symp. 6, 
183–195, DOI: 10.1002/pol.1969.110070109.

20. Kissinger, H.E. (1957). Reaction kinetics in differential 
thermal analysis. Anal. Chem. 21, 1702–1706, DOI: 10.1021/
ac60131a045.

21. Wang, H., Yang, J., Long, S., Wang, X., Yang, Z. & 
Li, G. (2004). Studies on thermal degradation of poly (phe-
nylene sulphide sulfone). Polym. Degrad. Stabil. 83, 229–235, 
DOI: 10.1016/S0141-3910(03)00266-0. 

22. Tonbul, Y. & Yurdakoc, K. (2007). Thermal behavior 
and pyrolysis of Avgamasya asphaltite Oil Shale 25, 547–560.

23. Coats, A.W., Redfern, J.P. (1964). Kinetic Parame-
ters from Thermogravimetric Data. Nature, 201, 68–69, 
DOI: 10.1038/201068a0. 

24. Criado, J.M., Malek, J. & Ortega, A. (1989). Applicabi-
lity of the master plots in kinetic analysis of a non-isothermal 
rate. Thermochim. Acta., 147, 377–385, DOI: 10.1016/0040-
6031(89)85192-5. 

25. Malek, J. (1992) The kinetic analysis of non-isothermal 
data. Thermochim. Acta., 200, 257–269, DOI: 10.1016/0040-
6031(92)85118-F. 

26. Sbirrazzuoli, N., Girault, Y., Elegant, L. & Malek, J. 
(1995). Thermochim. Acta., 249, 179–187, DOI: 10.1016/0040-
6031(95)90690-8. 

27. Senum, G.I. & Yang, R.T. (1977). Rational approxima-
tions of the integral of the Arrhenius function. J. Therm. Anal. 
Calorim. 11, 445–447; DOI: 10.1007/BF01903696.

28. Simon, P. (2011). Fourty years of the Sesták-Berggren 
equation, Thermochim. Acta 520, 156–157, DOI: 10.1016/j.
tca.2011.03.030. 

29 Sesták, J. & Berggren, G. (1971). Study of the kinetics of 
the mechanism of solid-state reactions at increasing temperatu-
res, Thermochim. Acta, 3, 1–12, http://dx.doi.org/10.1016/0040-
6031(71)85051-7.


