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ABSTRACT 

The kinetic investigation of thermoanalytical curves of complex chemical 
reactions requires tedious calculation and large arrays for data processing. 
A computer program (BASIC) has been developed with which the intricate 
thermoanalytical curves can be resolved into individual signals and the 
signals evaluated kinetically accordrng to several mathematical expressions. 
A computed simulation of the thermoanalytical curves using the parameters 
of bulk reation is carried out to verify the validity of the parameters. 
The method is suitable for determining the amount of Isothermal conversion 
in dynamically observed curing reaction of epoxy resins. 

INTRODUCTION 

In differential scanning calorimetric (DSC) experiments, the temperature 

dependent heat flow for exothermic chemical reactions comprises implicitly 

all the kinetic data necessary to calculate the amount of conversion of 

an isothermally conducted reaction. In the development of reactive resins 

for high grade electrical insulations these quantities are required for 

optimizing the processing conditions since the exothermic curing reactrons 

are mostly carried out in several temperature steps (ref. 1). 

Mathematical expressions serve as a computation base in establishing a 

relationship between the general law of homogeneous kinetics and the Arrhenius 

equation. Bulk quantities are thus obtained corresponding to the order of 

reaction (n), the energy of activation (E) and the frequency factor (A) 

(ref. 2). With these operands the rate constants (k) and the enthalpy values 

( AH) proportional to the conversion are determined. 

The calculation involved and the processing of large arrays can be handled ra- 

tionally only with computers (ref.3). Commercially available programs in gen- 

eral operate with a fixed mathematical expression in a fixed range of the 

thermoanalytical curve and do not therefore permit either the mutual comparison 

of different known methods of evaluation or the concentrated localization of 
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the range of evaluation. This paper describes a computer program in which 

four alternative methods of computation are used. It also contains a facil- 

ity for resolving the intricate thermoanalytical curves, which result due to 

polymer reactions taking place either parallelly or successively, into indi- 

vidual signals and for investigating the signals separately. For evaluation 

of the kinetic aspects, intermediate results are plotted and the thermo- 

analytical curves simulated mathematically by using the calculated bulk 

quantities which correspond to the kinetic parameters. Only on adequate 

agreement of the thermoanalytical curve with the simulated one are the para- 

meters used to calculate the amount of isothermal conversion of the reaction. 

COMPUTATION BASE 

a’ Kinetic evaluation of the thermoanalytical curves 

The total enthalpy of reaction (AH) is calculated after substracting the 

base line of the measurement peak from the equidistant original data: 

C 
AH = - 

dT/dt 

c q cell factor, dT/dt q heating rate, T = temperatur difference between 

two readings, dH/dt q heat flow, t = dimensionless term for the time with 

respect to the time unit. The partial enthalpy of reaction (HJ) up to the 

temperature (TJ) is given by 

J .m 

Applying the mathematical expression due to Borchhardt and Daniels, the 

rate constant (k) for a fixed reaction order is calculated using the total 

enthalpy of reaction and the partial enthalpy and heat flow as a function 

of the temperature (T), these parameters being obtained from the thermo- 

analytical experiment (ref. 4): 

k = _.$A!/(* - $)” 

In k is plotted against l/T, the Arrhenius straight line and the correla- 

tion with the straight line being calculated. The value of n leading 



to the best correlation is determined by scaling down the interval. In accor- 

dance with 

E 1 
lnk=lnA-7-f 

In A is obtained as the axle, intercept and -E/R as the slope of this straight 

line (R = 8.31 J mol-1 K-l). 

Applying the multilinear regression to the operational equation due to Borch- 

hardt and Daniels, a linear equation system 1s etablished using the formula 

YI = Xr,r l In A + xl,2 - n + x,,~ * E 

and the values calculated from an arbitrary number (J > 3) of equidistant 

points of the thermoanalytical curve (ref. 5): 

xp,i = In (1 --$) 

Written in matrix form we obtain: 

Yl 
YZ 

. = 

. 

. 

I 
x11 x12 Xl3 

x21 x22 x23 

A 

. . . 
. 

. . 

In 

E 

YJ xJl xJ2 xJ3 

--u 
Y X L 

Xl, I 

x3,1 

-_ 1 

1 I_- 
R - Ti 

The bulk quantities for In A, n and E are calculated using the expressron 

L = (XT . x)-l. XT . Y, where XT signifies the transposed matrix of X (ref. 6). 

In thrs manner the thermoanalytical curve is investigated stepwise in the 

overlapping intervals of temperature. 
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For calculatron usrng the expression due to Freeman and Carroll, the terms 

and 

are determined stepwrse over the entrre range of values for two successive 

pairs of values (1 and i+l) (ref. 7). After plotting y agarnst x, the bulk 

quantrtres for n and E are calculated from the axes intercept and from 

the slope of strarght lines according to the strarqht line equatron y q 

n-E. x. The mean of the two parrs of values whrch Ire nearest to the 

straight line yrelds the bulk quantrty for the frequency factor according 

to 

In A = In 
i 

dH 
X*5 

Applying the equatron due to Ellerstern, which can also be reduced to a 

straight line equatron, the two neighbouring pairs of values (i - 1 and 

1 + 1) in addrtion to the observed pair of values (I), and the heating rate 

(dT/dt) are taken into account in determinrng x1 and y, (ref. 8) : 

XI = Ti 2. 2.s /<AH - HI) 

2 
yt = T2* 

dH dHi-t 
e-r 

dHi 
/cT,+1- T,-l)x 

The bulk quantitaties for E and n result, according to y = E/R - n.x, from 

the axis intercept and the slope of the strarght lines for y over X. 

In A 1s calculated for the pair of values which lies nearest to the straight 

line. 
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b) Mathematical srmulatron of the thermoanalytrcal curves 

Starting from the partial enthalpy of reactron H q 0 and In recursrve steps 

of 0.1 K the integral dependency H q f (T) 1s calculated from 

The depency of heat flow on the temperature, whrch corresponds with the 

thermoanalytlcal curve, 1s obtarned by approxrmatlng 

dH,/ dt = (Hi - H,+ ) - 2 * ; 

c) Calculatron of the amount of isothermal conversion of the reaction 

From the thermodynamic measurement rt is possible, applyrng the bulk quantr- 

ties for n, E and A, to determlne the rate constants at drscrete tempera- 

tures (kT) and the amount of Isothermal conversion (d) of the reaction 

as a function of time accordrng to Grentrer et al. (ref. 9): 

a= 1 - [(n - 1) l kr*t + 111”‘-“’ n#l 

a= 1 - exp (- kf * t) n-1 

d) Separation of overlapped rndivrdual signals 

A part of the thermoanalytrcal curve 1s fitted by superposltlon of m dlffer- 

entral drstrlbutlon functrons. The resultrng function has the form: 

f(T) = I 
m dHl 

,rj X- l 

exp (- WI* <T - T’f)2) 

w z breadth of the distribution function 

T* q temperature at maximum 

For kinetic evaluation either the fitted function itself 1s taken into account 

or the function curve 1s deducted from the thermoanalytical curve before 

the evaluation. The pertinent enthalpy of reaction is obtained from the 

area under the curve to be evaluated with respect to the area of the total 

thermoanalytlcal curve. 
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EXPERIMENTAL 

A mixture of blsphenol A-dlglycldylether (epoxy content 5.77 mol/kg) 

and dllsocyanato-dlphenylmethane at a molar ratlo of 1:2 was treated with 

1 % dlmethyl benrylamlne (DMBA). An amount of roughly 10 mg of the reactlon 

mixture was lmmedlately cold welded In an alumlnlum mlcropan. The curing 

reactlon was followed with a "thermal analyzer" 910/1090 (Du Pant) at a 

heating rate of 10 K/mln and a sampling rate of 0.4 s/point In the tempera- 

ture range of 10 to 328'C. The 4770 measured pairs of data dH/'dt = f (T) 

were taken over on-line by a desktop computer HP 9836 (Hewlett Packard). 

The sample weight, the heating rate and the cell factor were fed in manually 

through the keyboard. 

COMPUTER PROGRAM RUN 

The computer program to evaluate the thermoanalytlcal curve IS developed 

modularly In a so called softkey menu technique (Fig. 1). Owing to the size 

of the agreed arrays and the program range, only the sections necessary 

for the computation are called up from the mass storage unit. The program 

calls for constant dialogue. Intermediate results are plotted In each case. 

Digltalized thermoanalytlcal curve' 

Temperatclre 7: Heat fluw dll.dr. Erlthalpy ti//. Sdmplc welytk 11: Heatlrig ratedr’dl, Cellfactor (’ 

lntegratlon of the slgnal 

Calculation of: 

Reaction order II 

Activation energy E 

Frequency factor .I 

Due to Borchardt and Daniels 

Due to Freeman, Carroll 

Due to Ellerstein 

By multiple lmear regression 

I L I 

I”“‘“‘““‘“““““‘“‘i”“I 
of the thermoanalytlcal curves 

Figure 1: Program for the kinetic evaluation of thermoaqalytical curves 

After on-line take over of the orlglnal data of measurement, the base line 

1s calculated and deducted (Fig. 2). Up to 400 equldlstant supporting points 

of the base-line-corrected thermoanalytlcal curve, the calculated partial 
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enthalpy at each point, the total enthalpy of reaction, the sample wplght 

and the heating rate are stored for further calculation. Complex thermoana- 

lytlcal curves of superimposed reactions are resolved Into lndlvldual signals, 

the signals evaluated over the entlre range of values by the methods mentloned 
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Figure 2: Thermoanalytical curve of a modified epoxy resin together 
with fitted distribution functions 

In b) and the results plotted. Subsequently the evaluation range 1s narrowed 

down, the bulk quantltles corresponding to the klnetlc parameters recalcu- 

lated and the signals thus simulated mathematlcally. As soon as there 1s 

adequate agreement between the measured and calculated data, the parameters 

are used to calculate the Isothermal converslon curves. 

RESULTS AND DISCUSSION 

Following eurlng, the modified epoxy resin selected for the demonstration 

of the computer program yields a thermoanalytlcal curve having several maxima 

(Fig. 2). The total enthalpy of reaction amounts to 525 J/g. Wlthout the 

resolution of this thermoanalytlcal curve into individual signals the bulk 

parameters cannot be calculated with any of the described mathematical ex- 

presslons.As a result of the lnvestlgatlons of the chemical structure of 

partially cured epoxy resins, signal A is attributed to the exothermlc 

trlmerlsation reactlon of the modlfylng component and the signal B to the 

exothermlc reactlon of the residual epoxy groups. 
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Figure 3: Calculation of the values corresponding to 
the bulk reaction parameters from signaf A 

Sqnal A, whose area corresponds to an enthalpy of reactlon of 136 J/g, 

was separated by taking the difference between the thermoanalytlcal curve 

and the dlstrlbutlon function (drawn as a dash-dot ixne) and lnwestlgated 

by means of multiple regresslon in a narrowed range of 8 to 83 % of conversion 

using 13 supporting points In the dynamic experiment (Fig. 3). The slgnal 

. . . . Measured values 
- Simulated curves 

temperature 19 - 

Figure 4: mathematical simufation of thermoanalytical signals with the 
calculated values corresponding to the bulk reaction parameters 
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could be mathematlcally simulated In good approxlmatlon to the calculated 

values (Fig. 4). The conversion curves calculated with the same values at 

discrete temperatures show that the trlmerlsatlon reaction in this case 

1s clearly detectable after 2 hours at 25OC. This reaction 1s practically 

completed after 10 min at 50°C (Fig. 5). 

“0 20 40 60 80 100 min 120 
timer - 

Figure 5: Percentage conversion with the trimerisation reaction of 
diphenylmethane diisocyanate in modified epoxy resin 

Signal 6, corresponding to a reaction enthalpy of 143 J/g, is represented by 

the distribution function drawn as a broken line (Fig.?.). The calculation of 

the kinetic parameters was made according to Borchhardt and Danlels by con- 

fining the conversion to a range of 20 to 60 % in the dynamic experiment (Fig.6). 
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Figure 6: Calculation of the values corresponding to the 
bulk reaction parameters from signal B 
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The mathematical reconstruction leads equally to a good agreement (Flg.4). 

A temperature program was assumed for the reaction of residual epoxy groups 

to calculate the percentage of conversion. Almost complete conversion 1s 

achieved after a reaction time of 4 h In several temperature steps up to 

14OOC and subsequent tempering for 6 h at 150°C and a further 

ZOOOC (Fig. 7). 

10 hours at 

I I I I I I I 
2 4 6 8 10 12 14 16 18 h20 

time t - 

Figure 7: Percentage conversion of residual epoxy groups 
in modified epoxy resin 

The results found are In good agreement_ with those for the determlnatlon 

of functlonal groups in partially cured mouldlng materials. The optional 

program steps that can be called up - resolving the thermoanalytlcal curve 

into lndlvldual signals, locallzatlon of the range of values, klnetlc evalua- 

tlon, mathematical slmulatlon of the thermoanalytlcal curve for verlflcatlon 

and calculation of the amount of isothermal conversion of the reactlon - 

permit, for the first time, lnvestigatlon of lntrlcate thermoanalytlcal 

curves. Other analytical methods have to be employed for lnterpretlng the 

thermoanalytical curves and the results. 
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