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Abstract

Thermal denaturation of uridine phosphorylase from Escherichia coli K-12 has been studied by differential scanning
calorimetry. The excess heat capacity vs. temperature profiles were obtained at temperature scanning rates of 0.25, 0.5, and
1 K/min. These profiles were analysed using three models of irreversible denaturation which are approximations to the
whole Lumry—Eyring model, namely, the one-step model of irreversible denaturation, the Lumry—Eyring model with the fast
equilibrating first step, and the model involving two consecutive irreversible steps. In terms of statistics the latter model
describes the kinetics of thermal denaturation of uridine phosphorylase more satisfactorily than the two other models. The
values of energy activation for the first and second steps calculated for the model involving two consecutive irreversible
steps are the following: E, ; = 609.3 + 1.8 kJ /mol and E, , = 446.8 = 3.2 kI /mol. © 1998 Elsevier Science B.V.
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1. Introduction

Thermal denaturation of proteins is being studied
intensively today. Investigation of denaturation may
help to elucidate the mechanisms of the reverse
process, i.e., protein folding.

Differential scanning calorimetry (DSC) is a pow-
erful technique to study thermal denaturation. It al-
lows investigators to get valuable information on
thermodynamic and kinetic features of the process
[1=7]. Therefore, elaboration of mathematical meth-
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ods for analysis of DSC curves is of great impor-
tance.

The Lumry—Eyring model {8] is the most attrac-
tive model for protein thermal denaturation. It in-
volves a reversible unfolding step followed by an
irreversible denaturation step:

kl kZ
NeU-D (1)
ke

where N, U, and D are the native, conformationally
changes (possibly partially unfolded), and denatured
forms of the protein, respectively. At the same time,
it is known that DSC data for denaturation of some
proteins are satisfactorily described by the model
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involving the reversible step only [1]. Such a model
may be considered as a special case of the Lumry—
Eyring model] if the irreversible step does not_occur
within the temperature range under investigation.

Nevertheless, thermal denaturation of a great many
proteins is irreversible [6,7,9]. In this case it is
necessary to use the models of irreversible denatura-
tion for analysis of DSC curves. However, there are
some problems with the use of the whole Lumry-
Eyring model, as the system of differential equations
describing it cannot be solved at varying tempera-
ture.

The present paper deals with thermal denaturation
of uridine phosphorylase (EC 2.4.2.3) from Es-
cherichia coli K-12. The enzyme catalyses phospho-
rolysis of uridine with formation of ribose-1-phos-
phate and wuracil [10,11]. The molecule of uridine
phosphorylase is a hexamer composed of six identi-
cal subunits with a molecular mass of 27.5 kDa
[12-14). According to the X-ray data [15,16], the
hexamer consists of three structurally formed dimers
‘whose monomers are connected by the symmetry
axis of the second order, and three dimers link by the
symmetry axis of the third order.

The aim of the present paper is to investigate the
thermal denaturation of uridine phosphorylase by the
DSC method and to use the models, which are
approximations to the whole Lumry—Eyring model,
for analysis of thermal denaturation of the enzyme.

2. Models
2.1. The one-step model of irreversible denaturation

The simplest model of irreversible protein denatu-
ration is a monomolecular transformation of native
protein to the denatured state with the rate constant
of the first order k:
N5D (2)

In application to DSC data this model was investi-
gated by Sanchez-Ruiz and Mateo [5], Freire et al.
[6], Sanchez-Ruiz et al. [17], Conejero-Lara et al.
[18], Sanchez-Ruiz [19], and Kurganov et al. [20].
The excess heat capacity (C;X) can be expressed as a
function of absolute temperature (T) at the constant
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scanning rate v = dT/d¢ (¢ is time) [5,6,20]:

R\T" T

1 E (1 1
,C;"=—AHexp{—( , ——)}
v

Xexp{—lva:exp[%( Tl* B %)}dT} (3)

where AH is the enthalpy of denaturation, E, is the
energy of activation for the denaturation process, T *
is the temperature at which k= 1 min !,

Model (2) was used for the ‘quantitative descrip-
tion of thermal denaturation of some proteins
[17,18,21-27]. Kurganov et al. [20] discussed the
criteria of validity of the model and showed that the
thermal denaturation of several proteins, described
earlier in the context of the one-step irreversible
model, does not strictly follow it.

2.2. The Lumry—Eyring model with the fast equili-
brating first step

The model, in which the rate of equilibrium estab-
lishing for the first step is high in comparison with
that of the second step, may be considered as an
approximation to the whole Lumry-Eyring model
[19,28-30]:

(4)

Milardi et al. [29] have obtained the expression for
C,* for this model:

kK
K+1

X
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where AH, is the change of enthalpy associated
with the first step, AH, is the change of enthalpy
associated with the second step, K is the equilibrium
constant for the first step (K =expl—AH,/R (1/T
—1/T,,))D, k is the rate constant for the second
step (k =exp[—E,/R (1/T~1/T*)D; T, , is the
temperature at which K =1, T* is the temperature

at which k=1 min™".

X exp

(5)
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The model was used for the quantitative descrip-
tion of thermal denaturation of azurin [29,31,32].
However, the results of fitting of Eq. (5) to the DSC
curves testify to only rough description of the experi-
mental data.

2.3. The model involving two consecutive irre-
versible steps

The model involving two consecutive irreversible
steps can be considered as another approximation to
the whole Lumry-Eyring model (in this case we
suppose that k_, < k,, see model (1)):

kK
N-U-D (6)

We have obtained the following expression for C;*
for this model (see Appendix A):
AHk, 1 ,r
C*= exp| —— | k,dT
p » XP(K » fT ' €7

AHky [ 1 .7
+ — = [Tkyar
) exp( VfTO 2

XfT[klexp(%fT(kz—kl)dT)

where AH, and AH, are changes of enthalpy for
the first and second steps, k, and k, are the rate
constants for the first and second steps: k; =
expl—E,,/R (1/T—1/T"), k,=expl—E,,/R
(1/T—1/T,7)); T and T," are the temperatures at
which the rate constants k;, and k, are equal to 1
min~ ",

ar - (7)

3. Methods

Uridine phosphorylase was prepared from E. coli
K-12 (the superproducer of the enzyme) by the
method described in [33] using 1 mM 2-mercapto-
ethanol to protect the sulphydryl groups of the en-
zyme from oxidation. The enzyme preparation was
homogeneous according to the results of elec-
trophoresis in polyacrylamide gel [34]. The protein
concentration was determined spectrophotometrically
using the absorbance index 0.67 cm™' for 0.1%-
solution at 280 nm [35] or by the Bradford assay
[36].

Calorimetric study was carried out by means of a
DASM-4 microdifferential scanning calorimeter
(Scientific and Industrial Association ‘Biopribor’,
Russian Academy of Sciences) equipped with 0.47-
ml capillary platinum cells. To obtain DSC curves,
the solution of uridine phosphorylase 0.95 mg/ml in
50 mM Hepes—NaOH, pH 7.55, was scanned from
20 to 80°C with scanning rates of 0.25, 0.5 and 1
K /min.

All the experimentgl points were used for quanti-
tative analysis of the DSC curves. To fit the theoreti-
cal curves to the experimental data we used an
original program for IBM-compatible computer based
on the minimization algorithm by Nelder and Meed
[37]. In the cases when the chemical baseline was
preliminarily subtracted, the procedure proposed by
Takahashi and Sturtevant [38] was used. The stan-
dard error of parameter estimation was calculated as
described in Ref. [39]. The correlation coefficient r
used as a criterion for the accuracy of fitting was
calculated by the equation:

= 1= T e Y (v (8)

i=1 i=1

where y, and yf* are the experimental and calcu-
lated values of C.*, respectively, y" is the mean
experimental value of C2*, n is the number of

points.

4. Results
4.1. DSC profiles of uridine phosphorylase

Heat capacity vs. temperature profiles were ob-
tained for scanning rates of 0.25, 0.5 and 1 K/min.
The position of a maximum on the profiles is shifted
to higher temperatures with the scanning rate. Such
an effect testifies to the irreversible character of
thermal denaturation of the protein [5,6]. Therefore,
to analyse the profiles obtained we used the models
of irreversible denaturation of protein.

4.2. The one-step model of irreversible denaturation

To obtain the excess heat capacity (C7*) vs. tem-
perature profile, it is necessary to subtract the chemi-
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Table 1

Arrhenius equation parameter estimates for one-step model (2) of thermal denaturation of uridine phosphorylase

Parameter?® Version® Temperature scanning rate, K /min Fitting to all curves
¢ 0.25 0.5 1
E,, kI /mol —-BL 650.7+ 2.1 6285+ 1.7 560.4 + 1.1 5778+ 1.2
+BL 642.5 + 2.1 617.:+ 14 562.1+ 1.0 5739+ 1.2
T, K ) -BL 3347 £ 0.01 3350+ 001 3355+£0.01 335.3+0.01
BL 3347 +£0.01 335.0+£0.01 335.5 +0.00 3353 +£0.01
AH, kI /mol —BL 1983 +5 2226 5 2641 + 4
+BL = 2026+ 5 2275+ 4 2642+ 4
re —-BL 0.9970 0.9977 0.9988 0.9944
+BL 0.9971 0.9983 0.9989 0.9947

“The estimates + standard errors are given.

® _ BL: chemical baseline was preliminarily subtracted; +BL: chemical baseline was inserted in the expression for C,.

“Correlation coefficient (r) is calculated by Eq. (8).

cal baseline which takes into consideration the dif-
ference between heat capacities of the initial and -
final protein states [7,38]. At the same time, the
primary C, vs. temperature profile.could be anal-
ysed without preliminary subtraction of the chemical
baseline. The expression for C, may be obtained by
insertion of the corresponding terms describing the
chemical baseline in Eq. (3) for C3*:

Cp= Co+ Clyy + CP(1 = 7y) 9)

where C)' and C) are heat capacities of the native

and denatured protein, yy is the mole fraction of the
native state: yy = exp(—1/vf{ kdT) . It is assumed
that C)Y and C} are linear functions of temperature
and described by the equation C} = a, + B,T (x is
N or D), where a, and B, are parameters which can
be obtained by the linear approximation of the initial
(for C}') and final (for C?) parts of the DSC profile.

The results of fitting of Egs. (3) and (9) to the
experimental data are shown in Table 1 (lines —BL
and +BL, respectively). As can be seen from the
table, the results of both versions of fitting do not

Table 2
Arrhenius equation parameter estimates for Lumry—Eyring model with fast equilibrating first step (4) of thermal denaturation of uridine
phosphorylase
Parameter® Version® Temperature scanning rate, K /min Fitting to all curves
0.25 0.5 1
A H;, kJ /mol —BL 1408 + 9 1587 + 12 2470 £ 10 1742 £ 979
+BL 4426 1 172 3994 + 976 2929 + 29 4155 + 36
AH,, kI /mol -BL 5554 +7.1 628.8 +12.8 2652 +8.0 184.0 +443
+BL 674.1 +26.1 517.1+10.8 420.0 £ 9.4 7517+ 4.4
E,, kJ /mol —-BL 293.7 +65.0 1572 +26.7 517.2+£2.5 426.7 £ 57.9
+BL 32134235 218.5+43.4 414.0+12.6 389.8 £ 1.7
Ty, —BL 3328 +0.7 3343+0.2 3295402 340.6 + 3.0
+BL 330.6 £ 0.4 3340+ 0.5 3323+ 04 329.7 £0.03
T —BL 335.1+0.1 334.1+£0.3 33521001 3324+ 16
+BL 336.2+0.1 3342+ 0.6 335.1+0.1 335.7+0.01
re —BL 0.9990 0.9994 0.9994 0.9945
+BL 0.9995 0.9998 0.9998 0.9997

“The estimates + standard errors are given.

® ~ BL: chemical baseline was preliminarily subtracted; +BL: chemical baseline was inserted in the expression for Cp-

“Correlation coefficient () is calculated by Eq. (8).
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significantly diverge for this model. At the same
time, the estimates of the parameters vary signifi-
cantly with the varying scanning rate. This means
that the model cannot be used for the description of
thermal denaturation of uridine phosphorylase [20].

4.3. Two-step models of irreversible denaturation

Since the one-step model is not applicable to
thermal denaturation of uridine phosphorylase, we
have used two two-step models, namely, the
Lumry-Eyring model with the fast equilibrating first
step (4) described by Eq. (5) and the model involv-
ing two consecutive irreversible steps (6) described
by Eq. (7).

The results of fitting of Egs. (5) and (7) to the
experimental data are shown in Tables 2 and 3 (lines
—BL), respectively. One can see that the accuracy
of fitting (as indicated by the values of r) is signifi-
cantly higher than in case of the one-step model (2).
This seems to be due to the increase in the number
of parameters, namely, from three in Eq. (3) to five
in Eq. (5) and six in Eq. (7). The standard errors of
parameter estimation rise simultaneously; this effect

251

is also due to the increase in the number of parame-
ters.

The most important result of fitting is that the
estimates of the parameters vary significantl 7 with
the scanning rate. The divergence is much higher
than in the case of model (2).

4
83 L+

' >

4.4. Effect of heat capacity ’)f the intermediate state

As we have stated in Section 4.2, the direct
insertion of the chemical baseline in the expression
for C,, instead of its preliminary subtraction, has no
significant effect on the results of fitting for one-step
model (2). However, this is not true for the models
taking into consideration an intermediate state. The
character of the chemical baseline depends on un-
known heat capacity of the intermediate state, there-
fore the shape of the line can significantly differ
from the sigmoidal curve of Takahashi—Sturtevant
[38].

To directly analyse the C, vs. T profile for
models (4) and (6), we should modify Egs. (5) and

Table 3

Arrhenius equation parameter estimates for model including two consecutive irreversible steps (6) of thermal denaturation of uridine

phosphorylase

Parameter?® Version® Temperature scanning rate, K /min Fitting to all curves®

0.25 0.5 1 Variant 1 Variant 2

E,, kI /mol —-BL 7353 +£7.1 661.2+9.1 4404 + 10.6 609.3 + 1.8 636.8 £2.0
+BL 649.7 + 36.1 616.3 £20.3 292.2+83 4942420

E,,, k] /mol —BL 555.5 +£34.9 374.0 £ 34.6 555.7+ 163 446.8 £ 3.2 452.6 £ 3.1
+BL 431.4 £ 315 237.5+86.0 508.0 +4.2 4574+ 0.7

AH,, kJ/mol —BL 1037 £ 111 1092 + 140 1317 + 120 636 + 27
+BL 843 + 1988 1083 + 1147 1098 + 464 41746

AH,, k] /mol —-BL 935+ 112 1138 £ 139 1374 £ 122
+BL 1694 + 552 1492 + 801 2391 +22 2781+ 8

AH,/AH, —-BL 0.90 £ 0.20 1.04 £ 0.26 1.04 £ 0.19 3.82+0.16
+BL 2.01+5.39 1.38 +£2.20 2.18+0.94 6.68 + 0.11

T -BL 333.44+0.07 33411004 335.7 + 0.01 333.4+£0.04 333.5+£0.04
+BL 333.4+£0.80 3344 +0.25 3359+ 0.07 333.2+£0.02

I -BL 3353 +£0.10 3359+ 0.07 334.0+0.08 335.6 £ 0.01 335.6+£0.01
+BL 3358 +£0.13 336.2 £ 0.20 3349 +£0.04 335.5£0.00

ré —BL 0.9992 0.9993 0.9994 0.9986 0.9984
+BL 0.9995 0.9997 0.9998 0.9996

“The estimates + standard errors are given.

® _ BL: chemical baseline was preliminarily subtracted; +BL: chemical baseline was inserted in the expression for C,.
“Variant 1: AH,/AH, is global parameter; variant 2:AH, is global parameter.

dCorrelation coefficient (r) is calculated by Eq. (8).
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(7) by analogy with Eq. (9) in Section 4.2:
G =G+ C;?VN + C;(»J'YU + Cl?(l — YN~ Yu)s
(10)

where yy and +y are the mole fraction of the native
and intermediate states, C* is excess heat capacity
calculated by Eq. (5) or Eq. (7), C}', C, and C,’ are
heat capacities of the native, denatured, and interme-
diate states, respectively. (We suppose that CU, as
well as CN and Cl?, can be described by the linear
expression C;' = ay; + By, T.) For model (4) the frac-
tion of the native state is expressed as follows:

1 1 .7 kK o .
“K+1F vaOK+1 ’ (1)

YN

and the fraction of the intermediate state is defined
by the formula:

K I 7 kK
= ex R —
LA T s R Sy

(12)

For model (6) we get the following expressions for
the fractions of the native and intermediate states:

I .7
= —— | k,dT 1, 13
Yx exp( VfTO | ) (13)
1 1
Yy = —exp(——kasz)
14 v T,

dr  (14)

T 17
X kexp| — ky — k,)dT
[ el 1k 10

(see Appendix A).

The results of fitting of Eq. (10) to the experimen-
tal data are also shown in Tables 2 and 3 (lines
+BL). One can see that in all the cases the accuracy
of fitting rises as compared to the analogous cases
with the preliminary subtracted baseline. However,
the standard errors of parameter estimation increase
too. At the same time, the marked divergence of
parameter estimates for different scanning rates is
retained.

It should be noted that there is a sharp increase in
the values of the total change of enthalpy, which is
due to the fact that the calculated values of C}P have
proved to be much lower than the corresponding
values of Cgf and C;? for all the scanning rates and
for both models. Our calculations show that, as a

result, the baseline takes the shape of an inverted
bell.

4.5. Simultaneous fitting to all the curves

Since fitting of the theoretical expressions to the
experimental DSC curves corresponding to the dif-
ferent scanning rates results in different parameter
estimates, it is necessary to fit the theoretical expres-
sions to all the experimental curves simultaneously.
However, there is a problem connected with the
difference in the values of denaturation enthalpy.

As can be seen from Tables 1-3, the total denatu-
ration enthalpy (AH in Table 1, AH,+ AH, in
Table 2, AH, + AH, in Table 3) has significantly
different values for the different scanning rates. In
the case of fitting to experimental curves after the
preliminary subtraction of baseline, these values are
virtually identical for all the models and determined
by the area under the C;* vs. T profile.

Some differences in the values of denaturation
enthalpy measured at varying scanning rates were
observed in a number of works [17,18,25-
27,31,40,41]. The reason for the differences remains
unclear. Denaturation enthalpy is not to depend on
the scanning rate if protein concentration, as well as
the initial and final states are identical in the experi-
ments with varying scanning rates. One of the possi-
ble reason is the difference in protein concentration
due to inaccuracy in solution preparation. The fact
that there is no common tendency in the character of
dependence of the denaturation enthalpy value on the
scanning rate testifies in favour of this assumption.
Thus, for lentil lectin [27], azurin from Pseu-
domonas aeruginosa [31], and bovine superoxide
dismutase [40] as well as for uridine phosphorylase
the values of AH increased with the scanning rate.
The reverse tendency was observed for cellulase
from Streptomyces halstedii M8 [26]. In the case of
acetylcholinesterase from Torpedo californica [25],
thermolysin from Bacillus thermoproteolyticus rokko
[17] and glucosamine-6-phosphate deaminase from
E. coli [41], the maximum values of A H were noted
for intermediate rates. In the case of porcine pancre-
atic procarboxypeptidase B and carboxypeptidase B
[18] the AH vs. v dependence varied with pH.

Another possible reason is the difference between
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Fig. 1. Results of fitting of the theoretical equations to the experimental C2* vs. temperature profiles obtained for uridine phosphorylase
from E. coli at scanning rates 0.25 (squares), 0.5 (circles) and 1 (triangles) K /min: (a) the one-step model (Eq. (3)), (b) the Lumry-Eyring
model with the fast equilibrating first step (Eq. (5)), and (¢) the model involving two consecutive irreversible steps (Eq. (7)). Solid lines in
the upper plots are the best fits. Curves at the lower plots are residuals.
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the final states of protein reached at different scan-
ning rates. Such a situation is realized, for example,
when denaturation is accompanied by the formation
of aggregates whose form depends on the rate of
denaturation, i.e., on the scanning rate. Theoretical
description of this phenomenon is very difficult.

The third possible reason is incorrect tracing of
the chemical baseline.

Taking all the above facts into consideration we
have carried out fitting of the theoretical formulas
corresponding to each model simultaneously to all
the experimental curves in two versions. In the first
version we preliminary subtracted chemical baseline,
while in the second one we included the baseline in
the equation for C,. For model (2), E, and T" were
estimated as global parameters, whereas the optimal
values of AH were calculated for each curve indi-
vidually. For model (4) the five parameters used for
fitting to individual curves were estimated as global
ones; while in the case of the version with prelimi-
nary subtraction of the baseline, an additional multi-
plier individual for each curve was introduced.

For model (6) in the version with preliminary
subtraction of the baseline, the fitting was carried out
in two ways. In the first case, AH,/AH, was a
global parameter, whereas AH; and AH, retained
individual values. In the second case, AH, was a
global parameter, whereas A H, had individual val-
ues. In the version with insertion of the baseline in
the expression for Cp, all six parameters were esti-
mated as global ones.

The results of fitting of the theoretical expressions
to all the experimental curves are shown in the
right-hand columns of Tables 1-3. For models (2)
and (4) in the version with preliminary subtraction of
the baseline, the accuracy of fitting proved to be low
(see also Fig. 1a and b). For model (6) the accuracy
of fitting was significantly higher for both cases (Fig.
Lc shows the results of fitting with the global value
of the ratio AH,/AH,, for the second case the
picture is similar). It should be noted that the param-
eter estimates proved to be close in both cases (only
for E,; we can note a significant difference).

As was to be expected for model (2), the insertion
of the baseline in the expression for C,, did not result
in significant alterations. For model (6) and espe-
cially for model (4), the accuracy of fitting signifi-
cantly increased. Simultaneously, the values of the

total enthalpy changes rise as in the cases of fitting
to individual curves [especially for model (4)].

5. Discussion

In the present work, we have attempted to de-
scribe thermal denaturation of uridine phosphorylase
from E. coli using three kinetic models which can
be considered as approximations to the whole
Lumry—Eyring model (1). We have found that model
(2) including one irreversible step is not applicable
to description of CJ* vs. temperature profiles for this
enzyme. Therefore, two or more steps and, hence,
one or more intermediate states can be postulated.

The applicability of the two two-step models has
been also discussed in the present paper. In the first
case [the Lumry—Eyring model with the fast equili-

~ brating first step (4)] it is assumed that the second

step is rate limiting. In the second case [the model
involving two consecutive irreversible steps (6)] it is
assumed that the rate of the reverse reaction for the
first step is significantly less than that of the second
reaction.

Analysis of the results obtained shows that in
terms of statistics model (6) involving two consecu-
tive irreversible steps more satisfactorily describes
the kinetics of thermal denaturation of uridine phos-
phorylase than the Lumry—Eyring model with the
fast equilibrating first step (4).

Eq. (7) gives a satisfactory approximation to the
experimental data even in the case of simultaneous
fitting to all the curves. Nevertheless, the initial parts
of the CJ* vs. temperature profiles of the theoretical
curves are slightly lower than those of the experi-
mental curves (see Fig. Ic). It is evident that the
approximation is not absolutely precise. Apparently,
the use of the whole Lumry—-Eyring model would
provide a higher accuracy.

The cause of the difference in the values of
denaturation enthalpy calculated at different scan-
ning rates remains unclear. In the present work we
have used different variants of mathematical treat-
ment taking into consideration some possible causes
of this difference. In particular, we assumed that the
shape of the chemical baseline could change owing
to a contribution of an unknown heat capacity of the
intermediate state. However, when heat capacity of
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Fig. 2. Dependence of the rate constants for the first and second
denaturation steps on the reciprocal temperature in semi-logarith-
mic coordinates for model (6). The values of Arrhenius equation
parameters (E, | = 609.3 kJ/mol, E 2 =446.8 kI/mol, T|" =

a

3334 K, T,' =335.6 K) are taken from the results of simultane-
ous fitting to all the curves with the preliminary subtracted
chemical baseline (see Table 3). The first and second step of the
denaturation process are referred to as 1 and 2, respectively.

the intermediate state was taken into account as one
of the parameters under estimation, its value found
by fitting proved to be significantly lower than heat
capacities of the initial and final states. The physical
sense of this phenomenon is hard to explain.

For the model involving two consecutive irre-
versible steps simultaneous fitting to all the curves
was carried out using two approaches. In the first
case we maintained the ratio of enthalpy absorbed at
both the steps as a common parameter for all the
scanning rates assuming that the difference in the
values of enthalpy for different scanning rates was
associated with some scale factor (for example, with
the difference in real protein concentrations). In the
second case the value of enthalpy of the first step
was maintained constant on the assumption that there
are side effects at the second step. However, both
approaches have resulted in similar values of the
parameter estimates and the correlation coefficient.

The analysis of the results shown in Tables 2 and
3 demonstrates that both denaturation steps are ac-

companied by an appreciable thermal effect, but the
thermal effect of the second step is higher. The value
of the ratio is different for the two models and for
the different modes of analysis, but the general
tendency is evident. The results shown in Table 3
also demonstrate that the activation energy for the
first step is higher than that for the second one,
whereas the value of 7" is higher for the second
step as compared to the first one. This means that at
relatively low temperatures the rate constant for the
first step &, is lower than that for the second step k,
(see Fig. 2), i.e., the first step is rate limiting. When
temperature rises (above-54-55°C for the parameters
calculated on simultaneous fitting to all the curves
with the preliminary subtracted baseline), the value
of k, becomes higher than the value of k,, and the
second step becomes rate limiting.

It is interesting that on simultaneous fitting to all
the curves, the activation energy for the second step
for models (4) and (6) has proved to be approxi-
mately identical. Its value is about 450 kJ /mol.
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Appendix A

The kinetic behaviour of the system described by
model (6) is determined by the system of differential
equations.

dyy
az = —k; YN

Al
dyy (A1)
dr =kiyn —kvy

If the scanning rate is constant (v =d7/d¢), the
system (A.1) assumes the form

dyy 1
— = ——ky
dT p VN
A2
dyy ( )

1
E = ;(kﬁ’N —kyvy)

The first equation of system (A.2) is solved as in the
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case of model (2) [20}, hence

L ,r
=exp| —— | kdT|. A3
™ xp( S )k ) (A3)

Substituting Eq. (A.3) into the second equation of
system (A.2), we obtain

dyy Kk, k,

: "k dT A;tj
+ =y, = —— . :
Tt el = [k (A4)

v
Eq. (A4) is linear. Solving it and taking into

consideration that y;, =0 at T = T,,, we obtain

1 1 .r
Yy = —exp| — —-/ k,dT
14 14 T,

T 1 .7
X kexp{ — k,—k))dT | |dT. A5
Lo 1 P(VfTo( 2 1) ) ( )

The excess enthalpy change of the reaction (A H )
is equal to the sum of the excess enthalpy changes of
both steps

(AH) = AHI(I - YN) +AH,(1—yy— YU)-
(A.6)

Taking into consideration system (A.2), the excess
heat capacity is expressed as

AH,k,

_ d(AHY  AH K,
= = Yn T » Yu- (A'7)

P dT v

Substituting Egs. (A.3) and (A.5) into Eq. (A.7), we
obtain the final expression for the C;* vs. tempera-
ture profile:

o AH,k,
P
1 .r
Xexp ——f k,dT
L
AH,k, L .7
+— ——| k,dT
e exp( V'[TO 2

T 1 .7 '
x[TO klexp(;fTo(kz—kl)dT) dT. (A8)
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