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ABSTRACT
The expected biases in kinetic parameter estimates from a
logarithmic nonisothermal storage test have been determined by
simalation. The magnitude of the biases depends on heating rate,
activation energy (E), and rate constant (ko). Typical errors are
-10 to -15% in k, and +0.5 to +1.0kcal per mole in E. An

iterative linear solution is proposed to eliminate these errors.

A nonisothermal storage test enables the activation energy
and frequency factor of a reaction to be obtained from a single
experiment, Several methods have been described which differ in
their time-temperature relationships or in the numerical methods
used for parameter estimation'? Within the pharmaceutical area
the first of these methods was devised by Rogers (1963)%

In the Rogers' method the temperature is programmed so that
the reciprocal of the absolute temperature varies logarithmically
with time:

1/T = 1/T, - b.log(1+t) (1)
where b is a convenient heating rate constant, and t the time for

the absolute temperature to rise from T, to T.
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Substituting this into the Arrhenius and first-order equations and
integrating yields:

log{1n(C,/C)} = logk, - log(1l+E.b/R) + (1+E.b/R).log(l+t)

+ log[1-(ky /1) ¥R/ (E.B)) (2)
where C, equals the initial concentration of reactant, C the
concentration at time t, ko the rate constant at To’ E the
activation energy, and R the Gas constant,

Rogers has suggested that the last term on the right hand
side becomes negligible as the temperature increases (i.e. k
greatly exceeds k ) so a plot of log[ln(Co/C)] versus log(l+t)
will be linear provided initial data are omitted. Hence E and kg
can be evaluated.

The method has been assessed experimentally by Cole &
Leadbeater (1966)° who suggested that it yields accurate and
reliable results, However an examination of their aqueous kinetic
results indicates  that parameter estimates may be biased;
therefore the method has been re-assessed. This has been done
using synthetic data so eliminating random variation which may
obscure biases in individual experimental tests. Thus expected or

long term average biases have been estimated.
METHOD

Synthetic data were generated for a number of activation
energies, rate constants and heating rates, for the first-order
nonisothermal model, Thirty data pairs were  produced at
equispaced log(l+t) values as recommended by Rogers. The maximum
time was that required for 90% decomposition except in a few
cases, where this led to unreasonably high maximum temperatures,
the maximum time was that required to reach 95°C.

The activation energy and rate constant for each data set
were estimated by regressing log[1n(C,/C)] on log(l+t). Twenty
four regressions were performed on each set, the first wusing the

entire data set (30 pairs) and each subsequent operation having
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the previous first datum deleted; thus the final regression was

carried out on six data.

RESULTS AND DISCUSSION

Errors in the calculated activation energies are shown as
kilocalories per mole since, for example, an error of lkcal when
E=10kcal per mole will <cause the same percentage error in a
predicted half-life as lkcal error when E=20; thus AE = E
E

cale ~
For the same reason, errors in calculated rate constants

true’
are shown as percentages: A&k = 100.(k,,j. - k)/k,.

Figure 1 shows a typical data set, For curve (a), the points
after log(l+t) equals 0,2 appear to lie on a straight line. This
abscissa value corresponds to a temperature 18°C above the
starting temperature T . Curve (b) shows errors in the predicted
activation energy as initial data are deleted, For example, when
the first used datum is at abscissa value 0.18, the error in E is
about 0.5kcal per mole. Figure 2 demonstrates similar curves for
different parameter values, In this case curve (a) has no
apparently linear section and the error in E is 1,2kcal per mole
at the abscissa value which corresponds to a temperature 25° above
T,. By this time 70% decomposition has occurred,

These results were obtained wusing unweighted linear
regression, This assumes homogeneity of variance. I1f this
condition does not hold, each value of the dependent variable must
be weighted inversely as its variance. In general, the unweighted
regression coefficients will still be unbiased but less accurately
determined than the weighted coefficients, However, in the
present case, any weighting factor which decreases the weights of
early data relative to later data, will produce weighted
regression coefficients closer to the true values. This is
because the linear model becomes approximately true only when

later data are used and early data, when included, bias the

coefficients.
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FIGURE 1

Rogers' first-order kinetics plot and corresponding errors in
predicted E values as data are sequentially deleted.
(a) first-order plot
(b) E errors - unweighted regression
(c) E errors - weighted regression
ko=0.02hr~1, E=20kcal mole~l, b=0,001deg~l, T,=288.15K
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FIGURE 2
Rogers' first-order kinetics plot and corresponding errors in
predicted E values as data are sequentially deleted.
(a) first-order plot
(b) E errors - unweighted regression
(c) E errors - weighted regression
ko=0.2hr"l, E=10kcal mole~!, b=0.0005deg™!, T,=288.15K
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If Y = £f(x) then the variance of Y (V(Y)) is:
V(Y) = (dY/dx)Z. v(x)
+ terms involving higher differentials!?®

Assuming the variance in C of Equation 2 to be constant (V(C))

then:
Y = log[ln(cC,/0)]
v(Y) = (d¥/dC)2.v(C) + higher terms
Therefore the weighting factor 1/V(Y) is approximately:
W= [c.In(c /012 /v(0)

This weighting factor places lower weight on early data (for €=C,
w=0).

Regressions using this weighting were performed and the
errors in predicted values are shown as curve (c) in Figures 1 and
2. The errors are reduced as expected, All subsequent
regressions were performed with W=l (i.e. unweighted
regressions), since in all cases where Rogers' method has been
used, eye-lines were drawn. Eye-lines probably approximate
unweighted regressions more closely than weighted regressions,

The effect of activation energy upon the calculated
activation energy is shown in Figure 3(A) and upon calculated rate
constant in Figure 3(B). Decreasing E values are seen to cause
increasing errors in predicted E and k, values, Figures 4(A) and
4(B) show the errors in E and k, for various heating rates. They
indicate that the errors are only marginally affected by heating
rate changes. The rate constant magnitude has the reverse effect
to that of the activation energy (Figures 5(A) and 5(B));
increasing values lead to greater errors in predicted E and LN
values,

The results of the foregoing figures are summarized in
Table 1. Values shown are AE and Ak values when the first datum
used in the regression is 10°C above the initial temperature. The
errors for various activation energies are shown in subset (a) for
various heating rates in (b) and rate constants in (c).

For slower reactiomns (e.g. ko=2x10—5 hr-l) a compromise has
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FIGURE 3
Errors in predicted E (A) and k, (B) values for various E values
versus the temperature of the first datum used in the regression.
ko=0.02hr~l, b=0.001deg™!, T,=288.15K
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FIGURE &4
Errors in predicted E (A) and k, {(B) values for various b values
versus the temperature of the first datum used in the regression.
ko=0.02hr~}, E=20kcal mole~l, T,=288.15K
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FIGURE 5

Errors in predicted E (A) and k, (B) values for various k, values

versus the temperature of the first datum used in the regression.
E=20kcal mole™l, b=0.001deg™l, T,=288.15K
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TABLE 1
Errors in calculated E and ko values when data 10°C above the

starting temperature (To) are used.

E (cal mole™!) b (deg™!) ko (hr™l) E(cal mole”d)  ak(1)

(a) 10000 0.001 0.020 1140 -25.0
20000 " " 1010 -15.8
30000 " " 786 -10.5

(b) 20000 0.0005 0.020 1100 -16.3

" 0.001 " 1010 -15.8
" 0.002 " 840 -14.3
(c) 20000 0.001 0.002 570 -12.3
" " 0.020 1010 ~-15.8
" " 0.200 2080 -21.6

to be reached between a low heating rate, which will lead to an
excessively long experiment, and a high rate which will lead to
the maximum temperature feasible for aqueous solutions, (i.e,
about 90-95°C) being attained when only a small fraction of
reactant has decomposed. Table 2 shows the effect of activation
energy and heating rate upon fraction remaining, AE and Ak valuses,
for such a slow reaction, In all cases except b=0.0005 E=30000,
the maximum allowable temperature of 95°C was reached before 90%
decomposition had occurred, In these cases the theoretical
experimental times were 4.7hrs and 3lhrs for b=0.001 and 0.0005
respectively.

Tables 1 and 2 cover the range of activation energies and
rate constants which are likely to occur in drug stability
testing. The heating rates used are also those which would most
likely be wused in practice and indeed, are those used by Rogers

(1963)! and Cole & Leadbeater (1966)°, 1t is clear from these
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TABLE 2
Errors 1in calculated E and kg values for slower reactions
(k°=2x10_5 hr™l) when data 10°C above the starting temperature are

used,

b (deg“l) E (cal mole’!) ¢/Co AE (cal mole”l)  ak (%)

0.001 30000 0.27 200 - 5.5
" 20000 0.96 500 -12.
" 10000 0.998 1200 -26.

0.0005 30000 0.10 182 - 4,0
" 20000 0.67 350 - 8.5
" 10000 0.99 800 -19.

tables that Rogers' method will on average produce E values which
are higher than the true values and rate constants which are
lower. These biases are greatest for fast reactions and low
activation energies but typical errors are 0.5 to lkcal per mole
in E and -10 to -15% in k.

Cole & Leadbeater's estimates for aqueous decompositions show
similar Dbiases., For sucrose hydrolysis, their  average
nonisothermal k, value is 34% lower and E estimate 1.4kcal per
mole higher than their isothermal wvalues, while estimates for
pralidoxime methanesulphonate are 21% lower and 0.64kcal per mole
higher, despite claims of good agreement between methods.
However, their nonaqueous reactions do not follow this trend and
this may be due to other effects caused by dielectric strength
changes with temperatureV

It might appear from Table 1(b) that the errors could be
decreased to acceptable limits by the use of higher heating rates;
however, this is not feasible for two reasons. Firstly, the

theoretical time for the reaction using parameter values in the
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third row of Table 1(c) is about 1 hour. If the heating rate is
increased to 0.01 where AE is still 1000cal per mole and Ak=-20%,
the time for 90% decomposition falls te 9 minutes and an
equivalent linear heating rate of over 400°C per hour is required.
This presents severe sampling and heating problems. Secondly,
Table 2 shows that, for slower reactions, increasing heating rate
increases the errors. Obviously a prior knowledge of the rate
constant 1is required if the heating rate 1is to be varied to
decrease the biases in the results,

For a given set of parameters, the size of the biases depends
on how much the temperature corresponding to the first used datum
is above the starting temperature (T ). Cole & Leadbeater have
suggested that for reactions with activation energies greater than
20kcal per mole, a 10°C differential would be suitable, and that a
slighly higher value would be required for 1lower activation

energies. They found that at  25°C when b=0.00ldeg !,

k0=1x10—bhr'l, T,=15°C, and E=20kcal mole—l, the final term on the
right hand side of Equation 2 was 2% of the 1left hand side;
hence, they concluded a 10°C differential was adequate, For their
parameter values, at 25°C, the calculated activation energy has an
error of 0.5kcal per mole and the rate constant -12%. Using even
higher initial temperatures will reduce the biases further but
never eliminate them altogether (Figures 3-5).

The use of data at higher starting temperatures suffers from
a further disadvantage. The kinetic parameters will be estimated
from data collected over a limited temperature range and fraction
decomposition; therefore, the estimates will have wider
confidence intervals.

As shown in Table 2, the errors in calculated activation

enery

N
<

iz5 and rate constants are relatively small for reactions
with low rate constants. However, for such reactions, especially
if they also have 1low activation energies, the fraction
decomposition by 95°C is unreasonably small, Cole & Leadbeater

have shown that at least 20% decomposition 1is required to
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establish the order of the reaction by Rogers' method. Decreasing
the Theating rate would ensure that a greater fraction
decomposition had occurred when the reaction reached 95°C but this
would 1lead to impractically long experiments. For example,
b=0.00025 would require 370hrs for 90% decomposition for the slow
reaction in question, and this negates the advantage of rapidity
of Rogers' method. This information also negates another claimed
advantage of Rogers' method: "it is not necessary for approximate
values of k, and E to be known in advance. The starting and
stopping temperatures of the programme can be chosen according to
experimental convenience, and the programme constant b can be
selected according to the time available for the experiment”
(Rogers, 1961)1 1If such were the case, a choice of 15°C, 95°C
for starting and final temperatures and b=0.001 so the maximum
time period was 4.7 hours could lead to error in excess of 2kcal
per mole in E and -20% in k, for faster reactions or unreasonably
small amounts of decomposition in slower reactions especially with
low E values. It follows that some prior knowledge of the kinetic
parameters 1is necessary in order to conduct an appropriate

experiment,

IMPROVED NUMERICAL SOLUTIONS

The numerical solution of the data for a logarithmic
temperature programme can be improved in at least two alternative
ways.

Nonlinear Solution - Equation 2 can be expressed in the form:

€ = Cy.expl-k,.(1+6) 1WEB/R (1o /10 PR/CEBy /(g b/R)] (3
Equation (3) can be solved by nonlinear minimization techniques
regressing C on t with k,, E, and C, as parameters, This
iterative procedure would require the use of a digital computer,

Iterative Linear Solution - Using the entire data set,

log[1n(C,/C)] can be regressed on log(l + t) in the usual way.

Using the estimate of E from this regression the process is
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repeated this time regressing log[ln(Co/C)]-log[1-(1+t)'(E'b/R+1)]
versus log(1l+t) equivalent to 1og[1n(CO/C)]-1og[1-(k0/k)1+R/(E'b)]
on log(l+t), The process 1is again repeated using the latest
estimate of E and so on until no significant change occurs in
calculated E and k, values. I1f some prior knowledge of the E
value is available, the first regression could be performed wusing
it, thereby saving at least one iteration, Results for a typical
solution are shown in Table 3 and those for the worst case in
Table 4.

From the tables it is clear that three and five iteratioms
for Table 3 and 4 respectively, would have been adequate, If
initial estimates for E of 21 and llkcal per mole had been used in
the first iteration, the iterations required could have been
reduced to 2 (possibly 1) and two respectively, Unlike the
non-linear method, Co cannot be estimated from the data

simultaneously with kj and E.

TABLE 3
Errors in the predicted E and k, values versus iteration number
3

for a typical data set: ko=0.02hr_1, E=20kcal mole™l
b=0.001deg™!, T, =288.15k.

Iteration 4B Ak
Number (cal mole™l) (%)
1 3416, =41,
2 389, -6.4
3 48, -0.8
4 6. -0.1
5 0.7 -0.01
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TABLE 4

Errors in predicted E and k, values versus iteration number for a

1 1

worst-case data set: ko=0.2hr—1, E=10kc: ! mole™ ", b=0.0005deg™ ",

T,=288.15K.

Iteration AE Ak
Number (cal mole™}) ()
1 8943, -56.
2 1956. -20.
3 487, -5.7
4 124, -1.5
5 32, -0.4
6 8.3 -0.1
7 2.1 -0.03
CONCLUSIONS

The expected values for activation energies produced by
Rogers' method are higher than the true values; calculated rate
constants are lower, The biases depend on the true activation
energy and rate constant as well as heating rate, with typical
errors of 0.5-1.0kcal per mole and -10 to -15% in E and kg
respectively. Some knowledge of kinetic parameters is required
prior to experimentation by Rogers' method.

The iterative linear solution method enables E and k, to be
estimated to any desired accuracy using the entire data set, It

is a feasible operation using a calculator.

ACKNOWLEDGMENTS

This work was performed during the author's PhD programme

under the supervision of the late Dr.W.R.Owen,

RIGHTS

i,



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/20/12

For personal use only.

246

11.

TUCKER
REFERENCES

.R.Rogers, J.Pharm.Pharmacol., 15, 101T(1963).

.P.Eriksen and H.Stelmach, J.Pharm.Sci., 54, 1029(1965).
LA.Zoglio, J.J.Windhauser, R.vatti, H.V.,Maulding, A.Jacobs,
.S.Kornblum, and H,Hamot, J.Pharm,Sci., 57, 2080(1968).
.V.Maulding and M.A.Zoglio, J.Pharm,Sci., 59, 333(1970).

moom ot X

.A.Anderson and M,Campbell, Australian J.Pharm.-Sci,Supp.,
52, 581(1971).

B.W.Madsen, R.A.Anderson, D.Herbison-Evans, and W.Sneddon,
J.Pharm.Sci,, 63, 777(1974).

M.A.Zoglio, H,V.Maulding, W.H.Streng, W.C.Vincek, J,Pharm,
Sci., 64, 1381(1975),

B.Edel and M.O.Baltzer, J.Pharm.Sci., 69, 287(1980).

B.R.Cole and L.Leadbeater, J.Pharm.Pharmacol., 18, 101(1966).

. 0.L.Davies and P.L.Goldsmith Editors. Statistical Methods in

Research and Production, 4th ed. Edinburgh: ICI, p54, 1972,
J.T.Carstensen, A,Koff, and S.H.Rubin, J.Pharm.Pharmacol., 20,
485(1968) .

RIGHTS

i,



