cooled, made alkaline with sodium hydroxide, and extracted with
ether (3 X 75 ml.). The combined ether extract, after washing with
distilled water and drying over anhydrous sodium sulfate, was added
to an ethereal solution of dry hydrogen chloride to vield a white
precipitate. Recrystallization from a mixture of ethanol-ethyl
acetate-ether yielded 2.1 g. (76 %) of white needle-shaped crystals,
m.p. 210°. The IR spectrum (KBr) exhibited maxima of u: 3.9-4.9
(continuous), amine salt.

Anal —Calcd. for C;;HCIN: C, 75.93; H, 9.17; N, 4.21. Found:
76.09; H, 8.97; N, 4.34.
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Use of an Analog Computer to Simulate and Interpret
Data Obtained from Linear Nonisothermal Stability Studies

ALLEN I. KAY and THOMAS H. SIMON

Abstract ] An analog computer program was developed to simu-
late drug decomposition induced during linear nonisothermal
stability studies. From the analog computer values used to generate
the simulation curve best-fitting experimental data, the activation
energy, the reaction rate constant at any temperature, and the pre-
dicted shelflife at that temperature can be determined. By using the
decomposition data reported for the first-order, linear noniso-
thermal degradation of N-acetyl-p-aminophenol and the analog
computer program presented here, Kinetic parameters identical
with published values were obtained. The analog computer pro-
gram can be easily modified to accommodate nonlinear heating
regimens as well as reactions of any order.

Keyphrases [] Linear nonisothermal stability studies—simulation []]
Analog computer simulation—stability studies ] Shelflife pre-
diction—kinetic parameters [ ] Diagram—analog computer pro-
gram

The customary procedure for predicting the shelflife
of a drug involves the determination of the degradation
rate constant at a few elevated temperatures, the de-
termination of the activation energy, and finally the
extrapolation of this information to room temperature.
This requires large numbers of samples and ultimately
a great deal of personnel time. By means of a rapid and
simple concentration—time-temperature study in which
temperature is changed at a preselected rate, it is pos-
sible to obtain these parameters in 1 or 2 days.

The concept of using programmed elevated tempera-
tures to arrive at the kinetic parameters required to
predict shelflife is not new. Borchardt and Daniels (1)
obtained the rate, order, and activation energy for the
decomposition of benzenediazonium chloride by analy-

sis of the slope, height, and area of a differential thermal
analysis curve. Davies (2) followed a chemical reaction
by observing the change in optical density of one reac-
tant with time as its temperature was progressively
raised. Reaction kinetics were also followed using dif-
ferential scanning calorimetry (3) and thermogravi-
metric analysis (4).

Various heating regimens have been employed. Cole
and Leadbeater (5) studied the reaction rate of several
compounds. They employed the temperature program
designed by Rogers (6) in which the inverse of the tem-
perature was varied logarithmically with time. Eriksen
and Stelmach (7) obtained the necessary kinetic param-
eters from a single experiment, using the following
time-temperature relationship:

1 1

T = ]To — at (Eq.1)
where a is a reciprocal heating constant, and 7 and T
are the absolute temperatures at the initial time and at
time ¢, respectively. Zoglio et al. (8) followed the first-
order decomposition of N-acetyl-p-aminophenol and
procainamide hydrochloride as the temperature was
raised linearly with time according to the expression

T=b+C (Eq. 2)

where b is the heating rate and C is the initial tempera-
ture. These authors employed digital computation to
obtain 384 slopes or rate constants, which were then
used to generate a series of degradation curves cor-
responding to various activation energies. The analytical
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Figure 1—Scaled computer program for simulation of first-order
decomposition induced during linear nonisothermal stability studies.

data were superimposed over the model curves to ob-
tain the energy of activation for the reaction. The use
of digital computation eliminates the need for manual
slope estimation, which is generally regarded as a major
drawback of some of the previous methods (1, 2).

An analog computer program was developed which
is designed to simulate drug decomposition induced
during nonisothermal stability studies. The method is
illustrated for the case of first-order degradation induced
during a linear nonisothermal experiment. The data
given by Zoglio et al. (8) were plotted, and analog
computation was used to obtain the degradation curve
best fitting the experimental data points. The rate con-
stant at 35° and the energy of activation, obtained
directly from the computer values, were in excellent
agreement with those reported by Zoglio et al. (8).
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Figure 2-—Analog computer simulation of the nonisothermal hy-
drolysis of N-acetyl-p-aminophenol in aqueous solution (pH = 2).
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Table I—Analog Computer Scaling Table

Problem
Variable Rounded-Up Maximum Computer Variable
(o] 1 (normalized) (8]
k 0.01 [100k]
T 400 [T/400]
T2 160,000 [7T%/160,000]
THEORY
The basic equations employed are as follows:
dc
= kC (Eq. 3)

where a is the order of the reaction, C is the drug concentration at
time ¢, and k is the observed rate constant which can be obtained
from the expression

k = Ae BIRT (Eq. 4)
where E is the energy of activation, A is the frequency of molecular
collisions, T is the absolute temperature, and R is the molar gas
constant (1.987 cal. deg. ! mole™1).

Differentiating with respect to temperature yields

dk kE
ar = RT3 (Eq. 5)
If temperature is varied linearly with respect to time, the fol-

lowing relationship exists:
T=T+ Kkt (Eq. 6)

where Ty is the starting temperature and K is the heating rate.
Differentiating with respect to time yields

dar
=K (Eq.7)
Thus
dk  KkE
at ~ RT® (Eq. 8)
EXPERIMENTAL

Based on the rounded-up maximum values given in Table I and
a time scaling factor! of 8 = 0.1, the following scaled differential
equations were used to construct the analog computer program
shown in Fig. 1.

diC]

. ?(10%) [1004] [ng (Eq. 9)
d“g?k] = 3(16000ORB>[ [T%Ellgglfgoo] % (Eq. 10)
AT _ ( 40()5) (Eq. 11)

The equations were solved using an Electronic Associates Inc.
Analog/Hybrid Computing System equipped with a series 1140
Variplotter recorder.

Equation 9 is a special case of Eq. 3 and describes first-order
degradation. The analog computer can be programmed to solve
Eq. 3 for reactions other than first order by incorporating additional
analog computer components into the program which will raise the
concentration term to an appropriate power. Equation 11 describes
a linear time-temperature relationship. Other heating regimens
can be simulated. If the equation describing the relationship be-
tween temperature and time is known, it can be incorporated
directly into the computer program. If the equation for the time—

18 = 7/t where 7 is computer time in seconds and ¢ is problem time in
hours.
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Figure 3—Nonisothermal hydrolysis of N-acetyl-p-aminophenol in
aqueous solution (pH = 2). Curves were generated using digital
computation(Ref. 8).

temperature relationship is unknown, the temperature of the system
can be measured at various time intervals and a function generator
can be employed to provide temperature as a function of time.

The usefulness of the analog computer program for prediction
of shelflife based on evaluation of kinetic data obtained from non-
isothermal stability studies was investigated utilizing data reported
by Zoglio er al. (8) for the linear nonisothermal hydrolysis of
N-acetyl-p-aminophenol, These authors obtained their experimental
data in only 48 hr. Ampuls initially containing a solution of 0.15%]
N-acetyl-p-aminophenol in 0.2 M phosphate buffer were heated in
an oven at the rate of 1°/hr. from 35-83°. Ampuls were removed at
convenient time intervals and analyzed for intact drug.

The percentage of intact drug remaining was plotted as a function
of time (temperature), and the analog computer program was
employed to simulate first-order decomposition of a drug according
to the time-temperature relationship consistent with the experiment.
The decomposition curve best fitting the experimental data points
was obtained by varying the initial rate constant (rate constant
at 35°) and the energy of activation until the degradation curve
matched the data points (Fig. 2). This was easily accomplished
since the analog computer program was constructed to allow isola-
tion of these kinetic parameters on separate potentiometers. The
values of the initial rate constant, ko, and the energy of activation
were obtained directly from their potentiometer settings.

RESULTS AND DISCUSSION

The degradation curve best fitting the experimental data cor-
responded to that having an activation energy of 17 kcal./mole and
an initial rate constant of 2 X 107¢ hr.7l, Both values are in
excellent agreement with those reported by Zoglio ez al. (8).

The basis for the approach of Zoglio et al. (8) is that a degradation
curve can be described by a series of slopes or rate constants and
that the arithmetic average of these instantaneous rates of change
can be assumed to be equal to the total drug degradation during the
experiment divided by the time span required for the experiment.
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Figure 4—Degradation curves generated using analog computation.
Activation energies were selected and Ko was varied so that curves
were forced through initial and final concentration levels.

Since a large number of rates (384) was obtained for each particular
activation energy, this assumption is valid. These rates were then
used to synthesize a series of degradation curves on a first-order
scale (Fig. 3). The experimental data were then plotted on the same
graph containing the family of curves, and the energy of activation
was obtained by inspection and interpolation.

Figure 4 shows a series of decomposition curves generated using
the analog computer. An activation energy ranging from 10-30
keal./mole was arbitrarily selected for each curve, and &, was varied
so that each curve was forced through the initial and final con-
centration levels. This method is similar to the approach followed
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Figure 5—Degradation curves generated by setting ko at 2 X 10~
hr.=Y and varying the energy of activation.
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Figure 6—Degradation rate constants generated as a function of
temperature (time).

by Zoglio et al. (8); the similarity between the curves obtained using
analog simulation and those obtained employing digital computa-
tion (Fig. 3) indicates that either method can be used ultimately to
predict shelflife, However, since only one curve can be correct for
a particular experiment, this curve can be obtained simply and
rapidly using the analog computer program presented here, which
allows simultaneous adjustment of k, and activation energy. All
experimental data points are used in the simulation, which should
increase accuracy and reduce the possibility of a serious mistake
should one experimental point be incorrect.

If the rate constant at the initial temperature was experimentally
determined by analysis of a few samples under isothermal condi-
tions, then the value of &, could be inserted into the analog compu-
ter program and degradation curves could be drawn varying only
the energy of activation. This method is illustrated in Fig. 5. The
initial rate constant was taken as 2 X 1074 hr.”.. This method
sacrifices time but increases sensitivity. Comparison of Figs. 4 and
5 indicates that the same change in activation energy results in a
greater displacement of the concentration—time—temperature curve
when 4, is fixed. However, such an approach is seldom necessary
since the value of the initial rate constant obtained using analog
simulation should be sufficiently sensitive to allow confident predic-
tion of shelffife.

Either the experimentally determined or the computer-generated
ko value can be incorporated into the program, which is designed to
generate degradation rate constants as a function of time (tempera-
ture) so that & values can be graphically displayed (Fig. 6), and by
means of a log function generator directly yield an Arrhenius plot.
Alternately, these values can be taken for subsequent plotting
(Fig. 7). By extrapolating to 25°, the rate constant for the hydrolysis
of N-acetyl-p-aminophenol at room temperature was found to be
8.07 X 107 hr.~1, corresponding to a shelflife of 55 days.

By using the analytical data obtained from a single, linear, non-
isothermal stability study and the analog computer program pre-
sented here, kinetic parameters required to predict shelflife were
obtained. Manual analysis of heights, slopes, or areas of curves is
not required, since the analog computer provides instantaneous
graphical solutions to the differential equations employed. Al-
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Figure 7—Arrhenius plot which can be extrapolated to obtain the
degradation rate constant at room temperature.

though the method was illustrated for first-order degradation in-
duced using a linear heating program, it is applicable to other heat-
ing regimens and for reactions other than first order.
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