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ABSTRACT

The goal of the project is to design and build a photocalorimeter capable
of carrying out photostability testing in the pharmaceutical industry. A
current challenge is to develop methods of testing the photostability of
solid materials which are non-invasive, non-destructive and allow real

time observations to be made. Calorimetry represents one such method.

Solution-phase systems are relatively straight-forward and have been
applied to calorimetry for many years requiring few assumptions about
the reaction system under study to be made. Previous studies have
developed iterative methods to fit experimental data to established
calorimetric equations. A new approach allowing the direct calculation

of reaction parameters is described in chapter two.

For solids, the situation is more complicated than that for solutions and
equations are more difficult to develop since additional parameters (such
as the solid state fitting parameters m and ») have to be accommodated.
New theoretical approaches to data fitting in the solid state are also

described in chapter two.

Having previously established that the imidazole-catalysed hydrolysis of
triacetin reaction is robust and reliable, new applications, such as the
effect of fill-volume on the calorimetric output and thus the reaction
parameters, are described in chapter three in preparation for use of the

system on solid state systems.

Chapter four describes the design and development of the
photocalorimeter, together with improvements and modifications made
to it as the project progressed, whilst chapter five describes the
development of actinometric techniques. An actinometer provides a
means of measuring the amount of light-energy being delivered to a
target sample. Actinometric techniques are described in the literature and
studies carried out on candidates for use with the photocalorimeter are

outlined. Particular success was achieved with 2-nitrobenzaldehyde,



where results within 2% error were achieved for the actinometric

experiments.

The final stage of the project involves the application of the newly-
developed photocalorimeter to the testing of solid samples such as

nifedipine.

Studies were carried out both on the photodegradation caused by white
light and also using monochromatic light. This allowed “causative
wavelengths” of photodegradation to be investigated using the
photocalorimeter — a significant area of interest in the pharmaceutical
industry and the first time quantitative data has been obtained for a solid

state material using non-classical techniques.

Finally, studies were carried out into establishing the photostability of an

unknown solid state test material.
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Rate of reaction

Power output
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Gibbs free energy

Mass of reactable material
Enthalpy of reaction
Reaction entropy
Temperature

Reaction rate constant
Amount of reacted material
Order of reaction
Pre-exponential term
Activation energy

Change in internal energy
Total reaction enthalpy
Volume
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Chapter 1 — Introduction and Overview of Problem

1. Introduction and Overview of Problem

The goal of the project described herein is to design and build a photocalorimeter that

can carry out photostability testing in the pharmaceutical industry.

One of the biggest problems encountered in the pharmaceutical industry is that of
developing suitable test methods for the photostability testing of pharmaceutical

materials in the solid state.

Consider the advancement through the various stages of testing of a new

pharmaceutical entity.

A raw active ingredient molecule straight out of the discovery lab has to undergo a
rapid screening process to determine whether or not it is a candidate for development,
i.e. formulation. Subsequently, upon formulation, a method is required to establish the
stability of the drug over long periods of time, often under “accelerated” test
conditions (e.g. high temperatures and high relative humidity). Such tests necessarily

include photostability studies.

Current test methods for photostability often involve the use of a “light box”, where
the sample is subjected to high-intensity light for a known period of time. This method
is not ideal, however, since obtaining of stability data cannot be carried out in real-

time.

Consider a solid sample which has been tested in a light box for two months. In order
to obtain stability data, the sample must be removed from the light box and some of it
dissolved to allow solution-phase testing (e.g. using high performance liquid
chromatography, HPLC). The irradiation of the sample that remains from the analysis
described above then recommences but the ideal of real time testing and data

collection without altering the nature of the sample has been lost.

Calorimetry presents an alternative method of photostability testing, that is non-
invasive, non-destructive and allows real-time observation of the progress of a

reaction.

Solution-phase systems are relatively straight-forward and easy to model and have
been applied to calorimetry for years. ' The only requirements are knowledge of the

reaction rate constant, k; the reaction enthalpy, H and the order of reaction, » which is

11



Chapter | — Introduction and Overview of Problem

always an integral figure (for the individual reactions contributing to the overall

mechanism)

However, when solids undergo reaction, not necessarily all of the material will react.
The initial reaction is carried out at the surface but any subsequent reaction depends
upon the diffusion into and out of the solid. In many solid systems, this diffusion
process is so slow that the system can be described as being in equilibrium once the
superficial reaction has taken place and the assumption that all the material will react

given sufficient time cannot be used.

A certain degree of complexity can therefore be expected, with the fractional extent of
reaction, a, the reaction co-efficient & (in s”) and the non-integral fitting parameters, m
and 7 all needing to be dealt with. Consequently, solid state reactions are complicated
to model and the equations not as straight-forward as those that describe solution-

phase systemns, although many have been developed in the literature. o1l

Currently, no reaction system has been adopted as a solid state test reaction. In order
for the project to progress, a validation system for the calorimeter in the solid state
must be developed. In the same way that the triacetin reaction was only adopted as
solution-phase validation method once suitable equations to manipulate the data had
been developed (see below), a solid-state validation reaction can only be suggested

once the theory has been established.

Theoretical development is described in chapter two and is based on the Ng equation,

10 developed for dealing with reactions in the solid state.

Solution-phase equations have been applied to calorimetry for many years. % One
such example is the application of the imidazole catalysed hydrolysis of triacetin; a
reaction that has been adopted ' as an internationally-recognised test reaction for
caloriineters, allowing values for k, H and n to be obtained which can then be
compared with “correct” values found in the literature. 13- 14 Previously, an iterative
method was applied to obtain the parameters but as a result of recent theoretical
developments which are discussed in chapter two, these parameters can now be

calculated directly. ' 16

Chapter three outlines the studies carried out using the
triacetin reaction. After establishing the reaction as a suitable method of calorimeter

validation, studies are then described establishing the minimum fill volume of

12



Chapter 1 — Introduction and Overview of Problem

triacetin required, '” within an ampoule, to obtain reproducible results together with
the optimum position for a small sample within an ampoule. In each case, the results

obtained are compared with the “correct” literature values.

The results of these experiments using the friacetin reaction are important when it
comes to photocalorimetric studies on solid state samples. For such studies, only small
amounts of a solid material will be tested and small amounts of heat produced since
reactions might only occur on the surface of the solid. It is therefore important to
approach solid state experiments with a knowledge of the optimum test conditions for

the calorimeter, as established by the triacetin experiments described above.

Having developed equations to analyse reactions in the solid state and having
designed and built the photocalorimeter (described in chapter four) the next stage of
the project is to investigate the methods available for measuring the amount of light
delivered to a sample. Without such a method, only qualitative information about a
photodegradation reaction can be obtained. There are several actinometric methods

described in the literature, 18

the traditional method of the photoreduction of
potassium ferrioxalate is one example. '>*° Experiments with potassium ferrioxalate
are described in chapter five, along with the investigation into an alternative
actinometric method — the photodegradation of 2-nitrobenzaldehyde. %" *
Additionally, a study was carried out into the use of a spectroradiometer as an

alternative to the two actinometers and the results coinpared.

The final stage of the project is to apply the photocalorimeter, which has been
validated and quantified, to “real-life” solid state systems. The example studied in the
project is nifedipine, a photolabile solid and is described in chapter six. This chapter
also describes the work carried out in the use of the photocalorimeter to analyse
“causative wavelengths” of solid-state materials; a particular topic of interest

industrially.

13



Chapter 1 — Introduction and Overview of Problem

1.1 The Stability of Compounds and the Determination of Stability

All matter is in a constant state of change. Even the most long-lasting of materials is
under attack from various external forces. Examples of such forces include chemical
degradation (e.g. oxidation, hydrolysis and reduction), mechanical degradation (e.g.
shearing, compression and stretching), acoustical and thermal degradation. All forms
of degradation cause materials to have only a relatively short lifetime and it is
important that degradation rates can be established so that new or modified products
can be designed to resist these external forces. The measurement of degradation
processes allows one to establish the rate of reaction and hence identify acceptable

limits of shelf life.

There are many issues associated with current methods of stability testing for drug
products and formulations. Storage testing of drugs involves rigorous long-term
studies to ensure that pharmaceutical inaterials remain stable. For example; is a three
year old tablet sitting in a medicine cabinet still exactly the same drug it was originally
or have long-term instabilities lead to the formation of a toxic derivative of the
original? Knowledge of a drug’s stability over twenty or thirty years would require
expensive and impractical testing procedures if carried out in real time. To allow
production of pharmaceuticals over a shortened timescale, therefore, storage testing is
accelerated wherever possible — often at higher temperatures (e.g. 50 or 60°C) over a
few months and extrapolation of the data to allow estimation of the response to storage
at rooin temperature over many years. However, these storage methods assume that
instability processes at 25°C are no different from those at 50°C except for reaction

rates; this may not be a true representation of long-term “real life” conditions.

These methods of testing also commonly require the stored sample to be modified in
some way prior to testing. A solid-state sample that undergoes UV or HPLC testing,
for example, is necessarily made into a solution and this may exhibit totally different

properties from the original solid-state system.

Current methods employed for the photostability testing of pharmaceuticals have
limitations. The inability to collect long-term stability data in real-time as a
photoreaction proceeds is a major drawback. The current method of photostability

analysis involves taking a series of “snapshots” of the substance under test via

14



Chapter 1 — Introduction and Overview of Problem

established analytical methods such as mass spectrometry, HPLC and NMR. These
snapshots are then drawn together to provide information on the photodegradation
process taking place. Performing these analyses, however, often causes the natural
state of the substance to be altered (as described above) and also means that the
photostability test will most likely have to be restarted with a fresh sample. Such a
process is costly in terms of manpower and expense and may require large amounts of

a potentially very rare and expensive product under development.

Current methods also offer limited versatility in terms of changing experimental
conditions during a run. Changing the humidity, temperature and the light conditions
the material under test is exposed to is not easy with the majority of current test
methods. Industry is increasingly showing interest in investigating individual or bands
of wavelengths, that cause photodegradation within a chemical entity. This means that
traditional test methods that offer only white light or a blanket wavelength range of

light are increasingly found wanting.

It has been a challenge, therefore, to discover a general method of analysis that allows
the determination of the cause as well as the rate of degradation (including
photodegradation) for a wide range of inaterials both in the solid and solution phase.
Identifying an instrument that could be used for the reaction analysis that can yield
information on the kinetic and thermodynamic parameters and the reaction mechanism
has proved difficult. It inust be versatile enough to measure reaction rates for a variety
of compounds, with sufficient sensitivity to allow the determination of these
parameters under storage conditions in a short space of time. (This is particularly true
for long slow reactions where the reaction lifetime may be 10000 years). Many
analytical instruments exist capable of carrying out this type of reaction rate

. . 23-
determination 2%

although each of these instruments has been designed for one
particular task and so their sensitivities vary. Mass spectrometry 2> for example, is
used as a means of quantitative analysis, although its high sensitivity is a limitation
since it can only analyse a fraction of the reaction system which may not be truly

representative of a non-homogeneous sample.

Calorimetry exploits the fact that a change in enthalpy accompanies a reaction under
constant pressure conditions. A calorimeter therefore records changes in heat output of
a sample over time and can yield both thermodynamic and kinetic parameters.

/ 1,4-8,13,15,16,30 - 35

Willson et a and subsequent workers have developed equations and

15



Chapter | — Introduction and Overview of Problem

methods to yield such information and these are discussed in chapter two. The
development and subsequent application of calorimetric equations, instrumentation
and experience has since allowed the development of photocalorimetric studies. The
development of validation techniques, equations and apparatus is described later in

this thesis.

It is therefore proposed to design and build a novel photocaloriineter that can be used
in conjunction with existing commercially available calorimeters that addresses the

requirements outlined above.

16
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Chapter 2 — The Principles of Calorimetry

2. The Principles of Calorimetry

A pioneer in the field of calorimetry was Lavoisier, who in 1780 developed a
calorimeter to study the metabolism of a guinea pig which was placed in an insulated
box packed with ice. The guinea pig’s enthalpy of metabolism melted the ice and the
resulting water dripped into a small hole in the bottom of the calorimeter. The water
was then collected and weighed. From knowledge of the latent heat of fusion, in
joules, required to form that amount of water from ice, then the value of Q (the
enthalpy) was determined. Knowing the body-weight of the guinea pig, the change of
enthalpy for metabolism could then be found in J kg'l and finally, if the amount of
water collected was measured every hour, then the rate of metabolism could be

measured as Jh kg

At the end of the experiment, the guinea-pig was released froin the box and scuttled

away; a reminder that calorimetry is a non-invasive and non-destructive technique.

Many types of calorimeter are now commercially available. For this project, an

isothermal differential heat conduction microcaloriineter was employed.

The “Thermal Activity Monitor” (TAM) (Thermometric AB, Jarfalla, Sweden) is a
calorimeter which combines versatility and sensitivity >°. The sensitivity allows the
study of compounds at ambient temperatures but also allows the reaction environment
to be precisely controlled (e.g. pH, RH (relative humidity), oxygen partial pressure,
addition of reaction modifiers and temperatures etc). The sensitivity is also sufficient
to allow the determination of a reaction lasting 10000 years. 8 The difference between
reactions with first order rate constants of 1 x 107" and 2 x 10" s/ can be established
after the collection of fifty hours ' of calorimetric data. No special treatment of the
sample is needed before the measurement coinmences, nor is there any interference

with the reaction by the calorimeter *’ .

X .S,
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Chapter 2 — The Principles of Calorimetry

records enthalpy change, in joules. For solution-phase systems, if the whole reaction
can be observed within the calorimetric observation period, i.e. until the reaction has

gone to completion the change in enthalpy for the reaction (in £J) can be calculated

simply as;

O=A H Egn2.1.1
where A is the amount of reactable material placed in the TAM (mol)
and H is the enthalpy of reaction (kJmol™)

However, where 4 or Q is unknown, the determination of enthalpy change becomes
more difficult using the caloriineter. (Q can, in principle, be detected by the

integration of the entire output — although 4 may not be known).

For any reaction A—® B, the progression from its initial to subsequent state can
only proceed if there is a reaction pathway available, i.e. a least one defined route
from A to B. This pathway is often complex and there are three requirements of a

reaction to be able to proceed;

Firstly, the molecule or substance reacting must have the ability to interact (i.e. has the

correct chemical bonds etc in the correct orientation to allow an interaction).

Secondly, the reaction must be thermodynamically feasible. The value of the Gibbs
Function (the most important thermodynamic parameter in the reaction) is determined
by two terms; the reaction entropy and the reaction enthalpy. All changes in the
reaction going from A to B must be accomnpanied by a change of enthalpy and a
change in entropy. A reaction route going from A to B depends on the changes in
entropy (AS) and enthalpy (4H) and is defined as the Gibbs Function (4G, which must
<0), Equation 2.1.2:

AG = AH - TAS Egn2.1.2

From now onwards, these symbols will be written G, H and S for clarity.

21



Chapter 2 — The Principles of Calorimetry

In enthalpy terms, an exothermic reaction, —H, is favoured when going from reactant
to product; whilst in entropy terms, the reaction favours an increase in disorder +S in
going from reactant to product. It is obvious that the most favourable case is for an
exothermic reaction with increased entropy. However, a reaction with a large enough
+S can outweigh the contribution to the reaction of a positive enthalpy (endothermic)
term and vice versa. A negative value of G indicates a feasible reaction
thermodynamically, whilst a positive value of G indicates the reaction will not occur

under the defined conditions.

No information on the rate of reaction term or the mechanism can be obtained from
equilibrium thermodynamics. Between very fast and very slow reactions, there is an

observable reaction rate, which can, in principle, be ineasured.

Thirdly, the reaction requires some kinetic parameter. The reaction rate is governed by
three main parameters. The quantity of reactants available for the reaction, the fraction
of the quantity available for the reaction with sufficient energy to overcome the energy

of activation barrier, and the reaction order, n, Equation 2.1.3:

X
— =k (4-x)" Egn 2.1.3
ar (A-x) q

The term (A4-x) is the quantity of naterial available for reaction at time ¢ k, the rate
constant, is described by the Arrhenius Equation (Equation 2.1.4) and is proportional
to the quantity of reactants (4-x) that possess sufficient energy to overcome the

activation energy barrier.

fa
RT
k=Ae Egn2.14
where A is the pre-exponential factor

-E, is the activation energy
R is the gas constant

and T is the temperature (K)

22



Chapter 2 — The Principles of Calorimetry

Note that the quantity term, A, can be converted to a concentration term by
multiplying by the volume of solution under test (¥). This term has been omitted for

clarity.

Note also that the rate of reaction (Equation 2.1.4) has a dependency on temperature,
which is provided solely from the rate constant. Finally the order of reaction (n) is a
power function and is related to the contribution that the reactant has to the reaction
rate. e.g. if the order of reaction is one then the rate of reaction is proportional to the
quantity of reactant available; Rate a (4-x). However, if the order of reaction is two,
then the rate of reaction is proportional to the quantity of material available for the
reaction squared. Rate a (4 -x)° The overall reaction order is the sum of the order with
respect to the individual reaction components. The order of reaction is not the

molecularity of the reaction.

Hence a reaction going from A to B must possess a reaction mechanism and be
thermodynamically and kinetically observable. Once these three criteria have been

met, the reaction will proceed.

In 1995, Willson er al. *® improved the versatility of the interpretation of the
calorimetric data to obtain reaction kinetics through a process of iteration (described

later in this chapter). Previously it had been a requirement that the data was forced to

8-

conform to a simple kinetic equation *®~*° such as Equation 2.1.5;

Y=Ffexp* Eqn2.15
where Y is the calorimetric signal
[is the calorimetric signal at time t = 0

k is the first order rate constant

and t 1s the time

Plotting In power as a function of time yields a graph of slope —k (the first order rate

constant)

23



Chapter 2 — The Principles of Calorimetry

These methods of analysis, which were used up until 1995, have severe limitations in
that they are not sufficiently general, nor do they yield information which allows
complete characterisation of the reaction. Willson et al. therefore sought a new
method of analysis that was more general and could yield kinetic, thermodynamic and
other required parameters The method should also require no previous knowledge
about the reaction mechanism, assumptions about the reaction kinetic scheme or the

complexity of a reaction.

Resulting from their work, Willson et al. presented, in 1995, a new method for the
interpretation of calorimetric data that, when applied in the correct way, revealed more
information from the data. The approach adopted for data manipulation and the
method of interpretation are perfectly general and can be applied to solution and solid
phase reactions. (See later in this chapter) From this new method, the reaction
parameters that can be determined are; the rate of reaction, the reaction rate constant,

the change in enthalpy, the reaction order and the heat change for the reaction medium
studied (Q).

24



Chapter 2 — The Principles of Calorimetry

2.2 The Significance of the defined Calorimeter Parameters

Each of the parameters determined from the calorimeter has a contribution to make to
the determination of the rate and mechanism of the reaction. The reaction mechanism
can be deduced, in part, from the reaction order, the activation energy, the change in
enthalpy and entropy, the quantity of inaterial reacted and the experimental design (to

a lesser degree).

The reaction order will determine the dependency that the rate of reaction has on the
reaction components. The determination of the reaction order with respect to the
individual reactants will yield the dependency of the reaction rate on the individual
reactants. An estimation of the change in enthalpy could be inade from bond energy
tables and compared with the experimental change in enthalpy. (It is recognised that
bond energies relate to gas phase species and not to solution or solid phase species).
Similar comparisons could be made froin charts of entropy changes and activation

energies; these tables are not available for a wide range of reaction types.

A direct comparison for the rate of all reactions, regardless of their reaction order, can
be made in terms of the percentage of reaction over a specified time period.
Knowledge of Q, that can now be calculated from the method to be outlined later in

this chapter can lead to a determination of the percentage degradation of a substance;

Q
—Q— x 100 = % degradation Egn 221
T

And using this measurement, Table 2.2 shows the percentage degradation over
different time periods that can be used for the classification of reaction rates. This

Table can be simplified arbitrarily further into fast, inedium and slow reactions.

25



Chapter 2 — The Principles of Calorimetry

Table 2.2

First order rate

constant (s'l) Half Life Reaction Rate
1x10? 69 sec >1%s’!
1x107 693 sec 1% s
1x10* 1.9 hours 30% hour’!
1x107 19.25 hours 3.5% hour
1x10° 8 days 8% day™
1x107 11.5 weeks 5.8% week™!
1x10°% 2.2 years 2.4% month™
1x107° 22 years 3% year !
1x107° 222 years 0.3% year™
[ x 10" 2207 years 0.03% year™'

26
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a particular time. These can be further classified as fast, medium and slow reactions.



Chapter 2 — The Principles of Calorimetry

2.3 The analysis of Calorimetric Data

To address the issues described in the previous chapter, many approaches of data
analysis can be taken: A new method of calculating reaction parameters directly will
follow later in this chapter, whilst Willson et al. in 1995 developed an iterative method
for calorimetric data that would allow the calculation of reaction parameters necessary

for the characterisation of a reaction.

The method consists of various approaches for the manipulation of data. The rate of
reaction largely determines which method of analysis should be used. A reaction can
be deemed as being fast, medium or slow (Table 2.2). For a reaction where a proper
characterisation is required in terms of kinetic and thermodynamic parameters, the
method of analysis had, up until recently, involved solely iteration. This method
depends on the assumption that all of the inaterial placed in the caloriineter will react

given sufficient time.

If a reaction is long and slow and it is assumed that 4, the amount of material placed
in the material that can react is known, then the rate constant k, the enthalpy of
reaction H and the order of reaction » can be established through the iterative process.
However, for faster reactions where a plot of the power output of the calorimeter, @
versus time ¢ shows significant curvature then » may possibly be derived directly from
the data without the need for iteration. The newly-found value of »n can then be
inserted back into the iterative fitting procedure and used to reduce the burden of

iteration on the remaining parameters & and H.

The iterative theory is discussed in this chapter. However, it is important to note that

knowledge of » does not enable the direct calculation of k and H.

To verify the correctness of the iterative fit, various tests are available and have been
applied which involve plotting, for example, @ versus (Q-g) which yields a slope

equal to k. H'™ . Such tests are also described in this chapter.

The iterative analysis is derived from a differential form of a kinetic equation
describing a reaction scheme. This equation describes the rate of reaction in terms of
the quantity of material available for the reaction at time ¢. Integration of the reaction

describes the quantity of inaterial remaining as a function of time.

27



Chapter 2 — The Principles of Calorimetry

Consider a simple reaction scheme where the differential kinetic equation can be

discussed:
A —» A4-x Egn23.1
Hence
dx d(A - x)
—_— = Eqn 2.3.2
dt dt

And it is this type of equation that can be transformed into one in calorimetric form.

If we consider, for example, a mono-molecular kinetic equation such as that in

Equation 2.3.3;
o = k(4= x)" Eqn 2.3.3

then from basic thermodynamics, (g) the time dependent enthalpy change for the
reaction is the quantity of material reacted to time ¢, nultiplied by the change in

enthalpy for the reaction;

q=xH Eqn 2.3.4

and x, the amount of product formed, can be substituted for by q / H to give;
dg 1 n
BT k-(A-V—i) Egqn2.3.5

This equation can be rearranged to form the basic calorimetric equation;

28



Chapter 2 — The Principles of Calorimetry

n
q
o = k-H'(A——) Eqn2.3.6

where, for clarity, the volume term, V is dropped and A becomes the quantity of
reactable material as opposed to the concentration, as was the case in Equation 2.3.5
above. @ is the power (in Watts) and gq is the time-dependent enthalpy (Joules) for the

reaction.

The calorimetric data, which coines directly from the TAM is in the form of @
(power) as a function of time. Integration of the @ vs. time curve gives the time-
dependent enthalpy for the reaction (g). Hence both the power (@) and the time-

dependent enthalpy change (q) terms found in Equation 2.3.6 can be derived directly

from the calorimeter.

Slow Reactions - Calorimetric Data Fitting
If a reaction is slow, » can be determined through iteration.

In the general equation;
q n
@ = k'H'(A——) Eqn2.3.6

it can be seen that the two variables, @ and ¢, are both obtained directly from the
calorimeter. Since k, H, A and »n are constant they will remain the same for the
lifetime of the reaction (assuming the mechanism is constant throughout the lifetime

of the reaction) and analysis involves fitting the plot of @ against ¢ using Origin™.
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Chapter 2 — The Principles of Calorimetry

The data is imported as an ASCII file from which a graph is plotted of @ vs. ¢ to find
appropriate values for n, k and H (A4 is assumed known and is set equal to the load
placed in the calorimeter). An appropriate reaction formula is selected (e.g. Equation
2.3.6) and the iteration procedure started. Through iteration kK, H, and n can be
determined, with constraints on their values to ensure a good fit. The first constraint is
that 0 = 4. H. The second constraint is that plotting dq/dt against (Q-g)" will yield a
straight line with slope k. H'” The third constraint is that the calculated half life is

consistent with that obtained from extrapolation of the calorimetric data.

Initially, the iterative procedure can be assisted by adding approximate values for the
fixed parameters in the fitting process to reduce the burden of iteration. The computer
then uses these values to plot a line through the calorimetric data points and the
theoretical curve determined from the values of the constants of the equation. The
programme continues to fit until the value of the constants satisfy the required values

to construct a simulated output through the calorimetric data points.

Fast to Medium Reactions - Calorimetric Data Fitting

In faster reactions than those described above, there may be significant enough
curvature of the plot of @ versus ¢ to determine »n fromn the calorimetric data without

the need to iterate.

Calculation of n

Consider the equation below:

@ = kH " Q©O-9 Eqn2.3.7
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If Equation 2.3.7, a general form, is considered and integrated under the conditions

when t = 0, g = 0, Equation 2.3.8 is produced, the time-dependent enthalpy for the
reaction as a function of time:

1-n
0-q = [k-t-H"".(n —1)+ Q“"] Eqn2.3.8

where f can be expressed as:

1-n 1-n
t = ©-9) Q]_n Egqn 2.3.9
(n—-1)-k-H
And by substituting dg/dt (@) for k. H'™.(0-q)", we obtain;
]—_n
g " i
] o
r = ~ Eqn 2.3.10

and, if two time points, #; and ¢, are chosen for Equation 2.3.9 with corresponding

values of @, and @, then two equations result and dividing one by the other gives;

l—n

¢

2 "
I —n Egqn2.3.11

n
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From the calorimetric power-time curve, two values of @ are selected (i.e. @; and @)
that are a known percentage of the original calorimetric signal at /=0 (@). From these
two values (e.g. 99% and 50% of the original signal), the ratio of the two associated
time values, £, and ¢, at @; and @; can be determined. This ratio is a constant value
and is independent of the rate constant, the reaction enthalpy or the initial value of the

signal at time 7 = 0.

i.€.
)
— an Eqn 2.3.12
L]

where n=C_C

Using Equation 2.3.12 and a computer spreadsheet such as Mathcad™, a table can be
constructed showing the value of the #,/t; constant (C) as a function of the reaction

order for the given percentages of @; and @, (see Table 2.3).
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Table 2.3

Reaction >/ t; ratio t>/ t; Ratio >/ t; Ratio t;/ t; Ratio

Order (n) 99-80 99-50 99-20 99-5
0.1 10.01 11.54 11.56 11.56
0.3 17.51 34.58 42.13 43.10
0.5 20.00 50.00 80.00 95.00
0.7 21.22 59.79 115.93 168.22
0.9 21.94 66.41 146.71 253.68
1.1 22.41 71.15 172.36 342.46
1.3 22.75 74.70 193.70 429.09
1.5 23.01 77.45 211.57 510.89
1.7 23.20 79.65 226.68 586.78
1.9 23.36 81.44 239.59 656.55
2.1 23.49 82.93 250.72 720.44
23 23.59 84.19 260.41 778.87
2.5 23.68 85.26 268.91 832.31
2.7 23.76 86.19 276.43 881.25
2.9 23.82 87.00 283.12 926.16
3.1 23.88 87.72 289.11 967.46

The values of the constant, C (ty/t;) corresponding to a given reaction order. There is an
increase in discrimination of the constant tyt; as the differences in the percentages of the

chosen values odd dq/dt increase
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Use of this method requires there to be a significant difference between the two time
points, and hence between @; and @; in order to determine accurately the reaction
order. However, there must be sufficient time to allow the reaction to progress far

enough to realise the selected lower fraction @..

Determination of Q

If it is possible to know » then it is possible to determine Q directly from calorimetric
data. To determine Q, two points froin the calorimetric power-time curve are selected,

along with the associated integrated values of q. From Equation 2.3.13;
@ = kHQ-q ) Eqn2.3.13

and D, = k.H"”.(Q_qZ)"

and on dividing the equations;

Q_QJY
DBy = Eqn 2.3.14
O-9g)
n
Setting R= @ ]
? ;
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(Q—q 1)
then R= -— 2 Eqn 2.3.15
(Q—QQ)
so that Q. (1-R) = q;-Rq> Eqn2.3.16
q;-Rq
or 0 = T2 Eqn2.3.17
1—R

A required assumption in the theory described above is that all the sample placed in
the calorimeter would react given sufficient time. As a result of the new theory
described below, it is now possible to determine directly the actual quantity of sample
placed in the calorimeter that will react. Thus it becomes possible to determine
additionally the equilibrium constant, K, for the reaction studied; together with the
associated values of the Gibbs function and energy changes, G and S. Moreover, as the
reaction is to be studied over a temperature range, the activation energy, E, is also

accessible.
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2.4 The Direct Calculation of Reaction Parameters

It has previously been proposed that isothermal heat conduction microcalorimetry be
used to determine thermodynamic and kinetic parameters for chemical reacting
systems. '*' These conclusions have been subsequently been reached by Selzer et al.
1 The disadvantage is that an iterative procedure is required to determine the desired
quantities (n, the order of reaction, £, the rate constant, H the reaction enthalpy). The
explicit assumption in applying the inethod is that all the sample placed in the
calorimeter would react. This assumption is a severe constraint in the flexibility and

application of the method (see earlier).

It would be useful, over a wide range of applications, to be able to determine the
extent of reaction for a sample placed into the calorimeter. There is a requirement,
therefore, to determine the equilibrium constant for a reacting system. The developed
procedures should, for maximum utility, enable calculation of the required parameters
(i.e. no requirement for iterative procedures). The calculations should result in values
of the parameters listed above and, if it is possible to calculate the equilibrium
constant, K, then since H is known, the Gibbs Function change G, and the entropy
change, S should be calculable. The developed inethods require that the reacting
system be studied over a range of temperatures and, as a result, the availability of k as

a f(T) allows, in addition, access to the activation energy, E,.

The basic methods for constructing the calorimetrically based equations from the
classical kinetic expressions have been well documented for n" order reactions and for
both sequential and parallel reaction systems. 1419 1t should be noted that, as is often
true, first order kinetic reactions form a special case and hence both general solutions

and solutions specific to the first order case will be presented.

The equations, which are developed below, have been tested against simulated
calorimetric data and have been shown to be successful in allowing the determination

of the parameters listed above.
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2.4.1 The Equations for Direct Calculation of Solution Systems

The development of these equations will be explored through a simple reaction

system,;

where A and B refer to reactant and product amounts (it is simple to convert these
equations into those described by concentrations — however, in the final equations it
must be quantities that are used since H is a ‘per mole’ parameter which is essentially
independent of concentration). A commentary on the siinple extension of the

equations to more complex reaction systems is given below.

Selzer ef al. ' note that, following identical earlier treatment of Willson er al., ®° it is
possible to write that the calorimetric output at tine ¢ = 0 is given, for the general

case, by

(po = kI‘LAnT

and for the first order case by

Dy = kf[AT

where Aris the load placed in the calorimeter. Here, as subsequent development will
show, this can be the total sample quantity. Thus a plot of In @y vs. In4r will be linear
with slope equal to the order of reaction » (this is also true for n = 1). There is,
however, a simple and direct test for a first order process that consists of simply
plotting In@, vs. ¢ A linear plot results only from a first order reaction and the slope
of this plot is -k, the first order rate constant. It is appropriate to identify A7 as the

sample quantity loaded into the calorimeter since, if there is incomplete reaction (i.e.
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an equilibrium exists between reactants and products), then the same fraction of any
quantity loaded into the calorimeter will react at the given isothermal conditions. This
has the consequence that the slope of the In@y vs. Indr plot will always remain equal
to n but the intercept value could vary. However the intercept value is not required in

the subsequent development.

In general, the value of @, is not measured directly since the experimental procedures
for the operation of isothermal heat conduction calorimeters require an initial
equilibration period which can last, from the preparation of sample through the
equilibration period. In order to obtain the appropriate value of @ it is necessary to
develop a method that uses the experimental data recorded over the experimental
observation period. We have concluded that the application of successively higher
order polynomial fits to, say, the first 20 hours of experimental data allows successful
extrapolation of the data for each experiment back to time ¢ = 0. Table 2.4 (from data
simulated using Mathcad™) shows that for a range of values of k (over 10 orders of
magnitude) and H (ranging from -10 to -100 kJ mol’") the correct value of @ is found

as the limiting value of the first term in the polynomial fit equations.

Thus 7 is easily found.
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2.4.2 Temperature Studies

Theory

In the most general case, the total area under the @ vs. ¢ curve from ¢t = 0 to ¢t = « (here
designated Q and associated with A4, that fraction of the load that can react) can be
calculated from the observation period of 50 hours or so. This value, O, clearly
represents the number of joules involved in the complete reaction of all the reactable
material. This is expressed in this way to make clear the distinction between that
amount that will react 4, (associated with the number of joules Qr, which would be
observed if all the sample, A7, had reacted.) O can be calculated as follows (as

outlined earlier)
@, = kH(A-x)"; here x is the number of moles of product formed at tiine .

Recognising that 4 = O/H and that x = q;/H where q, is the area under the curve from

t =0 to ¢ = t;. Then the equation becoines:
@, = kH'™"(0-q))".

Writing this equation again for ¢ = ¢, and dividing one equation into the other

produces:

[@/@]" = (0-91)/(0-92)

If [@)/®2]"" is set equal to R then Q can be calculated from:
0 =(q1-Rq>)/(1-R)

For the first order case froimn @ = kH(A-x) = k((Q-q) and since k, @ and ¢ are known as
a f(¢) then Q can be determined.
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2.4.3 Calculation of the Equilibrium Constant

For the reaction A < B, the equilibrium constant can be written as:

K = B/A and, as here B is equivalent to the x used in the above kinetic equations then

it is clear that B = O/H and that A = (47~-B) = (Q7H — O/H). Thus

K= (Q)/(QrQ)

This expression can be written for studies at different temperatures (T,=1,2 and 3 say)
and QOr will have the same value if equal A7 is loaded into the calorimeter at each of
the study temperatures or QJris normalised to a per gram or per mole basis. For a two
state reaction the van't Hoff isochore ** relates K and T through H/R. Thus it is

possible to write;

In(K,/K3) = -H/R (1/T; — 1/T,). This expression can be written again for teinperatures 2
and 3.

Now provided the following equality holds

T,To/(T>-T;) = T>Ty/(T3-T>) then it is easy to demonstrate that K;/K, = K»/Kj3. From the
expression for K given above this latter relationship can be expressed in terms of O,

(for temperatures m = 1,2,3) and Qr and subsequently solved for Qr as:

Or = (0501 + 0°05 — 20:0:0)/(05° — 0:Q))
Since both Qr and A7 are known then H is calculated from H = Qp/Ar. Now H is

known then it is easy to calculate A from 4 = O/H. K is now clearly accessible and

thus values of G and S follow froin standard equations viz. G = -RTInK and G = H-TS.

For more complex equilibria such as A + 2B = C + D then provided that the
quantities of A and B are known it will be possible to calculate the required Ks. The
quantities of C and D formed can always be expressed through Q and Or with H being

determined on, say, a ‘per mole of A’ basis.

Even if the quantities of A and B are not known it will be possible to evaluate the
required parameters provided B is present at an essentially constant amount since in
this circumstance one can formulate K* in the manner similar to that described above

recognising now that K is equivalent to K [B] (or as necessary, some form such as
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KH[B]). Therefore a plot of In K’ vs. 1/T will again (always) yield the value of H from
the slope.

To check the soundness of these equations, calorimetric data (@ vs. f) were simulated
via Mathcad™ software and for values of K from 0.5 to 50 and for H values from 10
to 100 kJmol’ the required values of Qr were recovered. Hence all the target

parameters were calculated.

It is of interest to note that in the case where A7 (say for a complex, unspecified
sample) is not known but the reaction has a determinable order then the equations
outlined above can still be employed. Q,, values are determinable for standardised
loads placed into the calorimeter and studied over a suitable temperature range and a
value of Qr derived. That is models for an equilibrium reaction can be explored i.e.
models could be fitted and an appropriate model which allowed calculation of a
constant Qr found. By appropriate is meant one which yields a linear plot of InK vs.
I/T (here K is formed in an appropriate way in terms of Q and Qr; the necessary
assumption is that the reaction under study conforms to the requirements of the van 't
Hoff isochore). The consequence of this approach is that from the van’t Hoff
relationship it will be possible to calculate the value of H. Possession of the value of
H will permit calculation of the number of moles of potentially reactable material
present in the sample from Ar = Qy/H and the number of moles actually reacted, 4
from A = Q/H. As always such information does not contain any evidence relating to

the identity of the reacting inaterial.

A suitable test for a reaction systein where there is either a dependence of AzCp on
temperature or a mechanism change (i.e. multiple reactions occurring simultaneously)
over the temperature range is: calculate Qr for teinperatures m = 1,2,3 and compare
with the value calculated for temperatures m = 2,3,4. If there is conformity with the
van't Hoff requirements then the values of Q7 must be independent of 7. In principle,
it may be expected that changing the temperature range significantly could emphasise
one reaction over another thus reducing curvature in the van’t Hoff plot, whereas the
effect may be not so pronounced if the curvature was the result of the temperature

dependence of ArCp,
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Mathcad™ Worksheet — Calculating Qr

= 0.004 R := 8314 H = 60-10° T =298

and from the van't Hoff isochore (where T is at first 298 K);

-H 1 1
In(Ly = — /|| = |-| — ||+ In(3
- (F)E)- ()]
(where 3 comes from k = 0.003 /(0.004-0.003) = 3)
Hence K =" and k=3

From the equation K = X/ (C-X), X=KC/(I+K )

(K-0)
(1+K)

Therefore X = X =3x10°° at298K

and Q;:=X-H Hence Q; =180 at298K

Then simulate values for H, C, X and T where T is 303K:

H = 60-103 C =0.004 T :=303 := 8.314 where X is 0.003

Hence [n(L) := (%)[(%) — (58—)} + In(3)

Where 3 comes from & = 0.003 / (0.004-0.003) = 3)
Hence K = ¢ and K = 4.474

From the equation K = X/ (C-X) , X = KC/ (1+K)

andso X := (K-C) X = 3.269 x 10_3 at 298 K
(1+K)
and 0y = X -H Oy = 196.155 at 303K
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Finally, simulate values for H, C, X and T, when T is 308.2 K;

H = 60-10° C = 0.004 T = 308.2 R := 8314

And putting these three values together allows us to calculate Qr;
Hence

o= ()1 o

(where 3 comes from £ =0.003/(0.004-0.003) =3)

In(L)

Hence K = e and K = 6.687

From the equation K =X/(C-X), X=KC/(1+K )

(K-C)
(1+ K)

Therefore X := X = 348 x 10_3 at 298 K

and Q3 = X .-H Hence Q3 = 208.776 at298 K
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Q; = 180 Q, = 196.155 Q3 = 208.776

+
Or = ( Or = 240.737

Q22) - (Q3'Q1)

And the percentage agreement between this calculated and chosen values of  Q equals

or
> |-100 = 100.307
0.004 -60-10

where Q7 (chosen) is calculated from multiplying the chosen value of C
- the quantity placed in the calorimeter that can react multiplied by H (where Q7 =A.H)

From this 100% agreement, we can confidently conclude that the theoretical
different temperature method works.

ie. as long as the experiment is carried out at 298, 303 and 308.2 K, itis
possible to calculate the amount of material that actually reacts in the
calorimeter, with a knowledge only of the mass of material that can react.

Two assumptions:

a) That the same amount of material reacts at each diffrerent temperatures
b) That H is unchanged at different temperatures

This theory can now be tested for practical application
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2.5 The Direct Calculation of Solid State Reaction Parameters

Until the development of the solution-phase direct method of parameter calculation
described in section 2.4, all data were analysed via the iterative procedure described at
the beginning of this chapter. For integral order solution-phase reactions, this was a
satisfactory procedure. However, for reactions in the solid-state which are not

normally of integral order, a new approach to data analysis must be sought.

The fitting parameters expressed in the (modified) Ng equation ' m and »n (Equation
2.5.1 below) are not usually integral and the equations are complicated. The Ng

equation can be described as a common equation that defines most solid-state

reactions.
d_a
o = k(1-a)"(@)" Eqn25.1
where a is the fractional extent of reaction at time ¢
and k has the units of s”/ and is a rate coefficient and not a rate constant

The majority of solid-state calorimetric studies consider reactions that can be
measured over relatively short times to significant fractional extents (a) of completion.
It is regarded as essential to obtain values for the activation energy and pre-
exponential factor. From these data, it is hoped that accurate explanations of kinetic
behaviour can be made. Galwey and Brown 43,4 have discussed, at a theoretical level,
isothermal kinetic analysis of solid-state reactions using plots of rate vs. derivative

function of the rate equation.

The work detailed below seeks to extend the application of isothermal heat conduction
microcalorimetry into the area of longer, slower solid-state reactions. As for solution-
phase reactions, only a small extent of reaction can be observed and the data used for
analysis. 50 hours is normally sufficient to allow the determination of &, n and H for a
reaction that has a first order rate constant, for example, of 10" s 1t will be

necessary, therefore, in addition to developing the equations, to have to use simulated
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data to test the derived equations. Also, it is important to determine the minimum data
set required to allow proper specification of the simulated solid-state reaction system.

The model only used to achieve this will be the Ng equation.

2.5.1 Theoretical Development

Calorimetric forms of the Ng equation have been previously written 7 and analysed °
through an iterative procedure i.e. values of » and m were sought in addition to those
for H and k. (For solid-state reactions, % is the rate co-efficient). In Equation 2.5.2, QO
is the total number of joules involved in the reaction to time ¢ = c and q is the number
of joules involved up to any tiine ¢. Thus a can be set equal to ¢/Q and Equation 2.5.1

becomes:

S
I

D

The need to determine » and m in addition to k£ and H increases the demand on the
iterative procedure.

Following the capacity to directly determine reaction parameters in the solution-phase
13. 16 attention was turned to directly calculating parameters for solid-state reactions.
The equations developed and their applications to simulated data are outlined below.

The use of simulated data allowed the examination of the utility of the outlined

procedures and hence to specify the accessible range.

15, 16 the

As for the direct calculation of the parameters in solution-phase reactions
first problem in the analysis of inicrocaloriinetric data is the determination of the order
(or in the case of the Ng equation) the fitting parameters of m and n. A recently-

4

described procedure ** now permits these values to be determined from a method

which relies only on the knowledge of the values of @ and g for paired time points
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throughout the power-time curve (®-f) recorded during the observation period. Note

that the observation period is not set to t = oo, i.e. Q is not measured experimentally.

Given that m and » can be calculated from paired (@-#) values, then from inspection of
equation 2.5.2, the issue is to determine (not measure) the value of Q. This again can
be achieved through the use of paired data points. Writing Equation 2.5.2 for two data

points and forming the ratio between them yields Equation 2.5.3:

-3)(3)
y Ll
1= 0 0 Eqn 2.5.3

If now the values of ¢g; and g, are selected such that g, is a known factor of q; (e.g.

that ¢, is equal to cq; and hence g,/q; = ¢ and setting R as:

-3
bl "0
R= |—(@© - 22 Eqn 2.5.4
T
Q
Then equation 2.5.4 is solvable for Q:
R-1
0 = ﬂ_) Eqn 2.5.5
(R-1

Possession of m, n and Q allows calculation of k for each value of @. Thus the
arithmetic appears straight-forward and the remaining issue is the range of application

of the equations.

Firstly all ranges of values for m and n (they each range between 0 and 1, and the

particular combination of values describes """ the mechanism of the process under
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study) are determined ** from the proposed method. The issue is how much data is
required in order to fully determine Q and hence a (equal to (¢/Q)) at any time f then
to determine k, the rate coefficient and hence the reaction lifetime. Clearly,
determination of both a and of k allows calculation of an appropriate shelf life for, for

example, a pharmaceutical product.

2.5.2  Data simulation and manipulation

As noted in the introduction, simulated data has been used to establish the minimum
value for a (i.e. (¢/Q)) for given values of m and » that allows characterisation of the
model system. As previously carried out for solution-phase systems '°, programmes
were written in Mathcad' " to allow data simulation. However, in this instance, these
data were exported to Microsoft Excel® for calculation of values of Q and k.
Comparison of the set values with the calculated values allows the iinimum range of

a to be specified.

For the simulation of data for the values of m, n, Q and k, data were simulated using
MathCad™ for solid state reactions where Q ranged from 10-10000 J; the rate
coefficient, k, ranged froin 10 - 10® s/ and values for m and n between 0 and 1. Data
were produced in the form of @ vs. g for a range of values of a up to a maxiinum of a
= 1. The data were then analysed using an algorithm written in Microsoft Excel® and
values of Q calculated for varying ratios of @,/ @; (where @, was fixed as the value
of @ when a is at a maximum). It can be shown that from an a value as small as
around 0.01 (when Q is assigned a value of 100 J) it is possible to recover the correct
values for the target parameters. It should be noted that for successful analysis, the
ratio of @,/ @, should be as large as possible. As the value of @, approaches D; (i.e.
@,/ @, approaches 1) the analysis becomes more difficult. The separation required
between @; and @, depends on the values of QO and a. If Q is sinall then a must be

large enough to allow sufficient separation between @; and @..

The maximum required value of a depends on the value of Q; the maximum value of a
required for satisfactory analysis is 0.1 for solid state reactions with values of Q as low

as 2 J. That is, long, slow reactions of solids are amenable to study. Without

CRZEy
-\Q? /"/f//»,
Q @
L
Eerl
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specifying the time base, data sets of 17000 points were used in these analyses. It
would therefore appear that from these simulated data, it should be possible to identify
the appropriate values for m, n, O and k for real reaction systems. Furthermore, the
necessary extent of reaction to permit this analysis is very small. This is in contrast to
the more classical procedures where, for example, a values are required ** to range up
to 1 (i.e. the reaction should approach completion). Note this analysis does not rely
upon the exploration of particular models of the reaction process (except that the
defining equation is the Ng equation '®). The data analysis returns values for the target
parameters which may conform to a model. This approach could therefore be regarded

as relatively model-free.

253 Conclusions on the approach

The data presented above demonstrates from a theoretical development and simulation

trial, that it 1s

1. Possible to make direct calculation of values for the target parameters m,n, k and
Q

2.  Apparent that simulated data for fractional extents of reaction as low as a = 0.01

will allow such calculations

These outcomes give confidence to pursue the practical exploitation of this new

approach.
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3. Calorimetric Validation Techniques

As previously stated in my MSc Thesis, % any calorimetric analysis of reactions must
be preceded by a process of validation of the calorimeter.

The imidazole-catalysed hydrolysis of triacetin has been previously suggested 13-14

as
a suitable test reaction for a solution-phase system. The use of this system as a test
reaction will be discussed here. Additional studies into the application of the friacetin
reaction will also be reported; including the effect of fill-volume on derived reaction
parameters of rate constant and enthalpy and the effect on sample position within an
ampoule.

For the validation of the photocalorimeter, a number of test reactions have been

discussed in the literature %% 47-2

1
d, 9,20

with the photoreduction of potassium ferrioxalate
officially adopte although this system is not without its limitations

Another potential solution-phase test reaction for the photocalorimeter is the
photodegradation of 2-nitrobenzaldehyde to form 2-nitrobenzoic acid. 21. 2 These

will both be discussed at length in chapter five.

3.1 The Imidazole-Catalysed Hydrolysis of Triacetin

There have been several proposals for a suitable test reaction for the isothermal
microcalorimeter. However, no quantitative data could be obtained using such
reactions, limiting their application. The imidazole-catalysed hydrolysis of triacetin,

14,36, 33 is a medium-term solution-phase reaction with an

proposed by Wadso
apparently simple and constant mechanism for the reaction half-life. This reaction has
been proposed as an international test reaction since its kinetic and thermodynamic
parameters are well-known and robust when obtained from a standard testing protocol.
The hydrolysis of triacetin involves three reaction sites where the hydrolysis of a

methyl ester group occurs;
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NB A recent paper has dealt extensively with sources of error and their correction in

the analysis of this reaction. °*

3.1.1 Standard 3ml Test Reaction
Experimental Method — 3ml test
TAM Temperature: 298K

Buffer Solution: 1.6g acetic acid, 2.72g imidazole
Make up to 10m/ with deionised water

Reaction Solution: weigh 0.267g triacetin
make up to S5ml with buffer solution
mix thoroughly — triacetin is not readily soluble

note time of addition of buffer to triacetin (this is time ¢ = 0)

e 3ml of reaction mixture and 3ml of buffer were pipetted into the sample and
reference ampoules respectively

e The ampoules were lowered into the “load” position in the TAM

e After 30 minutes, the ampoules were lowered into the ineasuring position

e The data recording was started immediately and the time elapsed since the addition
of buffer was noted

e The data was exported into Origin™ (Microcal, Amherst, MA, USA) a graphics
fitting program

The resultant data for the 2" order reaction was fitted to the following equation:

b _ _HVk () | Eqn3.1.1
I+ (,40)/({

33
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Only the later hours of the recorded reaction need to be analysed for the triacetin
reaction. In the examples above, the iterative process was carried out once the initial
“thermal shock” that the calorimeter exhibits early on, caused by the loading and
lowering of the ampoules into the chamber had been fully negated. The time taken for
this “calming” process was previously established by loading and lowering empty

ampoules into the calorimeter.

3.1.2 International Testing of the Reaction

Figure 3.1.4 shows the values of k£ and H, obtained as a result of the iterative process.
These values can be compared with those obtained by various institutions around the
world. The published figures are reproduced in Table 3.1 (abridged) and incorporate
the experiments plotted in Figures 3.1.1, 3.1.2 and 3.13 above:
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Table 3.1 International Triacetin Results

Experiment | Originator [Ao] V H k
Number ** (moldm) (dm’) (kJmol™) (dm3mol'1 s
1 Hills 0.245 | 0.003 | -89.39 2.98 x 10°
2 Hills 0.245 | 0.003 | -96.20 2.61x10°
3 Hills 0.245 | 0.003 | -91.40 2.83x 10
4 Lane ef al. 0.245 | 0.003 | -95.76 2.73x10°
5 Lane et al. 0.245 0.003 | -87.74 2.96 x 10°®
6 Lane et al. 0245 | 0.003 | -92.18 2.85x 10
7 Wolf et al. 0245 | 0.009 | -89.60 2.81x10°
8 Wolf et al. 0.245 | 0.009 | -90.90 2.84x10°
9 Wolf et al. 0245 | 0.009 | -97.30 2.62x10°
10 DSC 0.245 | 0.005 | -93.70 2.76 x 10°®
11 DAK 0.245 | 0.005 | -91.80 2.89x 10
12 Kierstan 0.245 | 0.003 | -90.03 2.80x 10
13 Kierstan 0245 | 0.003 | -92.41 278 x 10°°
14 Kierstan 0.245 | 0.003 | -95.53 2.69x 10
15 O’Neill 0.245 | 0.003 | -91.11 2.79x 10°
16 O’Neill 0245 | 0.003 | -94.03 2.75x 10°
17 O’Neill 0245 | 0.003 | -85.87 2.82x10°
18 Morris 0.245 | 0.003 | -93.10 2.60x 10°
19 Morris 0.245 | 0.003 | -90.30 2.80x 10°
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Reaction enthalpy, H:

Mean =-92.01
SD =.2.96
% error = 3.22

Rate constant, k:

Mean =2.78x107
SD =1.05x10%
% error = 3.76

It is clear that the errors produced stand up pretty well considering results were gained
worldwide from a variety of scientists using a variety of different supplier’s chemicals
on more than one type of instrument.

The results also demonstrate that any discrepancy in the numbers produced when
carrying out the test are probably the result of either operator error or instrument

malfunction. It is unlikely to be errors originating in the chemical reaction.

The iterative process described above produces reliable evaluation of the parameters &
and H which can be used in future friacetin reaction studies described later in this
chapter. It should be noted however that, as described in chapter two, an alternative
method of calculating the parameters directly without the need of the iterative process
has since been developed. Triacetin studies in the future will be better carried out

using this new method of analysis.

NB A full list of experimental data relating to this collaborative study can be found in
A K Hills’ thesis, 2000. »
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3.1.4 Test Reaction — Considerations of other Test conditions

Having established the reliability and robust nature of the triacetin reaction described
above, attention is now turned on taking advantage of these qualities to investigate
how varying the test conditions of this experiment may affect the result.

As outlined in the introduction to this thesis, the ultimate aim is to develop a
photocalorimeter that can analyse solid-state reactions. Consider a solid material
packed in a column which is then exposed to the atmosphere. It is unlikely that
oxygen and water vapour etc will be able to penetrate much below the surface of the
solid meaning that all reactions that take place will be superficial. The same situation
exists in the case of irradiance where photoreaction will only take place on or just
below the surface of the solid. A monolayer of solid will only undergo reaction,
therefore and tests must be carried out to simulate this before photocalorimetry can be
carried out.

This is achieved in the solution-phase by testing the effect of fill-volume of triacetin
within an ampoule on the Kinetic and thermodynamic parameters obtained

calorimetrically.

3.1.4.1 Variable Fill Volume and Sample Position

No previous studies have been carried out into the effect of changing the volume of
triacetin placed in an ampoule when carrying out a test. The effect of the position of a
sample within an ampoule (i.e. the top, middle or bottoin of the vessel) has also not
been investigated.

It must be established whether an ampoule that is partially filled with reaction solution
(e.g. 25%) gives the same results for the reaction parameters as an ampoule that is
50% or 100% filled. If there are discrepancies between results at different values, then
it must be established whether there is a minimum fill volume (or fill fraction) that is
required to produce an acceptable set of results for the triacetin reaction. Further, if a
minimum volume sample is established, what is the importance of adjusting its
position within the ampoule? For example, does the sample placed at the bottom of the

ampoule give the same parameters as a sample placed in the middle or the top?
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For both systems, the results suggest the test conditions are best from the point of 50%
volume fill and upwards; but slightly diminished, surprisingly, at 100% fill volumes in
both cases.

From this observation, there are two factors that need to be considered as possible
explanations;

e Signal / noise ratio changes

e Sample position within chamber

Signal / Noise Ratio

A consequence of reducing the volume of solution present in the ampoule is that the
ratio of signal to noise is reduced, leading to detection probleins for the TAM.
A useful experiment in the future in this area will be to increase the concentration of

triacetin, leaving the solution volume unchanged.

Sample Position

A lot of the explanation of why sample position is important comes from the design of
the 20ml calorimetric chamber where an array of sensitive thermopiles runs the entire
vertical length of the ampoule when in the 1neasuring position (Figure 3.1.7). “End
effects” must be considered as a cause of the erratic nature of the results observed for
the low fill and high fill volume ends of the experiinental range described above for
the 20ml system.

The 3ml system is of a different design where the ampoules do not cover the entire
vertical length of the system. However, the same reasons for the change of signal with
sample position can be applied here.

The system used for the photocalorimeter features the 20ml design upon which

attention will be focussed.
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As a result of these findings, all future project work, whether on triacetin or
photocalorimetry, will involve no addition of inserts into the ampoules, with all
samples placed on the floor (i.e. at 0.0cm).

NB 1t is of interest to note that, for the results seen above, a sample position of 1.5¢cm
above the floor would yield the most repeatable results if somehow the sample could

be kept in position without the need of any error-causing insert.

Before leaving the reaction behind, a study was carried out on the analysis of the same
data to compare the results obtained through iteration with those obtained through a
new direct method of parameter calculation described in the previous chapter. The
development of this method has allowed the writing of a Mathcad™ protocol that
calculates values of k£ and H after the input, by the user, of directly-obtained
calorimetric data. The standard 3ml triacetin reaction in 3ml disposable glass
ampoules was utilised for this test.

For each of the results already compared graphically in section 3.1.2.1 the Mathcad™
protocol was used to calculate the parameters £ and H. The values required for the
protocol to perform the calculation are all obtained directly from the calorimeter and
are three values of the TAM output in micro-Watts (uW) (@) along with their

corresponding values of g; and g, the time-dependent enthalpies.
A typical Mathcad™ protocol worksheet is shown below, with the directly-calculated

values of k and H produced at the bottom. The theory is modified for ease of use fromn
that described in chapter two.

67









Chapter 3 — Calorimetric Validation Techniques

3.1.4.3 Conclusion

The study on fill volume and position has shown that in an ideal world, a sample
might be best positioned about 1cm from the base of an ampoule to achieve the best
results for the friacetin reaction parameters. Because of the increased variability in
results, however, caused by the addition of the inserts to the systein, the best results in
practice are achieved by letting the reaction mixture sit on the ampoule floor.

This study has also highlighted the difficulties involved in adding any additional
inserts into the calorimetric ampoules caused by the increase in thermal conductivity

to different extents to both left and right hand side ampoules.

An alternative approach of investigating the conditions of ampoule fill on the results
would be to try increasing the concentration of triacetin in the reaction. This may
improve the signal to noise ratio and hence the reliability of results even at small

volumes of triacetin.

The comparison of the direct calculation method of results and the iterative technique
has shown that there some discrepancies in their evaluation of the values of the rate
constant, k and the reaction enthalpy, H. Further study is needed but it is clear that the
calculation method described in chapter two is a better way of calculating the reaction

parameters and should be used from here on in.
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4. Photocalorimetry: History and Instrument Development

Having developed triacetin as a test-reaction for the calorimeter, the next step is to

turn attention to the development of the photocalorimeter itself.

Thermodynamical examination of materials sensitive to light has been carried out for
many years using calorimetric techniques. >> However, to observe slow and low-
energetic reactions, hardly any instruments have been developed. For such an
instrument, sensitivity and stability would be of great importance.

The first attempt at building a system commercially-available to tackle this problem

was based on the work by Teixeira et al >

who developed an irradiation cell made
as an accessory to the commercially-available TAM. Teixeira et al tested the
suitability of the system for use in the determination of kinetic and thermodynamic
parameters using the photoreduction of potassium ferrioxalate — this reaction is

described in chapter five.

It is the design of this system developed by Teixeira et al. which forms the basis of the
design of the novel apparatus described in this thesis.

L. 65

Lehto et a later used a similar system to investigate the photostability of

nifedipine at different wavelengths, although no quantitative data was obtained.

Chapter six will describe the first tests carried out on the completed photocalorimeter,
using nifedipine as a model solid test mnaterial which represents the first tiine

quantitative data has been obtained for a solid material using photocalorimetry.

The development of the photocalorimeter is described in this chapter, along with the

modifications and improvements made to the system as the project progressed.

This chapter also introduces the reasons why the development of such a novel
instrument is important; describes the history of photocalorimeter development and
reports on the stages of the development and modifications made to the

photocalorimeter as the project progressed.
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It is well known that light can change the properties of different materials and
products. Evidence of this includes the bleaching of coloured compounds such as paint
and textiles or as a discolouration of coloured products. For many years, photostability
has been a concern in many areas of the chemical industry including textiles, paints,
food, cosmetics and agriculture. In the field of pharmacy, the study of photostability
has played an important role in past years, whilst the number of drugs produced found
to be photochemically unstable has increased steadily. The European Pharmacopoeia
prescribes light protection for about 250 medical drugs and adjuvants with new

compounds added to the list all the time. *°

Current photostability testing carried out in the pharmaceutical industry is commonly
conducted in accordance with the ICH (International Conference on Harmonisation)
guidelines, *’ developed as a result of the need to harmonise photodegradation study

practices worldwide. 3860 These guidelines have been developed over many years 61-

% and provide a simple pass/fail type decision, giving no information about the
kinetics of the process nor about the factors influencing photostability. With high
intensity solar simulation light sources it is possible to run the experiment, including
associated analyses in a day. However when such light sources are not available or are

considered inappropriate the experiment can take several weeks.

With current equipment, if it is desired to obtain an understanding of the causative
wavelengths responsible for the degradation process it is necessary to run a series of
studies on individual samples using filters to select wavelength bands. These filters
inevitably reduce the irradiation of the sample leading to prolonged experimental
times. A similar argument applies for studies designed to understand the kinetics of
the process. A number of photo-induced reactions require either oxygen or water
vapour to proceed. Again studies designed to fully understand the effect of these
environmental factors can be complicated and tiine consuming. For example, it is
known that the hydrolysis of the blue-coloured Indigo Carmine to colourless species is
accelerated in the presence of moisture. Tablet film coatings containing this dye are
quite stable to light in the absence of moisture. Unfortunately the environment within
many photostability test chambers tends to be dry as a result of the elevated
temperatures found within thein. When humidified air is supplied to such a chamber

the colour fade is significantly more rapid. Conversely reactions which are oxidative
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in nature can be slowed when the sample is blanketed with dinitrogen. Again these

sorts of study are time-consuming.

A final issue is that current photostability testing procedures are specific to the spectral
power distribution of the light source used. Sunlight simulation sources have a
spectral power distribution that is reasonably flat in the visible region and has
significant UVA and UVB components. Many environments where pharmaceutical
formulations are stored are illuminated with fluorescent lights. The spectral power
distribution of these sources is far from uniform with distinct spikes at various
wavelengths. If a sample’s degradation is mediated by wavelengths which are
relatively abundant in a fluorescent source then the degradation inay be worse under
such an illuminant than in a sunlight simulation source for the same overall
illuminance. It is, therefore, not possible currently to extrapolate reliably from one

light source to another.

All the methods described above still require the sample to be analysed in the solution-
phase. This is the problem that will be addressed by the building of the

photocalorimeter.
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4.1 Principles and History of Photocalorimetry

External factors, such as heat, moisture, oxygen and the acidity of the surrounding
atmosphere, together with light, may dramatically affect the unstable behaviour of
inaterials individually or in cooperation. These factors can cause physical and
chemical changes in the material. Many pharmaceutical drug molecules are known to
be sensitive to light and degrade under light.

Previous studies into photosensitivity have been carried out by chromatography,

spectrophotometry and colorimetry. &

There are, however, a number of limitations to
these techniques with kinetic studies demanding long observation tiines to get reliable
results for slow reactions. Furthermore, it would be advantageous to detect the effects

of light in the sample material in real time.

The basic principle of a differential photocalorimeter involves shining light into the
reference and sample sides of the calorimeter. If a photoreaction occurs, the signal in
the sample side of the system will be out of balance with that in the reference side and

thermal output results which is observed by the calorimeter.

In general, a photo-induced reaction requires the determination of two quantities; the
change in heat energy of the sample brought about by the isothermal photochemical

transformation, and the amount of material, in moles, transformed in the reaction. 66

The basic components required for a photocalorimeter %7 are the light delivery systemn
(lamp source and power supply, filters or monochromators and appropriate optics for
beam steering), the calorimeter, which contains the sample and provides the actual
measurement and the recording device (normally a PC). This setup can be illustrated

schematically in Figure 4.1.1:
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More recently in 1992, a photocalorimeter was successfully used by Hoyle ¢

to
follow free-radical and cationic initiated photopolymerisation. For free-radical
polymerisation, a photon of light (hv) is absorbed by the photoinitiator (P) to yield P*,
an excited species, which readily decomposes to give free-radicals (R). These free
radicals then initiate polymerisation by reacting with monomer (M) (the initiation
step); followed by successive addition of monomer units (M) to the growing polymer
chain (RM,) (propagation step). It is the repetition of this step that evolves the large
amounts of heat detected by the photocalorimeter. Two polymer radicals interacting

together then leads to termination.

The data obtained from the photocalorimeter (i.e. the actual heat generated) was then
compared with the known heat of polymerisation for full monomer conversion, to

calculate the percent conversion.

Instruments Applicable to the TAM

In 1999, Lehto ef al. & first addressed the task of constructing an irradiation cell made
as an accessory to the conventional isothermal calorimeter to be used to observe slow

and low-energetic photosensitive reactions in both the solid and solution phase.

Lehto et al. designed an irradiation cell for use with the TAM 2277 microcalorimeter
(Thermometric AB, Sweden) that would fit into the commercial 4m/ ampoule
microcalorimetric unit. The design of the cell, which has been adapted in the design of

the photocalorimeter is shown below:
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The light was produced using a 75W xenon arc lamp, passed through a grating
monochromator via focussing mirrors and a shutter, before entering two identical 1mm
optical cables. The wavelength of the light was controlled with a PC-driven stepper
motor. During the measurement, two separate yet technically identical irradiation cells

were position in the sample sides of the two twin calorimetric units.

Of particular interest to the project is the development of a method for validating
photoreactions (see chapter five). The photodegradation of nifedipine is proposed as
such a reaction in the solid state (see chapter six, section 6.3.1) and it is of interest
that Lehto er al. ® considered this reaction when evaluating their system,
incorporating the effect of the variation of wavelength on the degradation of the

material.
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Since the TAM is already commercially-available and has been previously used in the
research group for many years, it is logical to seek a design of photocalorimeter that

can be easily adapted for use with existing apparatus.

The system must supply equal amounts of light to two individual calorimetric
ampoules as well as a third supply to a spectroradiometer - enabling quantitative
analysis of the amount of light being delivered to a drug sample in real time. The

development of actinometric techniques is discussed in chapter five.

The apparatus also needs to be able to incorporate a monochromator so that different
wavelengths of light that cause photodegradation could be looked at selectively. The

wavelength range needs to cover approximately 200nm to 1000nm.

Requirements of specific areas of the apparatus were considered and reviewed as

follows:

4.2.2 Trolley

Designed to match the vertical height of the TAM, the trolley is of mass
approximately 100kg and designed to be strong enough to support the considerable
weight of the light source and monochromnator as well as the power source which is
stored on a shelf below. The trolley is mounted on wheels which allow ease-of-
movement and can be locked once the kit is in position. Dimensions are

approximately 1000mm (h) x 700mm (w) x 700mm (1)

4.2.3 Lab Jacks

Two identical mechanical hand-wound lab jacks, (of mass approximately 10kg each)
mounted one on another allow the whole kit to be raised and lowered vertically. Their
dimensions are approximately 400mm square. After raising the ampoules to a suitable
height above the top of the TAM to be loaded and unloaded, the jacks need to be able

to lower the ampoules down through a distance of around 400mm to reach the

measuring position within the TAM.
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4.3 Modifications and Additions

After establishing the photocalorimeter according to the design shown in Figure 4.2.1
and the considerations described above, modifications and iinprovements were made

to the basic design over a period of 2 years as the project progressed.

4.3.1 Investigating baseline stability

First attempts to obtain a stable baseline upon lowering the ampoules into the
calorimeter proved to be problematic. A big challenge with the systein was combining
the sensitivity of the TAM with a large mass of stainless steel light source equipment
blown upon by the air-conditioning vent in the 21°C temperature-controlled room.

The following investigation was carried out into the reproducibility of the baseline.

e The 20ml stainless steel ampoules were washed in ethanol

e The empty ampoules were clipped onto the fibre optic cables

e The ampoules were suspended by fibre optic cables and positioned above the
calorimetric channels in the TAM

e The ampoules were lowered into the TAM using a modified lowering process: The
ampoules were lowered halfway into the chamber. After 30 minutes, the ainpoules
were lowered into the measuring position. before lowering down to the bottom of
the chamber (see also section 4.3 below)

e The recording of the TAM signal was then commenced and baseline data collected

e The data was analysed using Origin™

Five experiments were run using the above procedure. These are plotted are compared

directly below:
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4.3.3.1 Measuring the throughput of each cable

If the fibre-optic cables were better balanced, then the baseline value with the light on
should occur at a value much closer to zero than those observed previously (~-180uW)
and the slope of the line at the ‘light on’ baseline should be flat.

Using the spectroradiometer (see chapter five), the imbalance in the fibre optic cables
was addressed by obtaining direct numerical comparisons of each of the light output
capacities of the three cables. In each case, the light meter was connected to a branch

of the fibre optic cable and the daylight entering the trifurcated cable recorded using

the designated software. %’

NB Measuring the light transmitted through each cable from the Xe Arc Lamp was not
possible due to the lamp producing light of far too high an intensity for the light meter

to cope with.

It was hoped that out of this experiment would come data indicating which two of the
three cables were the better matched and therefore best used as the right hand and left

hand side inputs into the TAM.

Typical output spectra for the three cables are shown below in Figure 4.3.6 :
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Consider and compare cases A and B:

Case A - Light off

In the first case. the TAM is at 25°C and the constant temperature room is at 21°C.
However, the LHS of the kit is being cooled by air from the air-conditioning unit and
so the temperature differential on this side between the TAM and the room will be
increased. There will therefore be a greater differential signal from the thermopiles in

the LHS of the system, which leads to a positive TAM output. [We see ~40uW].

Case B - Light on

Here, the TAM is still at 25°C and the room is still at 21°C. However, the two fibre-
optic cables are not delivering the same amount of light into their respective ampoules
(see actinometric work later in this report). The cable on the LHS has a greater photon
flux (einstein/s) than that on the RHS and so more energy, and hence heat, is being
delivered to the LHS. The temperature differential between the room and the TAM is
therefore minimised on the LHS and so the RHS thermopile signal will be the greater.
This leads to a negative TAM signal. [We see ~-180uW]. The continually decreasing
negative signal is due to the fact that the longer the light is on, the warmer the LHS
becomes and the greater the differential signal on the RHS thermopiles. The slope of
the line observed when the ‘light on’ baseline is reached is an indication of the rate of

heating of the ampoule. This in turn is related to the output power of the lamp.

According to this model, therefore, the effect of shrouding the kit from the effect of

the air-conditioning unit will be as follows:

104



Chapter 4 — Photocalorimetry: History and Development

Case A — Light off

Now the effect of the air-conditioning unit is minimised, the teinperature differential
on the left and right hand sides of the system should be approximately the same and

the baseline reading should be closer to zero than the ~40uW observed previously.

Case B - Light on

If the imbalance of the two fibre-optic cables is not addressed then it is expected that
the shrouding will have an adverse effect on the calorimetric output. The imbalance
will mean that the LHS is heated more than the right but with the shroud in place there
will be no cooling effect from the air-conditioning to redress the balance. The
temperature differential for the LHS will be mninimised relative to the RHS and so the
signal from the RHS will be large — leading to a large negative signal on the TAM.
The signal is still expected to become more negative. This time with a steeper slope,

as a result of the increased heating effect described above.

This model works well as the expectations outlined here in the theory are observed

experimentally.
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e Volume of Sample and its Position within an Ampoule

The effect of the position of a sample and / or the volume to which an ampoule is
filled on the thermodynamic and kinetic parameters obtained for a reaction is a

crucial consideration when developing a new instrument. Considerations have

been discussed in chapter three.

e Choice of Suitable Test Reactions

As well as the considerations made in chapter three (see above), test and
validation reactions have been discussed as part of the development of
actinometers (chapter five). The choice of a model solid-state material will be

discussed in chapter six.
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4.5 Consideration of Experimental Method

In recent years’ work with the isothermal microcalorimeter, a standard method of
ampoule loading and lowering into the measuring position of the TAM has always
been followed. However, the new apparatus and experimental conditions that the
development of the photocalorimeter has brought have allowed the opportunity to
investigate the best method of lowering 20m/ ampoules into the TAM; the method that
most quickly allows measurement of thermal activity to begin once the signal has

settled down from “thermal shock” (see section 3.1.1).

The traditional method of lowering is as follows:
e Load ampoules into equilibrium position in the TAM
e Wait 30 minutes to obtain thermal equilibrium

e Lower ampoules slowly into measuring position and immediately begin recording

It has been noted, however, that starting the data recording immediately after the
lowering down into the measuring position often leads to some thermal shock being
recorded by the TAM in the first few minutes of the experiment. Indeed,
investigations into this effect and apparatus to counteract it are currently under

development. 88

Experinents have been carried out to investigate what difference various lowering

inethods make to the initial calorimetric data in an experiment.

The two 20m! glass ampoules were both filled with 15ml distilled water under

“normal” calorimetric test conditions (i.e. Relative humidity, 25°C, 24 hour test).

The following four “lowering methods” were evaluated:
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As can be clearly seen from the figure, the different lowering methods do have an
effect on the calorimetric output. As expected, lowering the ampoules straight down
from loading without spending any time at the equilibrium position caused significant
thermal effects. However, the experiments where the ampoules were at first held at the
equilibrium position before recording of the experiment began, exhibited much more

stable outputs. Method 3 showed particular stability over the 24 hour test period.

It can be concluded from this work that methods 3 or 4 (i.e. held at the equilibrium
position first) are the only procedures for lowering ampoules that should be used to
avoid thermal effects at the beginning of an experiment. Out of these two, the

preference should be method 3, which exhibited the most stable output of all

This lowering method will be used in all experimental work from now on in the

project, unless stated otherwise.

It is not until all these issues were resolved that the final stage of the project could be
commenced; that of using the photocalorimeter to establish the wavelengths of light

that cause photodegradation in drug products and formulations.

Chapter five describes the use of the novel photocalorimeter, developed as described
above, to establish methods of validation and quantification of the delivery of light to

a sample placed in the calorimetric ampoule.
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S. Actinometry

Following the development of the photocalorimeter, described in chapter four, and
having validated the calorimeter using the triacetin reaction, described in chapter
three, the next step is to develop a suitable method of actinometry.

Actinometric methods allow the measurement of the light energy to which a sample is
exposed when undergoing reaction. This measurement is the photon flux, with units of
watts per square metre (Wm"’), which allows quantitative measurement of the photon
flux to which a sample under test is exposed.

The two main actinometric methods under consideration for use with the
photocalorimeter are chemical actinoinetry and spectroradiometry.

Although the aim of the project is to develop an instrument that can analyse solid and
solution-phase systems, the development of an actinometric method for use with the
photocalorimeter, which is described below, will be for use with solutions only.
Limited numbers of actinometric methods have been recommended in the literature '*
22 for use with solid-state materials; and the possibility of using the photodegradation

reaction of nifedipine as a solid state test inaterial is described in chapter six.

5.1 Chemical Actinometry

The use of chemical actinometry to measure light dose during drug photostability
testing is an absolute method in that it allows the absolute number of photons
impinging on a sample to be measured. Data obtained is then converted to standard
photon flux units of Wm™.

Typically, a chemical actinometer is a solution containing a chemical compound that
undergoes a specific chemical reaction as a result of photon absorption. The rate at
which this reaction takes place is related to the rate at which photons are absorbed by
the actinometer. In the case of drug stability studies, the actinowneter solution is
transferred to an appropriate container and illuminated under the same conditions as

the drug samples. The actinometer reaction is followed as a function of illumination
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time and the data used to compute the photon flux to which the drug samples are
exposed in the ampoule.
18-22, 89, 90, 94

Many methods of chemical actinometry and its general principles have

been discussed for years in the literature.
The currently approved method of chemical actinometry using quinine solutions (as
outlined by the ICH monograph) o s simple but has been demonstrated to have some

92’ 93 . . . .
which lunits its usefulness.

disadvantages
Two principal candidates for use as chemical actinometers are the photodegradation of

2-nitrobenzaldehyde and the photoreduction of potassium ferrioxalate.

Both have useful properties that set them apart from many other actinometers.
Potassium ferrioxalate is of particular interest since it is the recommended IUPAC
actinometric method, whilst 2-nitrobenzaldehyde is an interesting alternative, as

described in the literature. Both systems are explained in the following sections.
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5.1.1 The Photodegradation of 2-nitrobenzaldehyde under white light

The photochemistry of 2-nitrobenzaldehyde has been studied on numerous occasions,
95.96.97.98 Harticularly for reactions involving UV light.

The use of this material in actinometry has some unique advantages. Firstly, the
actinometer has the potential to be used in solid, solution or colloidal dispersion
systems. Secondly, the quantum yield for the photodegradation reaction is not
wavelength-dependent and therefore the use of a monochromator to select “causative
wavelengths” for photosensitive materials (as described in chapter six) would not
affect the actinometer in any way. Thirdly, performing experiments on 2-

nitrobenzaldehyde is relatively straight-forward and finally, the photoreaction is zero

order 2 (i.e. linear loss of 2-nitrobenzaldehyde as a function of irradiation time).

The photoreaction of 2-nitrobenzaldehyde, shown in Figure 5.1.1 below, 22 proceeds
via an intramolecular rearrangement involving transfer of an -NO, oxygen atom to the

aldehyde functionality yielding the nitrosobenzoic acid product.

O§C _H O _OH O, O
NO, NO NO
+
+ hV RS S P 4 + H
2-nitrobenzaldehyde 2-nitrosobenzoic acid 2-nitrosobenzoate anion

Figure 5.1.1 The photodegradation of 2-nitrobenzaldehyde

The photochemistry of 2-nitrobenzaldehyde (from now onwards 2-NB) was first
described in 1900 by Ciamician and Silber. 95 Gince then, Bowen ef al., *® Lucy and
Leighton 97 and Pitts %8 have established the quantum yield for the photolysis of 2-
NB.

In the range of 300 - 410nm the quantum yield is known 22 {0 be 0.5. The quantum

yield can be defined as the number of moles of the compound which reacted divided
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by the number of einsteins absorbed by the compound. For a quantum yield of 0.5, 1
einstein (1 mole of photons) will cause 0.5 moles of 2-NB to undergo conversion to

product. This conversion is independent of wavelength and temperature.

5.1.2 The Photodegradation of Potassium Ferrioxalate

Potassium ferrioxalate has been employed as a cheinical actinometer for many years.
19.20.99-197" pirst developed by Hatchard and Parker, '® it is capable of accurately

measuring small doses of ultra-violet light across a wide wavelength range accurately.

On exposure to light of wavelength less than 490nm, solutions of the ferrioxalate ion

undergo decomposition according to the equation (which is not balanced);
2[Fe(C09)s]> > 2[Fe(C:09]* + 2CO;
The potassium ferrioxalate actinometer has the four following advantages:

Sensitivity

The minimum detectable amount of energy is of the order 5 x 10" quanta. '®

Wavelength Coverage

The quantum efficiency increases gradually from about 0.9 in the region of 480nm to

about 1.2 at ~253nm. %8

Photolyte stability and Photolysis Products
In the absence of light the actinometer solution can be kept for long periods without

decomposition. The ‘blank’ value is low. 108

Simple to Operate

A large number of determinations can be made in a short time. Large or small

: 108
amounts of decomposition can be measured with equal accuracy.
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S5.1.3 Actinometric Theory

Knowledge of quantum yield and reaction order, presents the opportunity to use
photodegradation reactions as chemical actinometers to calculate the light flux.

A paper by Willett ef al. '® outlines the procedure for calculating the irradiance, I, (in
einstein dm'3s'l) and subsequently the light flux, F} (in Wm?) for a light source

provided either the rate constant, k or the enthalpy of reaction, H can be determined.

The basic calorimetric equation for zero-order reactions relates rate constant, enthalpy

and calorimetric output as follows ¢ ;

O=kHYV Egns.1.1.1

where & is the calorimetric output (W)
k is the rate constant (mol dm? s )
H is the reaction enthalpy (Jmol ! )

V is the volume of reaction solution (dnm’)

However, the product k. H requires a value of k or H to be known to allow separation
of the variables. A value of k is known for the potassium ferrioxalate reaction but not
for 2-NB.

For 2-NB, the value of k could be found theoretically from bond-enthalpy calculations.
However, literature values are quoted for gas-phase systems and for accurate

calculations these are unacceptable.
An alternative means of obtaining an initial value for £ or A must therefore be sought

for 2-NB which can then be applied to the calorinetric equation above for future

calculations. This method is described in section 5.1.5.1 below.

The final stage of the process is to apply established values of & to find the irradiance

and photon flux of the Xe arc lamp.

The stages of the calculation are outlined below. Reference should be made to the

Mathcad™ worksheets printed below:
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Calculation of Irradiance

The irradiance can be calculated using the following equation:

I, =ky/¢ Eqn5.1.1.2
where k, is the rate constant for the photodegradation (moldm™s")
¢ is the quantum yield

Calculation of Photon Flux

The photon flux, F, (in Wm'z), can be calculated from the following:
F,=1,V.NLE;,/A Eqn5.1.1.3

where Iy is the irradiance (einstein dm™s™") (and 1 einstein = 1 mol of photons)
V is the volume of solution (dm’)
A is the cross-sectional area of exposed actinometric solution (m)
N, is Avogadro’s number (mol ! )

E; is the energy of a photon of wavelength A (inJ photon'l )

The cross-sectional area of exposed solution, 4, is found from

A= Egn5.1.1.4

where  r is the radius of the ampoule (m)

hence A=mx0.0125x0.0125 = 4911x 10 m? for the ampoules used here
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Finally, the energy of a photon can be calculated from Planck’s Law:

Ey=hv="hc/A Egn5.1.1.5

where A is Planck’s constant (6.63 x 10™* Js photon™)
¢ is the speed of light (2.99 x 10® ms™)

A is the average wavelength over which the actinometer is used (m)

NB the average wavelength is calculated by multiplying the wavelength and irradiance
together over the range of interest (typically 290-400nm) and dividing by the
irradiance over each bandwidth summed over the range of interest. This value is
known as the weighted-average wavelength and is supplied by the manufacturers of
the lamp.

It should be noted that the irradiance value is therefore imbedded in future calculations

for evaluating the photon flux, Fy and may be a source or error (see section 5.1.3).

Mathcad™ then produces values for the irradiance and photon flux for all actinomnetric
experiments carried out with the Xe arc lamp at 240/ output. These values are shown
in sections 5.1.5.2 for 2-NB and 5.1.6.2 for potassium ferrioxalate which include the

mean values of I, and F; the standard deviations and the corrected values.

The corrected value of the photon flux is evaluated by multiplying by 3/2 since only
two of the three fibre optic cables were used in the experiments; hence two-thirds of
the light and therefore two-thirds of the real photon flux will have been recorded.

NB This correction factor assumes precise of division of the fibre bundles meaning

some degree of error will be introduced into the evaluation.
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5.1.4 Experimental procedure

The first task is to run a pair of identical photodegradation experiinents in the TAM to
obtain a value of @ for both a sample of the actinometer and a blank run obtained by
the irradiation of a pair of empty ampoules.

NB The blank experiment is necessary to compensate for the variable nature of the
power axis displacement of the TAM signal when the light was switched on.
Assuming the setup of the apparatus is unchanged for both runs, subtraction of the
blank signal from the sample signal ensures the difference in the displacement is only

as a result of the photodegradation of the actinometer solution.

The experimental method applied is outlined below:

Reference Experiment

e The Xe arc lamp (240W) was switched on one hour in advance of ampoule
loading

e Two empty 20m! stainless steel ampoules were lowered into the TAM using
the standard photocalorimeter lowering method (see chapter four). The
temperature of the TAM was set at 298K

e Once a stable baseline had been achieved with the ampoules in the measuring
position, the data recording process began

e After approximately 2 hours, the shutter was opened and the ampoules
irradiated

o The “light on” output was recorded until a stable signal had been achieved —
this took approximately 2 hours before the light source shutter was closed

e The TAM continued to record a signal until the baseline had returned to its

original value
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Sample Experiment

e As above with one difference. The ampoules were filled with actinometer

solution and distilled water in the sample and reference sides respectively

For zero-order processes, including the photodegradation of 2-NB and the
photoreduction of potassium ferrioxalate a plot of power output (@) vs. time will yield
a line with no slope (i.e. a horizontal line) since the reaction is only dependent on time
and not on the concentration of the reactant. Thus the required value of @ is obtained
by subtracting the reference output from the sample output once both outputs have

reached equilibrium and produce horizontal lines.
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5.1.5 Application of theory to 2-NB

5.1.5.1 Alternative method for finding the rate constant, k£ for 2-NB

The alternative method of finding k referred to in section 5.1.3 is to measure the
formation of the photoproduct with time using titration analysis. The photoreaction
converts 2-nitrobenzaldehyde into 2-nitrobenzoic acid and if the solution is exposed to
UV light for a known period of tiine, titration of the resulting acidic solution with
sodium hydroxide solution enables the calculation of the number of moles of acid
formed during the reaction. Consequently, a value for the zero-order rate constant in
mol dm™s™ can be obtained by dividing the number of moles formed by the irradiation
time. This value can then be applied in section 5.1.3 to Equation 5.1.1.2 to find the
irradiance and to Equation 5.1.1.3 to find the photon flux.

Experimental Method — Preparation and Analysis of 2-nitrobenzoic acid

e 1.5112g of 2-nitrobenzaldehyde was crushed to aid dissolution using a mortar
and pestle

e The solid was dissolved in a mixture of 100m/ ethanol and 100m! distilled
water and stirred

o 3.5ml of 2-NB solution was pipetted into the 20m/ stainless steel ampoule and
exposed to the pre-ignited UV lamp, set at 240W for a known period of time

o The exposed solution was transferred to a glass vessel and titrated with 0.03M
NaOH until the pH of the solution (measured with a pH meter) became neutral

e The volume of NaOH allowed the calculation of the number of moles of acid
formed

e The number of moles formed was divided by the irradiation time to obtain a

zero-order rate constant for the reaction

NB A titration of fresh-unirradiated 2-NB was carried out to establish a reference.
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Evaluation of &

The table below shows the results for the 240W light experiments, together with the
corresponding plot of moles formed against time. The average rate constant was then
taken as the slope of the plot and applied to the calculation worksheet in Mathcad™ to

calculate values for the irradiance, p and the light flux, F.

Table 5.1 240W Xe arc Lamp Output

Irradiation Time Product formed

(s) (mol dm™)
3600 4.44x10°
3600 8.57x 107
5400 1.43 x 10™
5400 1.43x10™
6300 4.14x 10"
7200 6.57x 10"
8100 6.29x 10
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Using the zero-order calorimetric equation, the second task is to find the enthalpy of

reaction H for the calibration reaction, based on the values found for £ and 4 above:

If ®=kHV Egns.1.1.1

then 116 x10°W = 1.4x 107 dm’s”. H.0.004 dm’

hence H =202464 Jmol’ or 202.5 kJmol’
This value of H will now be used to obtain values of k£ in the subsequent
photodegradation experiments carried out in the TAM where no prior knowledge of
the rate constant is assumed.
Applying the value of H to find &
The outputs below show subsequent 2-NB photodegradation experiments carried out

using the same experimental method described in section 5.1.4. The preparation of 2-

NB solution was carried out as described in section 5. 1.5.1
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The values required for the calculation of & are @ (

summarised in Table 5.2 below:

Table 5.2 Parameters required for the calculation of k

=A ), H and V. These are

Experiment (2 H V
Number (uw) (Jmol") (dm’)
1 - -
2 110 202464 0.004
3 116 202464 0.004
4 114 202464 0.004
5 114 202464 0.004
SD 2.6
Mean 113
% error 2.3
Rearranging Equation 5.1.1.1 gives:
k=®/HYV Egn5.1.5.2

and applying this equation to the figures in Table 5.2 gives the following values of £

for each reaction:
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Table 5.3 Values of k and the standard deviation

Experiment Rate constant, k

Number (moldm’3s'l)
2 1.36 x 107

3 1.46x 107

4 1.41 x 107

5 1.41 x 107

SD 4.1x107°
Mean 1.41x 107

% error 2.1

Applying these values of the rate constant, k to the irradiance and photon flux

equations outlined in section 5.1.3 gives the following values:
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Table 5.4 Values of 1, and F,, the mean values, standard deviation and corrected values: 2-NB

Irradiance, ) Photon Flux, F)
(einstein dm™ s7') (Wm’)

Value 2 2.7x 107 0.70
Value 3 29x 107 0.76
Value 4 2.8x 107 0.73
Value 5 2.8x107 0.73
Mean 2.8x 107 0.73

SD 82x10° 0.02

Mean Value x 1.5 42 x 107 1.1

These values were calculated via the Mathcad™ worksheets printed below:
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Hence for the 240 light source using the 2-NB actinometer the mean corrected

values for the irradiance, [ and the photon flux, F) are as follows:

Fyp=1.1 Wm?

Ip=4.2 x 107 einstein dm™ s’!

The approximate value for the photon flux supplied by LOT Oriel, the suppliers of the
photocalorimetric light source is 1.3Wm™ for the xenon arc lamp at 300/ (100%

power) and agrees with the calculated values as follows;

Calculated value = 1.1 Wm? (80% lamp power, 240W)
LOT Oriel value ® = 1.3 Wm™ (100% lamp power, 300/7)

Considering the lamp was not operating at full power when the photodegradation of 2-
NB was carried out, the figure of 1.1 Wm™ represents a good result obtained from

actinometry.

These values of irradiance and photon flux established through the photodegradation
of 2-NB must be compared with the alternative methods described later in this chapter

i.e. the potassium ferrioxalate reaction and spectroradiometry.

Note that studies of 2-NB at 300W (100%) lamp power were not carried out owing to

the limited time allocated to the actinometric part of the project.

Having already established actinometric theory for photodegradation reactions
(section 5.1.3), it is proposed to perform simnilar photodegradation experiments with
the potassium ferrioxalate system and comnpare the values established for the

irradiance and the photon flux from the two different chemical actinoineters.
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5.1.6 Application of theory to Potassium Ferrioxalate

The major advantage of using potassium ferrioxalate as an actinometer is that the
reaction enthalpy is already well-established. '% " This means that unlike the case for
2-NB, the solution can be tested in the calorimeter and the output inserted into the
Mathcad™ sheet directly to obtain values for the irradiance and photon flux. No pre-

preparation (i.e. titration to establish a value of k) is required.

5.1.6.1 Experimental Method — Preparation of stock Ferrioxalate Solution

e Prepare 1.5M potassium oxalate in HyO by dissolving 46.06g of potassium
oxalate in 167ml H>O

e Prepare 1.5M ferric chloride solution by dissolving 13.538g ferric chloride in
56ml H>0.

e Mix the two solutions with vigorous stirring to  precipitate
K;[Fe(C;04)3].3H,0 (potassium ferrioxalate)

e Air-dry the precipitate using a Buchner flask over 5 hours

e Recrystallise three times from warm water before drying by vacuum filtration

e Dissolve 9.21g of solid in 112.5m! H>O and 12.5ml H>S804(0.1N)

e Resultant solution is 0.15M

Once prepared, the solutions were stored in glass vessels with stirring and kept in a
dark room under red light. The solutions were each kept as long as required in order to

carry out a whole series of tests in the calorimeter; typically 12 — 15 hours in duration.
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Table 5.6 The change in signal difference with age of solution

Time elapsed Calorimetric signal Change in orig. signal
(h) uw) uw)
0 315 -
3 408 93
27 294 21
51 286 -29
56 303 -12

This trend can be shown graphically as before:

CHANGE OF POTASSIUM FERRIOXALATE OUTPUT WITH TIME
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Figure 5.1.6.16 The change in calorimetric output with solution lifetime
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Applying the values of @ to find k, the irradiance, /) and the photon flux, F,

Using exactly the same equations and Mathcad™ worksheets described in section
3.1.3, the irradiance and photo flux were calculated for each photodegradation of
potassium ferrioxalate described above.

The values established for @ from the second round of photodegradation experiments

are listed below:

Table 5.7 Values of  for the photodegradation of potassium ferrioxalate

Experiment ()]
Nuinber (uw)
1 315
2 408
3 294
4 286
5 303
SD 49.7
Mean 321
% error 15.5

And apply these values to the basic zero-order calorimetric equation:

k=®/HV Eqn5.1.5.2

where  H is -52600 Jmol”!
and V=0.004 dm’

to give the following values of the rate constant, k:
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Table 5.8 Vvalues of k for the photodegradation of ferrioxalate

Experiment Rate constant, &

Number (moldm™s™)

1 1.44 x 10°

2 1.36x 10

3 1.40 x 10°®

4 1.94x 10°°

5 1.50 x 107

SD 2.36x 107
Mean 1.53x10°

% error 15.5

The final stage of the process is to apply the established values of £ listed above to

find the irradiance and photon flux of the light source — in this case the Xe arc lamp.

The stages of the calculation are outlined in section 5.1.3. Reference should be made

to the Mathcad™ worksheets below which produce values for the irradiance and

photon flux for all 5 experiments carried out with the Xe arc lamp at 300/ output.

These are shown in Table 5.9 which includes the mean values of /y and Fjy, the

standard deviations and the corrected value.

As for the 2-NB experiments, the corrected value of the photon flux is evaluated my

multiplying by 3/2 since only two of the three fibre optic cables were used in the

experiment, hence two-thirds of the light and therefore two-thirds of the real photon

flux will have been recorded.
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Table 5.9 Values of I, and F, the mean values, standard deviation and corrected values

Irradiance, I Photon Flux, F,
(einstein dm™ s7') (Wm')

Value 2 12x10° 3.00
Value 3 1.1x10° 2.83
Value 4 1.1x10° 2.91
Value 5 1.6x10° 4.03
Value 6 1.2x10° 3.12
Mean Value 12x10° 3.18
SD 2.1x107 0.49
Mean Value x 1.5 1.9x10° 4.77
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Hence for the 300W light source using the potassium ferrioxalate actinometer the

mean corrected values for the irradiance and the photon flux are as follows:

Fyp=4.8 Wm™

Iy=1.9 x 10°® mol dmi s

As already discussed, the approximate value for the photon flux supplied by LOT
Oriel, the suppliers of the photocalorimetric light source is 1.3Wm™ for the xenon arc
lamp at 300/ (100% power) and compares with the calculated values (also at 100%)

as follows;

Calculated value = 4.8 Wm™
LOT Oriel value ¥ = 1.3 Wm?

Despite the fact that the potassium ferrioxalate experiment was carried out at 300/
(100% light power), the difference between the light manufacturer’s value and the
potassium ferrioxalate actinometry value is 369%. This would initially suggest there
is a problem with the actinometric result. There is no guarantee, however, that the
book value quoted above is correct for this particular experimental setup. Care must be
taken not to treat the LOT figure as the “correct answer” since the photon flux value
can change with differing experimental setups such as the length of the fibre optic
cable, the age of the bulb, the “footprint” of the light irradiating the sample and the
distance between the “output end” of the fibre optic cable and the sample. These
factors can change between different sets of experiments (e.g. between the times at
which 2-NB and potassium ferrioxalate experiments were carried out), even though
the outputs plotted in Figures 5.1.6.10 to 5.1.6.14 demonstrate a relatively high degree

of repeatability (10% error) within a series of experiments.

The photoreduction of potassium ferrioxalate seems to be more problematic for use
than was the case for 2-NB described above. The need of a Schlenk apparatus to
prepare and store the solutions in an inert atinosphere has already been discussed. An
additional problem, however, is apparent when looking at the calorimetric outputs for

the repeat potassium ferrioxalate experiments (plotted in Figures 5.1.6.10 to 5.1.6.14).
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To ensure the extent of reaction was the same for each of the repeat potassium
ferrioxalate experiments shown in Figures 5.1.6.10 to 5.1.6.14 (i.e. to ensure
consistent results), the reading for the value of phi was taken 3000 seconds after the
light was first irradiated onto the sample. It is clear from the outputs, however, that the
TAM calorimetric signal has not settled down to be flat at that point. This suggests
the new potassium ferrioxalate solutions are not undergoing just a single zero-order
photoreduction reaction but that the photoreaction is complex. This is the first time
complexity has been observed for the photodegradation of potassium ferrioxalate and
can only be observed through photocalorimetry. Note that flat line outputs were
obtained for the original potassium ferrioxalate experiments shown in figures 5.1.6.2
to 5.1.6.6 and further investigation into why the outputs are significantly different for

the reaction not containing oxygen must be carried out.
There is one final actinometric method to investigate — that of spectroradiometry. This

method may have the casting vote as to the correct value for the photon flux of the Xe

arc lamp.
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" the system was first

Using the dedicated software alongside the instrument,
calibrated using a calibration lamp before being connected to the third fibre optic
cable of the photocalorimeter, as shown above, to record the photon flux output of the

lamp in real time.

The method is straight forward:

e Connect the spectroradiometer to the third branch of the fibre-optic cable

* Set the software to record photon flux in real time and select the required

power output of the lamp (240W, 270W, 300W)

e Ignite the lamp and leave it for an hour to “warm up” — ensuring a steady

output

* Open the shutter allowing the light into the radiometer and begin data

recording

* After the required length of tiine, end the data recording and turn off the lamp

The data collected was then imported into Origin™ and plots of photon flux vs. time
compared for different lamp powers. The combined plots for lamp powers from 240%

to 300/ are shown below:
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5.3 Comparison of the Three Actinometric Methods

Having explored three different methods of quantifying the output from a Xe arc lamp,
the final task before moving on to the final development stage of the photocalorimeter
(chapter six) is to compare the values obtained for the photon flux from the three
actinometric methods described in this chapter.

The following table lists the method used together with the mean value established for

the photon flux, F.

Table 5.9 Comparing photon flux values for the three actinometric methods

Method Mean Photon Flux, Fy
(Wim’)
2-NB (240W) 1.100
Spectroradiometry (240/) 2.365
Potassium ferrioxalate (300W) 4.800
Spectroradiometry (300%) 6.954

The values for the photon flux obtained by the two chemical actinoinetric methods

agree more favourably with the book value than the spectroradiometric inethod.

The book value supplied by anufacturers LOT Oriel of 1.3Wm™ is probably
inaccurate for the experimental setup of the photocalorimeter which has never been
carried out before and direct comparison of manufacturer and experimnental values of
the photon flux should be avoided.

NB The value for the weighted average wavelength used in the calculations in section
5.1.3 is also supplied by the manufacturers as part of the calculation of the book value

for the photon flux. This is also likely to be erroneous and the values calculated
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experimentally for the photon flux for both 2-NB and potassium ferrioxalate will

contain inherent error.
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Conclusions and Further Work

A suitable reaction for use as an actinometer needs to be robust and repeatable with a
simple reaction mechanism and low-sensitivity to non-photochemical processes. It
should also be able to be stored for a few days without degrading or changing
significantly and should be easily analysed calorimetrically.

Despite the discordance between the calculated photon flux values obtained by
chemical actinometry and those published by LOT Oriel, chemical actinometry can be
considered more appropriate than spectroradiometry since both chemical methods
produced values for the photon flux that compared more favourably with the book

value.

Out of the two chemical methods tested, 2-NB appears to be the more suitable
candidate. As well as meeting all the requirements above, the calorimetric output of 2-
NB exhibits zero-order mechanism (i.e. a flat line) which can be easily analysed to
obtain values for phi, as outlined in section 5.1.5.2 above.

Potassium ferrioxalate, however, is sensitive to oxygen on preparation and storage
which has a detrimental effect on the calorimetric output when photoreaction is carried
out (see Figure 5.1.6.8). Although this problem was solved by preparing and storing
the solution in oxygen-free conditions, the repeat experiments on potassium
ferrioxalate revealed that the photoreduction process is complex and not zero-order.
Although it is of note that this is the first time that complexity during the potassium
ferrioxalate photoreduction has been observed experimentally, analysing the output
after 3000 seconds whilst competing reactions are still occurring is not ideal and
represents a further major drawback of using pofassium ferrioxalate in actinomnetry.

The complexity of reaction observed needs to be investigated further as part of future

work.

The 50% difference between the chemical actinomnetric values and the
spectroradiometric values is difficult to fully explain. One explanation is that the
footprint and geography of the light shone into the spectroradiometer is different to
that for the calorimetric experiments leading to different levels of light intensity

between experiments. It should also be noted that the calculations made when using
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chemical methods includes the LOT Oriel value for the average wavelength energy for

the light source which introduces embedded error into the calculated values.

The chosen reference system must produce a value for the required parameter to fit the
reaction under study (in this case, k which leads to /; and Fjy). If the chosen system is
then replaced by another, however and a new value of £ is required, the value derived
from the reference system must be easily adjusted via a correction factor to suit this
new reaction. The robust and repeatable nature of the 2-NB reaction offers this

possibility.

NB The choice of 2-NB over potassium ferrioxalate is interesting since potassium

ferrioxalate is the method of chemical actinometry suggested by IUPAC.

Further work must include carrying out 2-NB at 300W (100%) lamp power to be able
to compare the value directly with the book value.

The potassium ferrioxalate experiments must also be repeated with particular interest
in whether future calorimetric outputs exhibit zero order kinetics as was expected
originally.

Finally, further studies into the use of spectroradiomnetry must be carried out since this

method enables an absolute measurement of the photon flux in real time.
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6. Applications

Having established methods of validation and actinometry allowing quantitative
measurements of photon flux and irradiance, the final stage of development is to apply
the apparatus to the analysis of the photodegradation of a solid.

Chapter two described the development of theory dealing with solid state reactions,
whilst chapter three described the use of the triacetin reaction in solution to optimise
test conditions for solid state future work.

For photodegradation experiments using solids, therefore, no calorimetric inserts will
be used and samples will be placed on the bottom of the ampoule when undergoing

irradiation.

One of the objectives of developing the novel photocalorimeter was to be able to study
“causative wavelengths” of photodegradation of pharmaceutical solids. As outlined in
the introduction, current methods of solid state photostability testing have their
limitations. The calorimeter, however, if fitted with a monochromator, facilitates
selection of wavelengths to be tested for their effect on photodegradation.

“Causative wavelengths” can be defined as the wavelengths of light at which
photochemistry occurs. Specific chemical entities will have specific “causative

wavelengths”.

The installation of the monochromator as part of the photocalorimeter is described in
this chapter, as is its application in testing novel solid-state systems and

pharmaceutical products, of unknown kinetic and thermodynamic properties.

In addition to developing a scanning technique to detect or identify “causative
wavelengths”, the theory described in chapter two, and actinometric methods,
developed in chapter five, will allow quantitative analysis of photodegradation

reactions that occur as a result of wavelength scanning with the monochromator.
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6.2 The effect of Wavelength on Photon Flux

Up until this point in the development of the photocalorimeter, only white light has
been shone into the system with the assumption that the irradiance was of the same
intensity every time the lamp was lit. The addition of a monochromator, however,
allows light of different wavelengths and hence different energies to be shone into the

system.

It was shown in chapter five, section 5.2 that the photon flux (i.e. the amount of

energy (W) delivered by the light over a set area (m’ )) changes with lamp power.

Section 5.1.1.5 in chapter five used Planck’s Law to relate the energy of a photon, E to

the wavelength as follows:
E=hv=hc/A Egns5.1.15

where A is Planck’s constant (6.63 x 107 Js photon™)
¢ is the speed of light (2.99 x 10% ms™)

A is the wavelength over which the actinometer is used (m)

and the energy of a photon is related to the photon flux, Fy (in Wm) by the following:
F,=1,V.NLE;/A Egn5.1.13

where Iy is the irradiance (einstein dm? s') (and 1 einstein = 1 mol of photons)
V is the volume of solution (dm’)
N, is Avogadro’s number (mol ! )
E; is the energy of a photon of wavelength A (in J photon™)

. . . . 2
A is the cross-sectional area of exposed actinometric solution (m”)

and it can be expected, therefore, that changing the wavelength of light shone into the

calorimeter will have an after effect on the value of the photon flux.
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The effect of the wavelength of light on the photon flux must be determined before
any solid state photodegradation experiments can be carried out. The following

section describes the procedures undertaken to carry out this investigation.

6.2.1 Experimental

e The apparatus was set up as shown in figure 6.1.3 above
e The Xe arc lamp was set at maximum output (360/)
e The spectroradiometer was calibrated ' and set to record photon flux in real-time

o After allowing the lamp to “warm up” for an hour, the shutter was opened and the

light allowed to enter the PC-driven spectroradiometer

e The data recording on the spectroradiometer was started

e The wavelength was scanned froin 520nm to 300mm by manually changing
through 5nm every 5 minutes

e Three runs were carried out to ensure repeatability ( £ 5% is acceptable error)

The results were plotted as wavelength vs. photon flux as shown below:
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To allow a numerical comparison of the photon flux values obtained for the three
experiments, three specific wavelengths were chosen and the corresponding flux value
recorded. The wavelengths chosen were 500nm, 425nm and 350nm, representing the

beginning, middle and end of the sweep range.
Table 6.1 below lists values for the wavelengths, the corresponding values of photon

flux and the mean values. Table 6.2 shows the standard deviations and percentage

errors (based on the standard deviation over the mean) for each experiment.

Table 6.1 Comparison of wavelengths and corresponding photon flux

Experiment | Wavelength | Photon Flux
Number (nm) (,uW/m2 )

1 500 879

2 500 879

3 500 908

1 425 1251
2 425 1232
3 425 1119
1 350 2048
2 350 1912
3 350 1836
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Table 6.2 Statistical comparison of wavelengths and corresponding photon flux

Wavelength Mean Photon SD % error
(nm) Flux (SD / mean)
(UW/m?)
500 889 17.32 1.95
425 1200 71.36 5.94
350 1935 107.40 5.56

From Tables 6.1 and 6.2, the values of the photon flux for the three experiments all
fall within + 6% (at worst) of each other.

Figure 6.2.4 above demonstrates that the photon flux is consistent over the three runs
carried out. It also clearly shows, however, that there is a considerable variation in the
value of the photon flux as the wavelength is ramped up from the visible into the UV
region.

At 520nm, the photon flux is approximately 0.9 W/m’, rising to a maximum of
~1.3W/m’ at 450nmm. The values for the photon flux then fall away to zero at
approximately 300nm. This is contrary to predictions made from Equations 5.1.1.6
and 5.1.1.4 which suggest that the photon flux should increase with energy.

This effect has been observed in industry 13" and also by lamp manufacturers, 8 who
both have reported the same trend shown in Figure 6.2.5 below. A peak at ~450nm is

observed, followed by a significant tailing—off of the irradiance of the lamp at

wavelengths less than 400nm.
Although the variation in irradiance with wavelength is inherent in an arc lamp, it is,

however, much smoother than other potential sources and will continue to be used in

subsequent experiments.
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6.3 Application of a known solid to the novel photocalorimeter

The final stage of the project involves applying the developed photocalorimeter to
pharmaceutical solids whose kinetic and thermodynamic parameters are unknown.
This will be carried out using a drug supplied by GlaxoSmithKline. With the addition
of the monochromator described above it is hoped that the system will be able to
screen “causative wavelengths” of photodegradation in real-time; as well as yield
kinetic and thermodynamic information about photoreactions taking place.

Before attempting to perform analysis on a solid sample that is completely unknown,
it is necessary to test the system on a solid whose properties and reactions are

established in the literature.

6.3.1 Using Nifedipine as a model solid-state material

Nifedipine (dimethyl 1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl) pyridine-3,5-
dicarboxylate, C;;H;3sN>Og) is a well-known photolabile substance.

Nifedipine has been used therapeutically for years. One example is its use in blood

114-121 1t hag also been used extensively as a calcium channel

2

pressure regulation.

blocker which is useful in hypertension therapy. 12 Myocardial ischemia is often

123 \which can also prevent post-partem preeclampsia-

125

prevented by nifedipine

eclampsia. 124 Other uses are in treatment of high altitude pulmonary oedema,

) ) .. 127
atherosclerosis 126 and cocaine addiction.

Nifedipine has also been used as the test drug in the development of new photon

28 In addition, possible strategies for the photo-

129-130

. . e 1
sources for irradiation lamps.

protection of nifedipine have been studied intensively.

The photoreactivity of nifedipine is a result of the co-presence of the hydrogen
abstracting nitro group and an easily abstractable benzylic hydrogen. Nifedipine
decomposes concurrently into four components when exposed to daylight or UV light.
131134 The three major photodegradation products are shown below. Product 1 is the
thermodynamically stable modification whilst products II and III are metastable

modifications. > 136 The fourth product is formed in trace amounts and is yet to be
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identified. Under sunlight, the nitro group is reduced to nitroso while the ring is

oxidised. However, under UV irradiation the nitroso group is reoxidised, reforming

the nitro.
N02
1 1
R'~ _~ | R
/ R’ \N i
NC> NO
1 1 ~ ol 1
R | I R > R ~ R
RZ-SNNR2 RZ7SN-\R2
H
\ ?_
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R R" R r]
RZ:(H3 /l /l

Figure 6.3.1 The three major photodegradation products of nifedipine

Photodegradation occurs with apparent first order kinetics, with a first order rate
constant of 7.45 + 0.32 x 107 5. 120 Nifedipine also exhibits a marked colour change
as a result of photodegradation — turning from vibrant yellow to yellow-brown. It

should be stored in the dark at <10°C.

Nifedipine’s photosensitivity at known wavelengths of light is ideal for testing the

photocalorimeter. It is proposed to use the material in two specific areas of

development
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e Irradiate nifedipine with white light to test the response of the calorimeter to the
photodegradation that ensues
o [rradiate nifedipine with various wavelengths of light to screen for “causative

wavelengths”

Lehto ef al. ©  were the first to use nifedipine in photosensitivity experiments of this
type when they constructed an apparatus to test drug photostability in real time. Their
work concluded that nifedipine molecules are only sensitive to light in the range
520nm to 280nm, with a threshold value at 510nm and a maximum at 390nm. No
quantitative data was ever recorded however. To obtain similar results to those
reported by Lehto et al. would indicate the photocalorimeter is working properly.

It should be noted., however, that the data recorded by Lehto et al. was only qualitative
and not quantitative. The ability to obtain quantitative data for the photoreaction of

nifedipine would mark significant progress in photocalorinetric studies.

6.3.1.1 Photodegradation of nifedipine with white light

It is important to determine that the photocalorimeter is functioning correctly in
“white light”” 1node before experiments are carried out at individual wavelengths using
the monochromator. This is done by carrying out experiments to establish the rate
constant, k for the degradation of nifedipine and comparing the values obtained with
the literature value '° of 7.45 £ 0.32 x 10757

NB This mean value is obtained by taking the mean of four values of £ quoted for the
photodegradation of nifedipine in the solid state at different wavelengths of
monochromatic light. The value is therefore approximate and this should be borne in
mind when making comparisons between literature and experimental values.

Experiments were carried out according to a standard protocol:
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Table 6.3 Summary of literature and experimental values for the rate constant, k

Experiment Literature Experimental
Number Rate constant, £ Rate constant, k
(s7) (s
] 7.47 x 107 5.79 x 107
2 7.28 x 107 9.15x 107
3 7.19x 107 9.14x 107
4 727x 107 4.50x 107
Mean 7.30x 107 7.15x 107
SD 1.19x 10° 2.37x 107
% err (SD / mean) 1.6 33.2

and the % difference between the mean values for k£ obtained experimentally and from

the literature can be calculated as follows:

[(7.15x 10®) / (7.30x 10%)] x 100 = 2.2%

These figures represent very successful analyses of the photodegradation of nifedipine
under white light. It should be remembered, however, that these values are for an

observation period of a single reaction of no more than 4000 seconds since the

photodegradation of nifedipine is complex.
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Conclusions

The data show that the photocalorimeter can observe the photodegradation of
nifedipine and produce data which can be analysed both qualitatively and
quantitatively. The mean value for the rate constant of the photodegradation obtained
experimentally is within 98% of the mean literature value which shows that the
photocalorimeter is capable of accurately analysing solid state pharmaceutical
reactions. Further experiments are required in this area, however, before the
photocalorimeter can be used to produce reliable and repeatable quantitative data since
the four photodegradation experiments carried out above vary with each other by as

much as 33%.

Since the analytical plots of natural logarithm vs. time do not produce one continuous
straight line, it is clear that during the photodegradation of nifedipine, no one single
reaction rate constant is involved. More than one reaction is contributing to the
photodegradation. i.e. the reaction system is complex.

Equations developed and discussed in this thesis in chapter two are sufficient for
processes which do not change over the lifetime of the reaction (note this means even
for solid-phase systeins). Sequential and parallel reactions therefore present problems.
We should anticipate that all degradation reactions are complex. This is clear from the
nifedipine photodegradation results where only a limited first-order period is
observed. In the data analysis, no account was taken of proceeding or succeeding
reactions (clearly this situation in unsatisfactory and to attempt all possible patterns,
orders etc. for complex reaction sequences is not useful. Therefore more useful
methods, as yet not fully evolved, are chemometric based. 137

Chemometrics is the application of statistical methods to efficient experimental design
and to the identification of trends, relationships and patterns in existing datasets.
Specifically in the case of calorimetric data, chemometrics is able to deconvalute
complex reaction data into integral-order outputs which can then be analysed using
conventional methods described in chapter two. This work is currently under
development.

In the absence of chemometric analysis at this early stage, however, semi-

quantitatively the apparatus demonstrated that photodegradation was definitely taking

place in all three nifedipine experiments.
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Overall, two very good results out of three for this experiment suggest that the
photocalorimeter is functioning well and that the next stage of the project - the

introduction of “causative wavelength” studies could get underway.

Further work in this area would include performing repeat experiments on nifedipine
to obtain values of & that are consistently accurate compared with the literature value.
Other photolabile materials, such as ascorbic acid could also be evaluated as potential

test materials for the photocalorimeter.

6.3.1.2 Photodegradation of nifedipine with variable wavelength light

Having determined that the photodegradation of nifedipine under white light could be
successfully observed by the photocalorimeter, the next stage was to see if similar
observations could be made under inonochromatic light.

131-136 45 be sensitive to light of

As described in section 6.3.1, nifedipine is known
certain wavelengths. Soine years ago, Lehto et al. reported % nifedipine stability in
the wavelength range 510nm to 280nm, with a maximum at 390nm. Consider a
nifedipine experiment in the TAM where the light shining onto the sample is swept
through a range of wavelengths using the monochromator. It is reasonable to expect
that as the wavelength of light reaches a point at which nifedipine is photosensitive,
some degree of photodegradation will occur and a signal will be recorded by the
TAM. Passing beyond this particular wavelength will result in dininution of the
photodegradation and with it the TAM signal until the next area of sensitivity is
reached when a new signal is observed.

Using this technique, it is easy to se¢ how the photocalorimeter has the potential for
rapid screening of the causative wavelengths of photosensitive drugs in real time.
Having successfully demonstrated the technique on nifedipine, the final stage of
development will be to apply the technique to drugs about which little is known of

their photosensitivity is known.
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Establishing the change in Photon Flux with Photodegradation signal

It was shown in chapter four that the effect of irradiating a sample within the TAM is

to displace the calorimetric power output by a number of micro watts.

Although a flat and stable baseline is achieved for both “light on” and “light off”
sections of the experiment, the micro watt readings at which they occur differ

considerably. With the light off, the baseline value is ~ 200u/. With the light on the
figure is ~ -250uW; a displacement of ~450uW.

As discussed in chapter four, this unexpected displacement of the calorimetric signal
upon irradiation is probably a result of an imbalance in the capacity of the two fibre
optic cables that supply light to the ampoules. This imbalance will lead one side of the
system to receive more energy than the other, hence changing the calorimetric signal.
The higher the energy input, the greater the displacement.

An experiment was carried out on nifedipine to establish how the photon flux (a
measure of the energy of the irradiated light) changes with wavelength and how the

corresponding caloriinetric output changes accordingly.

The method used is described below. The scan range was 520nm to 300nm, the scan
rate 10nm / hour (manual change) and the mass of nifedipine used was 500mg. The
result is plotted in figure 6.3.12 and establishes the pattern of change in TAM output

with changing photon flux as a result of the change in light wavelength.
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the output spike is worst). Riboflavin is a suitable material because it is partly

photolabile and yellow.

The best way to clarify the situation, however, is to test a different material with
different “causative wavelengths”. This should be carried out early on in any future

work in the further development of the photocalorimeter.

Photodegradation of Nifedipine with variable wavelength light

Experimental
Wavelength-scan experiments were carried out according to the following procedure:

e 500mg of nifedipine were loaded into the sample ampoule of the TAM

e 500mg of talc were loaded into the reference ampoule

e The ampoules were lowered into the calorimeter according to the method
described in chapter four

e The lamp was switched on and set at 360/ and allowed to warm up for 1 hour
prior to sample irradiation

e The monochromator was set at the first wavelength of the sweep

e After an hour the light source shutter was opened and the light aliowed to enter the
calorimeter through the monochromator

e Data recording on the TAM was started siinultaneously

e The wavelength was changed manually according to the scan rate detailed below
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Experiments 4 and 5

Wavelength range: 520nm to 300nm
Scan rate: 60nm / hour

Sample mass: 500mg

Humidity: 94%

It is known '*°

that adding a degree of elasticity to a solid (i.e. as a consequence of
increasing the humidity) can cause it to undergo photodegradation more readily. In
an attempt to increase the somewhat modest TAM signals observed for the previous
experiments and produce better resolution of the “causative wavelengths” observed in
experiments | to 3, a number of experiments were carried out under increased relative
humidity.

A hydrostat is a small glass container of volume approxiinately 1m/. When a hydrostat
is filled with a saturated salt solution and then placed in a sealed environment, the salt

solution creates the desired known relative humidity when the system allowed to reach

equilibrium.
In the two experiments that follow, a hydrostat containing potassium nitrate, KNO3

was added to both the sample and reference ampoules (giving a relative humidity of

94% at 298K) and the saine test and analytical methods employed as before:
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It should be noted that the “spectrum” for this experiment is simpler than those
produced in experiments 4 and 5 and that the values of @ have dropped back down to
the magnitude observed in the first experiments performed with nifedipine. This may
be a reflection on the change of saturated solution and hence the change in relative
humidity. More work is needed in this area in the future; both in terms of testing the
reproducibility of the outcome and making further changes to the relative humidity in

which experiments are performed.

Experiments 7,8,9 and 10

Wavelength range: 520nm to 300nm

Scan rate: 60nm / hour

Considering that the complexity of solid-state systems makes photostability testing
more difficult than is the case for solutions (see chapter one), it was decided to repeat
the wavelength sweep carried out in experiments 2 and 3 but this time for nifedipine in
solution. It was hoped that testing solutions would produce a much bigger TAM signal

than is the case for solids, producing a better defined output for the photodegradation.

Four experiments for the degradation of nifedipine in the solution-phase were carried

out and the outputs plotted below:
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Qualitative vs. Quantitative Analysis

As already discussed at the beginning of this chapter (and also in chapter five), the

energy of a photon, £ can be found using the following equation:
E=hv=hc/A Egns.]1.15
where  h is Planck’s constant (6.63 x 10™* Js photon™)

¢ is the speed of light (2.99 x 10® ms™)
A 1s the wavelength (m)

The irradiance, /) can be found from:

I=ko! ¢ Eqn5.1.1.2

where  kj is the rate constant

¢ is the quantum yield

and the energy of a photon is related to the photon flux, Fy by the following:
F,=1,V.NuE;/A Eqn5.1.1.3

where Iy is the irradiance (einstein dm? s') and can be written k / ¢
V is the volume of solution (dm’)
N, is Avogadro’s number (mol™)
E; is the energy of a photon of wavelength A (inJ photon™)

. 3 . . 2
A is the cross-sectional area of exposed actinometric solution (m°)
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Equation 5.1.1.3 can therefore be rewritten as:

Fo=kpV.Nrhc/A @A Eqn 6.3.1.1

The terms V, N4, h, c, A and ¢ are constant for an individual reaction. If these are

grouped together and defined as a constant, C, then the equation becomes:

Fo=(ko/3).C Eqn6.3.1.2

During the wavelength sweep experiments described above, A changes constantly and
(as described in section 6.2) so does the photon flux and so the relationship between A,
k and Fy is not simple. To obtain a value for the rate constant, k, therefore, the
procedure must be to choose a wavelength of interest (obtained from the initial sweep
experiments carried out above) and carry out photodegradation at that point. The
photon flux and wavelength become constant and k can be obtained from equation

6.3.1.2.

Note: A major disadvantage of equation 5.1.1.3 above is that solution-phase and zero-

order conditions must be assumed

199



Chapter 6 — Applications

Conclusions

The study of the wavelength-dependent photodegradation of nifedipine using the
photocalorimeter has been carried out quite successfully.

Most notably, “causative wavelengths” for the photodegradation of nifedipine have
been identified by application of the photocalorimeter and match those reported by

Lehto et al. &

—a good indication that the apparatus is working successfully.
Increasing the relative humidity in which the experinents were carried out seemed to
encourage photodegradation to occur and lead to better-defined “causative
wavelength™ calorimetric outputs. The difference in size of the calorimetric signal
obtained through the use of different levels of relative humidly is an area of interest
that requires more investigation in the future.

The results of the experiments carried out on nifedipine solution show potential and
more work needs to be carried out in this area before decisive conclusions can be
made.

Overall, the results show that the photocalorimeter can be used qualitatively,
providing a method of scanning nifedipine for causative wavelengths in the range
550nm to 300nm in a matter of a few hours. This initial use of the apparatus in
qualitative mode to identify key photodegradation-causing wavelengths will then
allow further analysis to be carried out. Fixing the monochromator at a wavelength of

interest and allowing photodegradation to occur will then produce calorimetric outputs

that can be analysed quantitatively using the equations described in chapter two.
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6.3.2 Applying the Photocalorimeter to an Unknown Material

Having developed the photocalorimeter and tested it, with reasonable success, on
nifedipine, the final stage is to apply the instrument to a drug of which little is known
thermodynamically or kinetically. This application would represent one of the main
uses for the novel photocalorimeter in industry when used to screen materials for
“causative wavelengths”.

SB787976 is a solid-state pharmaceutical material which is known to be
photosensitive. It is stored in the dark at under 10°C. Approximately 200mg of sample
were supplied by manufacturers GlaxoSmithKline for testing in the photocalorimeter
following the method outlined below. Testing of this novel material was carried out

according to the method followed for the initial “causative wavelength” experiment.

e 200mg of SB787976 was loaded into the sample ampoule of the TAM

e 200mg of talc was loaded into the reference ampoule

e The ampoules were lowered into the caloriineter as described in chapter four

e The lamp was switched on set at 360/ and allowed to warm up for 1 hour prior to
sample irradiation

e The monochromator was set at the first wavelength of the sweep

e After an hour the light source shutter was opened and the light allowed to shine
through the monochromator and onto the sample

e Data recording on the TAM was started simultaneously

e The wavelength was changed according to the scan rate required

Wavelength range: 600nm to 200nm
Scan rate: 10nm / hour

Sample mass: 200mg

The photocalorimetric output for the photodegradation of SB787976 is shown below:
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Conclusions and Further Work

The work above has described the first successful experiment to obtain the rate
constant photocalorimetrically for the photodegradation of solid state nifedipine.
where previous workers Lehto ef al. only previously obtained qualitative data.

The results obtained by the photocalorimeter compare favourably with rate constant
values obtained from more established analytical methods (i.e. obtained from
nifedipine in solution). The correspondence between the two values of k is however
only true over the first period of reaction after the minimum 2000 seconds has elapsed.
After this, the calorimeter illustrates the complexity of nifedipine photochemistry, with
many individual reactions clearly seen to be contributing to the overall process. This
may also be the case for the potassium ferrioxalate photoreaction described in chapter
five. Further investigation of this photoreaction is needed before conclusions can be
drawn but it would appear from potassium ferrioxalate and nifedipine that complexity
is more common in photoreactions than first thought.

If this is the case, then new methods for dealing with complexity in reaction systems
need to be developed. One such method is the application of chemnoinetrics, which can
deconvalute the complexity data of the photoreaction (detected by the
photocaloriineter) into individual non-complex outputs. These individual reactions can

then be analysed by the inethods described in chapter two.

For the testing of SB787976, having to leave the project with a promising initial result
is disappointing but leaves plenty of scope for future work to take the investigation
forwards. Repeat experiments employing the same experimental method may produce
better results given sufficient time and material. Experiments adding hydrostats to the
solid may produce improved results. This provided encouraging results for the
photodegradation of nifedipine and may be successful for SB787976.

Changing the temperature at which the calorimetric experiment is carried out,
changing the quantity of material placed in the ampoule or repeating the
photodegradation using a new bulb in the light source to ensure high levels of UV
irradiation are all experiments that need consideration.

What the initial result does prove, however, is that the relationship between photon
flux and wavelength, discussed early in this chapter, does not play a significant part in

influencing the results of a wavelength sweep for an unknown solid. This is
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demonstrated by the fact that the output observed for SB787976 does not mirror the

shape of the change in photon flux with time observed for nifedipine.
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7. Conclusions and Further Work

The aim of the project was to design and build a photocalorimeter able to test the
photostability, in real time, of pharmaceuticals in both solid and solution phases. To
achieve this goal, the project progressed from the development of theory that could
deal with reactions in the solid state (described in chapter two) through to the testing
of a solid material of unknown photostability using a light of variable monochromatic
wavelength (described in chapter six).

Overall, the outcome of the project is pleasing in that a photocalorimeter has been
successfully developed that produces quantitative as well as qualitative data, although

some issues remain to be dealt with by future work.

As a result of the theoretical developinent described in this thesis, equations now exist
that can deal with reactions in both the solid and solution phase. Adapting equations
for use in solid state systems has been particularly useful in developing the
photocalorimeter for use where solid state photostability analysis is of priine
importance. This has meant the introduction of fitting parameters, m and »n and a
reaction co-efficient, k. The extent of reaction, &, has merited particular attention since
the assumption that a reaction will go to cownpletion given sufficient time cannot be
applied for solids where photodegradation may only occur at the surface of the
material and then stop.

If the reaction occurring in the solid state is complex (e.g. the photodegradation of
nifedipine as discussed in chapter six), then chemometrics can be applied to
deconvalute the reaction into its individual contributing components and the analysis

carried out using the equations described in chapter two. This development work is

currently in progress.

The imidazole-catalysed hydrolysis of triacetin was selected as a test-reaction for
calorimeters since it meets all criteria required of such a standard. As well as being
robust, reliable and repeatable, the reaction is relatively easy to set up, it is
inexpensive and literature values for the rate constant and enthalpy of reaction are
well-established, enabling the reaction to also be applied as a fault-finding and

operator-training tool.
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Since the friacetin reaction is robust, reliable and repeatable, further studies allowed
the establishment of optimal test conditions (e.g. sample position studies) in
preparation for the constructing of the photocalorimeter. The results showed the best
position for a sample to be in when undergoing testing in the calorimeter was the
bottom of the ampoule without the presence of any additional calorimetric inserts.

The work on triacetin also established that the direct calculation of parameters for the
rate constant and reaction enthalpy represents a better method of data analysis than the
iterative technique used previously. The direct calculation method should be used in
all future work which should involve further testing of different test conditions such as
increasing the concentration of triacetin in the system, performing the test at different
temperatures and further studies using calorimetric inserts and their effect on

experimental output.

Part of the reason why triacetin makes a good test system is because the reaction
involves a kinetic process which is dynamic and visible when viewed as a calorimetric
output that progresses with time. In actinometric terms, chemical methods, such as 2-
NB and potassium ferrioxalate offer sinilar kinetic processes that can be followed in
the calorimeter, whilst the spectroradiometric method does not and is therefore less
attractive as a method considering the photocalorimeter itself follows kinetic
processes.

Although both chemical actinometers tested are zero-order and should produce power
vs. time plots of horizontal lines when exposed to light, 2-NB gave the more
satisfactory output since the calorinetric output for the potassium ferrioxalate
photoreduction suggests the reaction is complex and therefore needs further
investigation in the future.

2-NB is also easier to prepare than potassium ferrioxalate, it can be kept for longer in
storage and the reaction scheme is relatively simple.

It is for these reasons that 2-NB is the preferred actinometric option until further work
is carried out on potassium ferrioxalate and other potential chemical actinometric

systems that have yet to be investigated for use with the photocalorimeter.

The application of the developed photocalorimeter to test the photostability of solid
materials was successful in that the rate constant for the photodegradation of

nifedipine was found to be within 6% for the majority of experiments carried out. This
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obtained value for k represents the first time a photocalorimeter has been used to
obtain quantitative data and the initial results are pleasing. Further work in this area
will include further repeat runs of nifedipine degradation under white light and the
application of chemometrics to analyse the photocalorimeter-obtained data. Further
work of interest will be the effect on the photodegradation and relative humidity on
the particle size of the solid under test.

The study of “causative wavelength” testing on nifedipine was pleasing in that
experimental results suggested concurrence with other workers and that the results
were repeatable across a range of experiinental conditions. Particularly promising
results were achieved upon the addition of extra humidity to the system and
optimising test conditions for “causative wavelength” work using nifedipine as a

model system will be carried out in the future.

The single experiment carried out on the unknown pharmaceutical material SB787976
gave clear evidence of photolability although much more work is required to be
carried out on this material before both qualitative and quantitative analysis can be

made.

Before testing any other pharmaceutical 1naterials of unknown photostability
(SB787976 was done whilst the opportunity remained to carry out the experiinent),
other systems with known photostability properties (similar to nifedipine) nust be
carried out first to fully establish how well the photocalorineter performs with a series

of solid matenials.

Future work not yet explored as part of the project needs to concentrate on the
development of methods to test the compatibility of photolabile drug and drug
products under irradiation conditions. This work will involve testing of familiar
products such as nifedipine as well as materials that currently haven’t been
investigated in the photocalorimeter. The sort of question that needs to be is addressed
is, for example, whether the photostability properties of nifedipine are altered when it

is exposed to both white and monochromatic light if interacting with another material,

such as starch.
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