


First published in Great Britain 1988

by The Athlone Press, 44 Bedford Row

London WCIR 4LY

Copyright © 1988 A. H. Beckett and J. B. Stenlake

British Library Cataloguing in Publication Data

Beckett, A. H.
Practical pharmaceutical chemistry,—
4th ed.
Pt. 2
1. Drugs—Analysis
I. Title II. Stenlake, J.B.
615°.19015 RS189

ISBN 0-485-11323-8

Library of Congress Cataloging in Publication Data

Beckett, A. H. (Amold Heyworth)

Includes bibhographies and indexes.

1. Chemistry, Pharmaceutical. 1. Stenlake, J.B.
(John Bedford) II. Title [DNLM: 1. Chemistry,
Pharmaceutical. QV 744 B39%6p]|
RS403.B43 1988  615°.1901  87-14470
ISBN 0-485-11323-8 (pt. 2)

All rights reserved. No part of this publication may be repro-
duced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying or otherwise,
without prior permission in writing from the publisher.

Typeset by KEYTEC, Bndport, Dorset
Printed in England at the University Press, Cambridge



Contents

Preface

Acknowledgements

» L.
s D

1 Instrumental methods in the development and use
of medicines

Introduction, 1; product characterisation for drug development, 1; pro-
duct development, 4; production and pharmacopoeial controls, 5; drug
metabolism and pharmacokinetics, 7

2 General physical methods

-

Density, 9; solubility, 14; molecular weight, 17, refractometry, 23,
optical activity, 30; viscosity, 39; surface tension, 45

3 Analysis of drugs and excipients in the solid state

Introduction, 52; particle size analysis, 52; methods of particle size
analysis, 58; thermal methods of analysis, 67; X-ray powder diffraction
78

4 Chromatography

52

85

Introduction, 85; column chromatography, 86; paper chromatography,
106; thin-layer chromatography, 115; gas chromatography, 128; high
performance liquid chromatography, 157

3 Electrochemical methods

Introduction, 175; conductimetric titrations, 175; potentiometry, 183;
voltammetry and coulometry, 208; electrochemical detection in HPLC,
247

6 The basis of spectrophotometry

255

Introduction, 255; atomic spectra, 257. molecular spectra, 259; instru-
mentation, 264:. spectrophotometers, 272




7 Ultraviolet-visible absorption spectrophotometry

273

Introduction, 275: guantitative spectrophotometric assay of medicinal
substances. 278; assay of substances in multicomponent samples, 281:
optimum conditions for spectrophotometric measurements, 307; structu-
ral analysis. 315: expeniments in uitraviolet-visible spectrophotometry,
395

8 Atomic emission spectrometry and atomic absorp-
tion spectrophotometry

Atomic emission spectrometry, 338; atomic absorption spectropho-
tometry, 346

9 Spectrofluorimetry
Introduction, 358; Quantitative aspects, 361

10 Infrared spectrophotometry

Introduction, 379; interpretation of infrared spectra, 383; quantitative
analysis, 390; routine maintenance, 405

11 Nuclear magnetic resonance spectroscopy

Introduction, 408; practical considerations, 415; chemical shift, 418;
spin-spin coupling, 432; applications, 446; investigation of dynamic
properties of molecules, 447; quantitative analysis, 456; carbon-13 NMR
(CMR) spectroscopy, 461

12 Mass spectrometry

Introduction, 468; practical considerations, 473; combined gas
chromatography-mass spectrometry (GC/MS), 474; high performance
liquid chromatography-mass spectrometry (HPLC/MS), 477; chemical
onisation mass spectrometry (CIMS), 478; field ionisation (FI) mass
spectrometry, 480; fast atom bombardment (FAB) mass spectrometry,
482; applications, 482

13 Radiochemistry and radiopharmaceuticals

Introduction, 501; fundamentals of radioactivity, 501; properties of
radiation, 505; radiation protection, 506; measurement of radioactivity,
509; radiopharmaceuticals and radionuclide generators, 513, quality con-
trol of radiopharmaceuticals, 3516; radiochemical methods in analysis,
519

338

358

379

501



14 The application of spectroscopic techniques to 3535

structural elucidation
Introduction, 535; aids to spectral interpretation, 535; exercises, 538;
solutions, 566

Index 588



Preface to the Fourth Edition

A spate of official publications, including the British Pharmacopoeia
1980, and its Addenda (1981, 1982, 1983 and 1986), the British
Pharmacopoeia (Veterinary) 1985, the combined United States Pharma-
copoeia XXI1 and National Formulary XVI1 and the second edition of
the European Pharmacopoeia, call for yet another revision of Practical
Pharmaceutical Chemistry. In this, the fourth edition, we have en-
deavoured to reflect the growing international convergence of policy
and practice both in the change of subtitle of Part 1 to Pharmaceutical
Analysis and Quality Control, and in the breadth of its content.

The objectives of this revision have been achieved in part by
reducing the heavy dependence of earlier editions on the methods of
the British Pharmacopoeia. Wherever possible, examples are based on
drugs and dosage forms that are in widespread and common use in
Britain, continental Europe and North America. Additionally, some
reference to veterinary pharmaceuticals 1s made where they provide
appropriate examples. As in previous editions, substances that are the
subject of monographs in the British Pharmacopoeia are denoted by
their British Approved Names (BAN), and are distinguished from
United Adopted Names (Usan) where these are given by setting BANs
in italics.

The discussion of drug registration has also been broadened to
include reference to FDA and EEC procedures, the control of veterin-
ary as well as human medicines, and the need in the United Kingdom
for biologically based products to be manufactured in conformity with
the requirements of the Biological Compendium (1977).

The detailed chapter-by-chapter revision in Part 1 encompasses the
changeover in European analytical practice from NORMALITY to

MOLARITY, which despite the reservations of some analysts, particu-
larly in relation to oxidation-reduction titrations, is now virtually com-

plete. The expansion of rapid complexometric titration methods, with
the consequent almost complete demise of the older much slower
gravimetric methods, is reflected in the regrouping of complexometric,
argentometric and gravimetric methods into a single chapter. A brief
treatment of variables in quantitative analysis appropriate to the ap-
plication of chemical methods has been included for the first time, and
the chapter on the analysis of dosage forms has been updated to better
reflect both the range of products and the methods used in their
control. In this respect the need for control analysts to embrace an



appreciation of biological methods is reflected in the inclusion of short
sections on sterility testing, on microbiological contamination and chal-
lenge tests for antimicrobial preservatives, on microbiological assays
and on enzymes in pharmaceutical analysis.

There have been few, if any, major innovations in physical methods
applicable to pharmaceutical analysis since the publication of the third
edition in 1976. However, there have been a number of improvements
and changes of emphasis. These are reflected in Part 2 of the present
edition, which has been extensively revised in an endeavour to give a
broader coverage of the most widely used techniques and a better
balance of material that fairly reflects modern practice. In particular,
the steady growth in importance of quantitative chromatographic tech-
niques is recognised in the broader coverage and depth accorded to gas
chromatography and high performance liquid chromatography, the in-
clusion of a short section on capillary column gas chromatography, and
the transfer from Part 1 of important sections on ion exchange and size
exclusion chromatography. The treatment of NMR spectroscopy has
also been extended to include a brief introduction to “C NMR, and
the coverage of radiopharmaceuticals increased to include radionuclide
generators and quality control of radiopharmaceuticals — a subject of
special interest to those engaged in hospital pharmacy. To balance
these expansions, coverage of electrochemistry and polarography has

been compressed into a single chapter — a degree of emphasis that is
more in keeping with the rather modest role that these techniques

continue to play in the practice of pharmaceutical analysis.

Two new chapters have been added to improve cohesion in Part 2.
The first, by way of introduction, sets out the contribution and role of
physical methods of analysis in the various phases of drug develop-
ment, in quality control within the factory and in independent control
laboratories, and in the clinic. The second, by way of conclusion,
consists of a series of ‘workshop style’ exercises, with separate solu-
tions, to illustrate and give practice in the application of spectroscopic
techniques in structural elucidation and venfication of identity.

Many analytical methods serve a common purpose in their suitability
both for the quality control of pharmaceutical products and the study
of their absorption, distribution, metabolism and excretion whether in
laboratory animals or human subjects. The importance of developing
sensitive, cold methods, as opposed to those based on radiolabelled
compounds, i1s widely recognised in clinical pharmacology. Hospital
pharmaceutical departments well equipped for essential quality control
work are in a unique position with staff, equipment and laboratory
facilities to undertake pharmacokinetic and metabolic studies, and even
to provide a routine pharmacokinetic monitoring service if this is
required. With such developments in mind, we have continued to
feature applications of the various separation and spectroscopic
methods to drug metabolism and pharmacokinetics together with re-
levant practical exercises.

J.B.S.
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8 Instrumental methods in the development and use of medicines

attaches to such studies is related to both dosage and the complexity of
the metabolic pathways, but highly sensitive methods are essential. For
this reason, radiolabels, primarily “C and *H, are widely used in
primary animal studies (Chapter 13) of tissue distribution, blood levels,
and excretion via the lungs, liver and kidney. Recovery studies are
necessarily dependent on the use of satisfactory extraction methods
(Part 1, Chapter 9) and the powerful separative techniques of thin-layer,
gas and high performance liquid chromatography (Chapter 4) to sepa-
rate labelled metabolites from unchanged drug for identification and
quantitative determination.

Human metabolic studies, on the other hand, are constrained by the
unacceptability of exposure to radioactivity. Pharmacokinetic studies,
too, often require measurements in the microgram, nanogram oOr
picogram/ml range. Much depends on the capability of the separative
and ultimate detection system. Gas chromatography, capillary gas chro-
matography and high performance liquid chromatography all have their
place, but much use is now made of such powerful coupled separative—
detector systems as gas chromatography-mass spectrometry (GC-MS)
and liquid chromatography-mass spectrometry (LC-MS) (Chapters 4
and 11). These systems are extremely versatile but very expensive, and
much valuable work is still achieved with the less sophisticated and less
versatile though sensitive detection capabilities of ultraviolet spectropho-

tometry, spectrofluorimetry (Chapter 9) and polarography (Chapter 5).
In a few special cases where there is sufficient clinical demand for the

development of a sensistive routine method for pharmacokinetic moni-
toring of the patient’s clinical status, radioimmunoassay (Chapter 13) 1s
a valuable tool as in the case of Digoxin.

References
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General physical methods

G. C. WOOD

Density

Density

Density, p, i1s the mass of a unit volume of a material. The millilitre is
usually chosen to express volume, this being the volume of 1 g water at
3.98°C, the temperature of maximum density of water. Thus the density
of water at 3.98°C i1s 1.0000 g ml~' (for most purposes the difference
between densities expressed in gml~' and in gem™ can be neglected).
Density depends on temperature which is therefore specified by a

subscript (p,), ¢ being in degrees centigrade. The density of water at
various temperatures is given in Table 2.1.

Table 2.1 Densities of water (gml™') at various temperatures

C 0 3.98 10 15 20 25

P, 0.99987 1.0000 099973  0.99913  0.99823  0.99707
°C 30 40 50 60 70 80

p, 0.99569 099224 098807  0.98324 097781  0.97183
Specific gravity

Specific gravity or relative density, d7, is the ratio of the mass of a
certain volume of the material at a particular temperature (¢,) to the
mass of an equal volume of water at the same or some other specified
temperature (t,).

Thus, d = p./p.uo. It follows that df is numerically equal to p, (the
difference between the densities of water at 4°C and 3.98°C bemg
neglected) though, unlike density, it is dimensionless.

Molar volume

The molar volume of a compound, a quantity often used in calculations,
Is expressed as:

molar volume = molecular weight/density

Physically the molar volume is a measure of molecular volume plus any
free space between the molecules. Attempts have been made to use
molar volumes as an additive property of the number and types of



10 General physical methods

atoms and groupings in a molecule, but the additivity 1s only approxi-
mate.

Par..al molar volume

When solutions are formed from pure components, unless the solution is
ideal (obeying Raoult's Law, and giving no heat or volume changes on
mixing the components), the final volume is not simply the sum of the
constituent volumes. Volume changes nearly always occur on mixing. It
1s rare to find that:

V=nV, + nV, (1)

where V is the total volume of solution, and V, and V, are the molar
volumes of components 1 and 2 respectively. For non-ideal solutions,
which are those normally encountered, eq. (1) becomes:

V = HIVI + HEVI (2)

where V, and V, are the partial molar volumes of components 1 and 2
and n, and n, are the numbers of moles of components 1 and 2. A
partial molar volume is the change in volume when one mole of a
particular component is added to an infinitely large volume of solution

at constant temperature and pressure.
For component 1.

_ ew)
b (6:: T.P.n; (3)

A simple means of evaluating the partial molar volume is to plot V,
the volume of solution containing containing 1000 g solvent, against the
molality, m, of the solute. The slope of (or tangent to) the line at a
particular value of m, gives V, at this concentration.

Interconversion for concentrations

Solution concentrations are expressed in a number of different ways,
and it is often useful to be able to convert from one system to another.
Consider a solution of total volume, V, and density, p, in which:

W, = weight of solvent of molecular weight M,
W, = weight of solute of molecular weight M,
Total weight of solution, W =W, + W,

number of moles of solvent, 7, WJM
number of moles of solute, n, = W,/M,

Molarity (C):
C = number of moles of solute per litre of solution

W,
C = 1000n,/V = —20mP  _ WOOpW
W, + W, MW +W,)

i

(4)



Molality (m):

m = number of moles solute per 1000 g solvent
1000n , 1000W,

m = =
W, MW,
Interconversion of molarity and molality:
C = 1000mp
1000 + M,m

Interconversion of percentages:
(Y%ow/w) = (Yow/v)ip
Mole fraction:

number of moles of component

total number of moles present
Mole fraction of solvent = X, = n,/(n, + n,)

Mole fraction of solute = X, = n,/(n, + n,)

X =

Interconversion of molarity and mole fraction:
__1000X,p
(X.\ M, + X,M,)

Density

11

(5)

(6)

(7)

(8a)
(8b)

(9)

Practical experiments

Experiment 1 Determination of the specific gravity and the density of a

liguid

A pycnometer is used for the accurate determination of liquid densi-
ties. A convenient form is shown in Fig. 2.1, although many different
types are available. For example, the vessels for volatile liquids are

< Wire support

B

Fig. 2.1. Pycnometer for determing hquid densities
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16 General physical methods

Practical experiments

Experiment 4 Determination of the mutual solubility curve of phenol
and water

Method Use test tubes of 20ml capacity, htted with ground glass stoppers. Weigh
accurately about 1, 2, 3, 4. 5, 6, 7, 8, and 9g phenol into the tubes. Add sufficient water
to each tube to make the total contents weigh about 10 g, and weigh accurately. Fit up a
21 beaker with a hand stirrer, and a thermometer (0-100°, graduated to 0.1°%). Attach a
piece of copper wire to the tube containing the most dilute solution of phenol in water,
and hang it on the rim of the beaker. Place sufficient water in the beaker to bring the
level to the bottom of the ground glass stopper of the tube. Heat the water in the beaker,
shaking the tube frequently, and raising the temperature slowly when the turbidity of the
phenol-water mixture shows signs of disappeaning. Determine the temperature at which
the turbadity disappears on shaking. Return the tube to the beaker, allow the temperature
to fall, and note the temperature at which the turbidity just reappears. Repeat the heating
and cooling, and take the mean of all four temperature readings. Detertmine the
temperature at which muscibility occurs for the other solutions (cooling may be required

for the most concentrated solutions),

Treatment of results Plot the temperatures at which a single phase occurs as ordinates,
against percentage (w/w) phenol in water as abscissae. Determine the c¢ritical solution
temperature from this graph.

Experiment 5 Determination of solubility of adipic acid in water

A simple quick method for determining the solubility of a solid in a
liquid is to prepare a set of test tubes each containing a weighed amount
of solid, add varying quantities of solvent, shake thoroughly, and note
the concentration at which all the solid dissolves.

For accurate solubility determinations it 1S necessary to ensure that
the solvent is completely saturated with solute at a particular tempera-
ture, withdraw a sample of saturated solution without disturbing the
equihbrium, and analyse 1t to determine concentration. The solid and
solvent are mixed by stirring or shaking in a thermostat. Samples are
withdrawn at intervals and assayed. Equilibrium is reached when there
1S no further uptake of solute by solvent. This method can also be
applied to the determination of liquid-liquid solubilities.

Method Place adipic aad (about 4 g, roughly weighed) in each of two flasks (10K ml) fitted
with B24 size ground glass stoppers, and add water (about 60 ml) to each flask. Immerse
one flask at a level just above the bottom of its stopper in a thermostat bath set at 20°,
warm the second flask at 50° for 10 min, shaking it occasionally, and then place 1t similarly
in the thermostat bath. This procedure is adopted so that equilibrium is approached from
both over- and under-saturation. Shake the flasks every 20 min for 2 h. Allow the flasks to
remain undisturbed for 10 min. Fit a one inch length of polythene tubing to the tip of a
10 ml pipette, and pack the tubing with cotton wool to act as a filter. Cautiously withdraw
a sample of solution from the flask, examining the contents of the pipette against a bright
light to make sure the filtration was efficient. Remove the filter, adjust the volume of the
solution in the pipette to 10ml, and run the solution out into a tared flask. Weigh the
sample,
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Titrate the sample with standard 0.2m sodium hydroxide using phenolphthalein as
indicator. Continue to shake the flasks during a further hour, withdraw a sample from
each, and re-assay. Equilibrium should have been reached after 2h, as shown by
agreement between the four sets of results.

If the heat of solution 15 to be determined, repeat the expeniment at 30°. The pipette
should be preheated to the temperature of the experiment.

Treatment of results

1. Calculate the solubility of adipic acid in g solute/100 g water, and moll ! solution
(molecular weight of adipic acid = 146). Present the results to show the equilibrium has
been reached.

2. Calculate AH from eq. (12b) using the solubility in mol 17,

Molecular weight

Excluding very large molecules, the determination of the molecular
weight of compounds is based on the use of colligative properties,
generally freezing point depression or boiling point elevation. Osmotic
pressure can be used in the 5000-300 000 molecular weight range.

The presence of a non-volatile solute in a solution lowers the vapour
pressure from pi (that of the pure solvent) to p, (that of the solution).
For ideal solutions, Raoult’s law gives

p, = Xp!l = (1 - Xy)p (13)

where X, is the mole fraction of solvent, and X, that of the solute. In
dilute solution the term W,/M, in the denominator of X, can be
neglected:

Wi/M, w.M
X, = /M o —£— (14)
W, /M, + W,/M, M,W,
giving for the relative lowering of the vapour pressure
Pl — P WM, (15)

P\ MW,
Equation (15) can be used to determine M, from measurements of
vapour pressure, assuming that no dissociation or association of solute
OCcurs.

Using Fig. 2.2 consider the boiling point elevation and freezing pont
depression. AB represents the sublimation curve of pure sohd solvent,
and BC the vapour pressure curve of liquid solvent, reaching the boiling
point at C. When solute is present, the vapour pressure of the solution
is lower than that of the solvent (DE), giving a freezing point at Ty, a
depression of the freezing point AT, = T, — T, the boiling point of the
solution i1s raised to 7T,, giving elevation of boiling point
AT, =T, — T,,.

At the freezing point of a solution, there is an equilibrium between
solid solvent and solution, such that the chemical potential of the
separated (frozen) solvent and of solvent in the solution are equal. By
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considering the variation of chemical potential with temperature the
following relationship is obtained

- RTaX; (16)
AH[UE

where AH,, is the latent hcat of fusion per mole of solvent. In dilute

solution eq. (14) is used for the mole fraction of solute, and taking
molality from eq. (5):

AT,

A, = M,/mlO00
hence:
RT;
AT, = oM m
AH 1000
and
AT, = Km (17)

in which all the constants for a particular solvent are combined in a new
constant K,.

vapour pressure

e T R R T S T TR R et e e o mer e e e, e e e

It To ToeTs
Aty Temperature ATy
Fig. 2.2. Vapour pressure-temperature curves for pure solvent and solution

By an analogous treatment, considering the equilibrium between
solvent vapour and liquid solvent in solution at the boiling point, the
chemical potential of solvent in the vapour phase must be the same as
that in the liquid phase, and

RTX,
b2 (18)
AH,,,

where AH,,, is the molar latent heat of vaporisation. Simplifying as
before for dilute solution:

AT, =

RTM m
AH.. 1000

AT, =

vap
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and

AT, = Kyn (19)

Examples of molal cryoscopic and ebullioscopic constants are given for
commonly used solvents in Table 2.2. The table shows that for a certain
solute concentration, the depression of the freezing point will be greater

than the elevation of the boiling point; freezing points are also easier to

determine than boiling points.

Table 2.2 Cryoscopic and ebullioscopic constants

Solvent T T K; K,
Acetic acid 16.7 118 3.9 2.93
Benzene 5.4 80 5.12 2.53
Chloroform 61 3.63
Ethanol 79 1.22
Water 0 100 1.86 .51

The osmotic pressure can be considered in relation to the other
colligative properties using Fig. 2.3. Solvent and solution are placed in
the two arms of the vessel shown. As p{ > p, solvent distils through the
vapour space, which in this case is acting like a semi-permeable
membrane. To prevent distillation, the pressure on the solution must be
increased; this raises the chemical potential of the solvent in solution, so
that at equilibrium there is no further distillation.

Direction of vapour
movement

,,‘-""_'_"N\‘

N

Solvent Solution
Py )

Fig. 2.3. Apparatus for equilibrium of solvent and solution

From a thermodynamic consideration of the effect of pressure
NV, = RT In (pi/p) (20)

where Il = osmotic pressure and V, = partial specific volume of
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solvent. If 1t 1s assumed that Raoult’s law holds, and that solutions are
dilute, this equation can be simplified:

Il = W,RT/M, (21)

This enables the molecular weight of the solute to be calculated from
measurements of osmotic pressure, W, being the concentration of solute

in gl

Solute mixtures

If the solute under test is impure an average molecular weight will be
obtained. The average is due to materials of different molecular weight

depressing the freezing point (or elevating the boiling point) by different
amounts. Colligative methods depend on the number of molecules
present in the solution, and the methods give a number average
molecular weight, M,

nM,
MN - nl .
xn,
where n, = number of molecules of molecular weight M, and so on.

Hence contamination of the material under test with low molecular
weight impurities can give erroneous values for the molecular weight.

Practical experiments

Experiment 6 Determination of molecular weight by freezing point
depression

The conventional apparatus of Beckmann (Fig. 2.4) consists of an outer
bath, A, holding the freezing mixture, which cools the solution in the
tube, B, which is surrounded by an air jacket, C. A Beckmann
thermometer, D, and stirrer, E, dip into the solution. Samples may be
introduced through the side arm, F. The freezing bath 1s covered by a
lid, and kept mixed by a stirrer, G.

When using this apparatus, some supercooling of the sample occurs,
as separation of solid solvent does not take place until the temperature

is a little below the freezing point. The latent heat of crystallisation then
raises the temperature. This effect may be minimised if the temperature
of the freezing mixture i1s too low, and a temperature lower than the

true freezing point may be recorded. The freezing mixture should be
kept 3-4° below the freezing point of the solution. The degree of
supercooling should not be allowed to exceed 0.3-0.5°, otherwise a great
deal of solvent may crystallise out, and seriously affect the concentration

of the solution.

The Beckmann thermometer This i1s a sensitive thermometer, gradu-
ated in 0.01°, and capable of being read to 0.002°. The scale length of
the thermometer is 5-6°, and provision is made for adjusting the amount
of mercury in the bulb, so that the thermometer can be used over
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different temperature ranges. Place the bulb in a beaker of water whose
temperature has been adjusted to the freezing point of the solvent to be
used. The mercury should stand near the top of the scale. If it stands
above, place the thermometer in water warm enough to cause the
mercury to rise up and form a drop at the end of the capillary (A) (Fig.
2.5). Shake off the drop and test again in the cool water. If necessary
repeat this procedure until the mercury stands at the correct place on
the scale. The initial test may show that there is too little mercury in the
thermometer bulb (mercury below scale); in this case warm up the
thermometer until drops form at the capillary, invert it, and tap gently
to make mercury from the reservoir join with mercury in the capillary.
Re-invert, and place the thermometer in a water bath held 2° above the
freezing point of the solvent; the cooling draws mercury from the
reservolr into the bulb. When this process is complete, tap the upper
part of the thermometer gently to make excess mercury separate from
the end of the capillary. Test the thermometer in water at the freezing
point of the solvent to make sure that the setting is correct, i.e. the
mercury 1s on the scale. If it is a little above, remove the excess
dropwise to the reservoir as described above. Beckmann thermometers
require careful handling as they are expensive, and easily broken.

—
E
A
{
|
A— 1
Scale
C—
Bulb
Fig. 2.5.
Fig. 2.4. Beckmann freezing point depression Beckmann

apparatus thermometer
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Determination of freezing point Remove the tube B from the apparatus. Clean, dry, and
weigh the tube. Introduce dry, crystallisable benzene (15-20g), re-weigh and insert the
Beckmann thermometer and the stirrer. Pack the bath with a freezing mixture of ice and
water controlled at about 2°. Place the tube in the freezing mixture, and when solid
separates, remove it, dry the outside and place it in the air jacket. Stir the solution about
once every second (faster stirring can generate undue heat), and note the constant
(highest) temperature on the Beckmann thermometer. The first reading is usually
approximate. Remove the tube from the apparatus, and warm gently with stirring, until
the temperature is about 1° above the freezing point. Replace it in the apparatus, and stir;
the supercooling should not be more than 0.5°, crystallisation of solvent being induced by
a bout of vigorous stirring, or by adding a crystal of benzene. Follow the temperature nise
accompanying crystallisation, noting the highest temperature, and tapping the thermo-
meter with the fingernail to prevent the mercury from sticking in the stem.

Repeat the procedure until three consistent readings for the freezing point of pure
solvent have been obtained. Introduce a weighed tablet of naphthalene (about (.12 g)
through the side arm, dissolve it in the benzene with gentle warming, and determine the
freezing point of the solution. When consistent results have been obtained, a second

weighed tablet should be introduced to obtain a second reading.

Treatment of results Calculate the molality of the solution in both parts of the experiment
using ¢q. (17) and the observed AT, values. Calculate M, from eq. (5).

Experiment 7 Detection of association on solution

Many carboxylic acids associate in non-polar solvents, generally to form
dimers. Acetic, benzoic and phenylacetic acids are among those showing
this phenomenon.

Method Weigh 1, 2 and 3 g of dry phenylacetic acid into each of three graduated flasks
(50 ml), make up approximately to volume with dry crystailisable benzene, stopper, and
re-weigh (weight concentrations are required; the graduated flasks are merely convenient
containers). Determine the freezing point of each solution, and of a sample of the solvent,
by the technique of the preceding experiment.

Treatment of results
1. Calculate the apparent molecular weight, M, for phenylacetic acid in each solution.

Compare this with the monomer molecular weight of 136.
2. Calculate the degree of association, «, of the phenylacetic acid in each solution,

assuming that dimers are formed, e.g. 2C4gHCH,;COOH = (C4HsCHCOOH),.

For one mole of solute (1 — &) moles are unassociated, and ja are associated. The total
number of moles is therefore ia + (1 — a). Using the usual freezing point equation,
calculate the freezing point depression (ATg)y assuming that no association took place,
i.e., for the monomer of molecular weight, M.

Now,
(ﬁTl’):Ip = [(l o t.l:) + % (5Tf)ﬂ

(ﬁTI)::
- af2) = 2
(b= &= ATy

_ Mo

M

Hence,
o = 2(M - M) (22)

M
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Optical activity 3]

an extent which i1s indicated by the refractive index of the medium.
When the latter 1s optically inactive both circularly polarised compo-
nents are retarded to the same extent and the beam emerges from the
medium polarised in the same plane as the incident beam. If the
medium is optically active the components are retarded to different
extents because the refractive indices of the medium for left circularly
polarised light (n;) and right circularly polarised hght (ny) differ. As a
result of this circular birefringence (An = n;, — nyg) the beam emerges
from the medium still plane-polarised but with the plane of polarisation
inclined at an angle « degrees to the plane of polarisation of the
incident beam, given by:

@ = 18}?01 An (27)
where / is the light-path in dm and A the wavelength in cm. « is the
optical rotation of the medium and is positive when the plane of
polarisation is rotated clockwise relative to that of the incident beam
when viewed looking towards the light source (dextrorotation) and
negative when rotation is anticlockwise (laevorotation).

If the wavelength of the light is such that the medium absorbs a
fraction of the radiation, an optically active medium may show a second
physical effect arising from unequal absorption of left and right circular-
ly polarised light. As a result of this circular dichroism the beam
emerges from the medium elliptically polarised. The ellipticity,
degrees, of the emergent beam is given by:

P = ]8}'002 Ax (28)
where [ and A have the same meaning as in e¢q. 27, for optical rotation,
and Ak = Kk, — Kg. the difference between the absorption indices™ for
left and right circularly polarised light. Using the more familiar absorb-
ance, A (Chapter 7):

~ 2,303 x 1800
L e 47

Any medium that shows circular dichroism must at the same time show
circular birefringence and hence optical rotation. Both result from
unequal interaction of the medium with left and right circularly pola-
rised light and hence are closely related phenomena.

A more detailed account of the relationship between optical rotation
and circular dichroism is given by Foss (1963).

AA (29)

*k is defined by the equation:

] = fue s i o
where [ and [ are the intensities of the transmitted and incident light
2.3034
K = e A

4l
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Effect of concentration, solvent and temperature on optical
activity

The dependence of optical rotation and circular dichroism of a solution
of an optically active substance on concentration may be taken into
account by calculating the specific optical rotation and ellipticity or the
molecular rotation and ellipticity as shown in Table 2.6.

Table 2.6 Dependence of optical rotation and circular dichroism on concentration

Specific rotation Specific ellipticity
jol; = 5 ol = £
units — deg cm® decagram ™’

Molecular rotation Molecular ellipticity

x| M)
o) = ol o); = 20k

units — degcem®dmol ™

elhpticity and wavelength A nm
concentration, g’'em ~°, of solute
hght-path, dm

M = molecular weight of solute

@) = optical rotation }in degrees at temperature C

Y
[ |

It may also be shown that
[©] = 3300 Ae

where Ae = €, — €y, the difference between the molar-absorptivities of
left and right circularly polarised light.

Measurements of optical rotation are frequently made with sodium D
light and usually, though not necessarily, at 20°, and specific rotations
based on such measurements are reported as [a]f. Specific rotation is
generally concentration-dependent and in dilute solution an equation of

the type
[x] = A + Be + Cc” (30)

“can be used to describe results, A, B and C being constants. It is
necessary always to state the concentration at which specific rotation
was measured unless a procedure for extrapolating [« to zero concen-
tration and quoting [a]. . , is followed.

Temperature may have a pronounced effect on specific rotation, and
suitable temperature control 1s required for precise work. Effects may
arise due to changes of intermolecular interactions with temperature, or
to changes in equilibria between configurations. Tartaric acid provides
an example of the latter effect, the variation in [a] being about 10%/°C,
owing to the equilibrium between two forms with different optical
rotatory power varying with temperature.

The particular solvent used can have a large effect on the results, e.g.
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a 20% w/w solution of nicotine in chloroform has [«]fy = + 4°, while
the same concentration in water gives ch]%' =~ + 10°. Chloramphenicol
gives a change in sign, for example [«]3s = + 19° in ethanol changes to
— 25° in ethyl acetate. These effects, which can be very large, indicate
tha[t ? statement of the solvent used must always accompany any report
of |«].

For pure liquids [«]p = «/ld*® where d* = relative density of the
substance.

bp!‘ical Rotary Dispersion (ORD) and Circular Dichroism
(CD) spectra

Information about the structure of organic compounds and their optical
purity can be gained from measurements of optical rotation at a single
wavelength. More detailed and precise information can be gained by
recording the variation of a with wavelength (ORD spectra) or of y
with wavelength (CD spectra).

The ORD, CD and absorption spectra of p-camphor-10-sulphonic acid
(Fig. 2.12) illustrate many of the general features of optical activity. At

wavelengths well clear of the absorption bands of the carbonyl group (A
> 450 nm) [®] increases in magnitude as A decreases and, as in many

other examples, the spectrum can be fitted by an equation of the form
K

A2 — )]

[®] = (one-term Drude equation) (31)

Fig. 2.12. Absorption, ORD and CD spectra of p-camphor-10-sulphonic acid in water at
27
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where K and A, are constants, as shown by the linearity of the 1/[®] vs
.- plot. For some substances more complicated Drude equations are
required. The ORD spectra of many optically active compounds are of
this *plain’ type which may be positive, as in this case, or negative. One
obvious advantage in analytical work of measuring o« at wavelengths
lower than the sodium D line (589.6 nm) i1s the gain in sensitivity; the
molecular rotation of p-camphor-10-sulphonic acid at 370 nm 1s about
ten times its value at 589.6 nm.

In the region of the absorption band (A, = 287 nm) p-camphor-10-
sulphonic acid shows circular dichroism, the shape of the CD spectrum
between 240nm and 320 nm being similar to that of the absorption
spectrum. The ORD spectrum in this region takes a sigmoid course (cf
the variation of refractive index with wavelength, Fig. 2.8) with a
distinct peak and trough (extrema) at 306 nm and 270 nm and change of
sign at 290 nm. This is known as a Cotton effect and by convention,
when the sign of the CD 1s positive and the higher wavelength
extremum of the ORD spectrum is positive, the Cotton effect itself is
said to be positive.

Below 240 nm b-camphor-10-sulphonic acid has a second optically
active absorption band (A, = 190 nm) but this time the Cotton effect is
negative. The CD and the higher wavelength extremum of this part of
the ORD spectrum (204 nm) are both negative (the lower wavelength
extremum is inaccessible).

In this relatively simple example the two absorption bands associated
with the single carbonyl chromophore are well resolved, as are the
corresponding CD peaks. Circular dichroism and optical rotation both
result from the unequal interaction of left and nght circularly polarised
light with chromophores in chiral molecules and are closely related
phenomena. The ORD spectrum corresponding to a particular CD band
can be calculated from the CD spectrum by means of a Kronig-Kramers

transform:

2 (7 A ,

(@, = = ], (Ol dh (32)
where [®], is the molecular rotation at wavelength i, [©],. is the
molecular ellipticity at wavelength o', and A and A" are the main variable
and parameter of integration respectively. The dotted lines in Fig. 2.12
are the approximate contributions to the ORD spectrum calculated from
the two CD bands of p-camphor-10-sulphonic acid. The ORD Cotton
effects are incompletely resolved since they spread on either side of the
corresponding CD bands. In more complex molecules, possibly with
several optically active chromophores, the higher resolving power of CD
1s advantageous in determining the contribution of each chromophore to
optical activity. On the other hand, many optically active compounds
have absorption bands at such low wavelengths that their solutions show
no CD in the accessible spectral region; the ORD Cotton effects
associated with these absorption bands extend into the accessible spec-
tral region so that the optical activity of such substances can be studied
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34  Analysis of drugs and excipients in the solid state

Concepts of particle size: the equivalent sphere

The notion of ‘particle size’ 1s not as straightforward as mught at first
appear. Consider the geometrically regular parallelepiped in Fig. 3.1a:

(a)

2um

(b)

(1)

____~-

(2)

ZASEE e
\v4

)\

(4) (5)

Fig. 3.1. (a) An idealised particle. (b) Different habits of crystalline particles: (1) tabular,
(2) platy, (3} prismatic, {4) accular, (5) bladed

clearly no one linear dimension characterises its size. Real particles are
even more difficult to define because they adopt a variety of shapes
(Fig. 3.1b), which are rarely geometrically regular or bound by smooth
surfaces. To circumvent this difficulty the concept of an equivalent
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sphere is utilised because, uniquely, size parameters such as surface area
and volume are defined by the diameter; essentially the *size’ allocated
to a particle is the diameter of a hypothetical sphere which exhibits the
same measurable property as the particle. Since different techniques of
particle size analysis measure different parameters, a number of equiva-
lent sphere diameters are possible:

Sieve diameter the nominal sieve aperture width through which

(d,): the particle just passes.

Projected area diameter of a sphere of projected area equal to the

diameter (d): projected area of the particle resting in 1ts most
stable position.

Stokes’ diameter diameter of a sphere of equal density having the

(dg): same setthing velocity as the particle in a flmd

medium within the range of Stokes’ Law.
Volume diameter  the diameter of a sphere of equivalent volume.
(d,):
Volume-surtace the diameter of a sphere with the same ratio of
diameter (d,.): volume to surface area.

- These of course differ numerically from each other, the discrepancy

increasing the more anisodiametric the particle; e.g. for the particle in
Fig. 3.1a:

=~

i
-
S
A
=

=

It i1s important to remember therefore that the validity of particle size
data is linked to the particular technique used, which if possible should
be chosen in view of the end-use of the data; e.g. di may be more
appropriate for a powder destined for formulation as a suspension.
Semi-empirical mathematical procedures are available for the intercon-
version of equivalent sphere diameters.

Size distribution

Consider a sample of powder examined under a microscope from which
500 particles are sized by comparing them with some suitable scale so

that the particles can be grouped into classes of different sizes. The
number of particles lying in each interval of 2 um 1s shown in Table 3.2.
The particles in this particular example all lie between 2 and 22 um. The
data can be expressed in the form of a histogram (Fig. 3.2) where the
abscissa represents the particle size interval and the ordinate the
frequency per interval. However, the histogram does not provide a
unique pattern for a given particle size distribution, since its shape
varies if the scale of particle size intervals 1s changed.
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Table 3.2 Size distribution in a sample of 300 particles

Size interval

in um 24 46 68 810 10-12 12-14 14-16 16-18 1820 20-22
Number of
particles 25 88 107 110 35 45 30 18 12 10

% Frequency in
cach interval 5 176 214 22 i1 9 6 3.6 24 2

% Cumulative
undersize 5 22.6 44 60 77 R6 92 95.6 98 10

O v O o
- i ] i

Percentage frequency

uh
i

2 B 10 14 18

Particle size (um)
Fig. 3.2. Number-frequency histogram (from data in Table 3.2)

22

100~

o
O
| W—

o
O
i

Percentage undersize
3
O
i

204

4 8 12 16 20 24
Particle size (um)
Fig. 3.3. Cumulative number-frequency undersize curve (from data in Table 3.2)
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An alternative method is to express the data in the form of a cumulative
distribution curve where the cumulative percentage larger (oversize) or
smaller (undersize) is plotted against the particle size as shown in Fig.
3.3.

The example just discussed was a size distribution based on numbers
of particles. In sieving and sedimentation methods the distribution is
calculated on a weight basis. If it is necessary to convert from a size
distribution by number to one by weight, the conversion is usually made
by assuming that all the particles have the same shape and density.

Mean size of a particulate system

The concept of mean size requires some explanation since it may be
calculated on the basis of numbers of particles, weight of particles or
surface area of particles. This acquires importance in correlation prob-
lems.

The simplest average diameter is the arithmetic mean diameter d,
which we define for two diameters d, and d, as

d, = (d, + d,)/2
In general terms we define the length-number mean diameter by

2n-d
Hln_ ZH (1)

where »n i1s the number of particles with diameter 4. In many phar-
maceutical applications the surface area of the particles is important and
the volume-surface mean diameter can be emploved. This 1s defined as

> nd’
. (2)

because the surface area is pm%ortional to nd’. The significance of

volume-surface mean diameter d. is that the specific surface area
(surface area per unit weight) can be calculated from 1t by the equation

2 n md- 6
34 (3)
zn(ml6)d’'c d o

where o is the density of the solid. This equation is strictly correct only
for spherical or cubical particles but may be used without correction
for shape if the particles are not too asymmetrical.

If the weight of each fraction, rather than number or surface area, is
noted then the weight-moment mean diameter is obtained from

3> nd?
3 nd?

This quantity emphasises the larger particles in a sample.

It is important that the terminology of mean diameters used above is
strictly adhered to. For example, the weight-moment mean diameter 1s
not the same as the diameter of a particle of mean weight. The latter

§ ==

(4)
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i
22.3% crystallinity

dHAQ)/dt

Endotherm —e

29.4% crystallinity

60 70 80 90 100 110 120 130 140 150 <“C

Fig. 3.15. Illustration of the use of DSC in analysis of polymer blends, which are often

difficult to distinguish from copolymers by usual analytical techniques. The figure shows

the melting region of a blend of 25% linear and 75% branched polyethylene. The high

melting crystallites produce a peak well-resolved from that of the crystallites consisting of

shorter lincar and branched molecules. Total crystallinity 51.7%, from which pharmaceuti-

cally relevant parameters such as relative water vapour permeability may be calculated
(redrawn, with permission, from Perkin-Elmer Corp. literature.)

where AH,, is the heat of fusion of the sample in Jmol~', R the gas
constant, 7, (K) is the melting point of a pure sample, 7 is the
temperature of the sample, F is the fraction of sample melted at T;,
and AT = T, — T,. On rearrangement and substitution we obtain

_ RTix, 1
AH;, F

For compounds which are 99.5 mol % pure (x, = 0.005) or more, the
melting point depression is very small but even at this level of purity the
melting range will have increased considerably. It is thus the range
combined with the melting depression that is used in the assessment of

thermally stable compounds of high purity by DSC. In the dynamic
method the small (1-3mg) sample is heated slowly (~1°C min~1)
through the melting range in order to minimise thermal lag and allow

equilibrium. The fraction melted (F) at any temperature 7 is obtained
from the ratio of the area under the curve (AUC) at 7 to the total

AUC of the endotherm. A plot of sample temperature versus 1/F
should be a straight line with a slope equal to —RTjx,/AH,, and an
intercept of 7,. The procedure is illustrated in Fig. 3.16; in this example
the slope is 0.227, and from the DSC curve AUC AH,, = 27.6 kI mol .

Substituting the values in eq. (15) |
8.314 x (428.28)°
27.6 x 1000

o Xy = 0.m4
sample purity = 99.6 mol%

Is =T,

0.227 = X,

The method has been critically reviewed by van Dooren and Muller
(1984).
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Fig. 3.16. Purity determination of testosterone by DSC. The lower diagram is a plot of the
reciprocal of the fraction melted (1/F) as a function of the temperature of a sample of

testosterone heated at 1.25° min ™!

Thermogravimetry

In this technique the mass of a sample 1s monitored while it 1s being
subjected to a controlled temperature programme. Although only events
associated with changes in mass under dynamic or isothermal conditions
are recorded, TG may be considered the modern equivalent of gra-
vimetry and is one of the most widely used thermoanalytical methods.

The essential parts of a thermobalance are the programmable furnace,
microbalance and recorder (Fig. 3.17). Commercially available instru-
ments can heat samples to 1500° at rates of 2.5°min~', under special
atmospheric conditions (e.g. inert gas, vacuum), and detect mass
changes as small as 0.1 ug. The rate of mass loss can also be monitored,
and the exhaust gas from the furnace purged into a gas chromatograph
or mass spectrometer for analysis.

The usefulness of thermogravimetry is illustrated by the TG curve
obtained on heating hydrated calcium oxalate (Fig. 3.18a): from ambient
temperature to 100° the monohydrate i1s stable, losing its water of
crystallisation between 100 and 226° to give the anhydrous form, which
In turn remains stable to 420°, when it decomposes to calcium carbonate
and carbon monoxide, the residual solid finally decomposing to calcium
oxide with the evolution of carbon dioxide between 660 and 840°. The
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Microbalance
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|
Fig. 3.17. Schematic diagram of a thermobalance (courtesy of Stanton-Redcroft Lid)
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Fig. 3.18. Thermogravimetric analysis of calcium oxalate monohydrate: (a) TG curve; (b)
derivative TG curve (courtesy of Stanton-Redcroft Ltd)
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relatively complicated behaviour of hydrated calcium oxalate may also
be represented by plotting the first derivative of the TG curve (1.e. rate
of mass loss against temperature, Fig. 3.18b), a facility available with
modern instruments. The advantages of DTG curves are that they
highlight the rate and extent of mass loss and often closely resemble the

DTA curves for specimens.

—_— = e

Practical experiments

Experiment § Demonstration of a pre-melting crystalline transition by
DSCIDTA

Method Run a sample of potassium nitrate (unground) in static air at 10° min~' over the
temperature range ambient to 350°. After the temperature has reached about 3507, allow
the sample chamber 1o cool to about 100° by passing liquid nitrogen through the cooling
assembly and repeat the run up to 400°.

Note the peak melting and crystalline transition temperatures and
comment on the effects of the cooling and reheating cycles.

Experiments 6 and 7 Detection of polymorphism and pseudo-
polymorphism in pharmaceuticals by DSC or DTA

Triamcinolone Forms A and B. A large number of pharmaceuticals
exhibit polymorphism and most can be studied by DSC or DTA
techniques. Triamcinolone exists in two forms, A and B, obtained by
recrystallisation from 60%  aqueous propan-2-0l and from
dimethylacetamide-water mixtures respectively.

Method Run samples of triamcinolone Form A and Form B from ambient to 350°. With a
new sample of Form A, programme the instrument to stop the heating cycle at 2707 and
cool to ambient. Start the heating cvcle to 3P and compare the curves with those of
Form A and B. The favoured form of the compound is the form to which the melt reverts

on heating and cooling.

7 Ampicillin trihydrate

Method Run a sample of ampicillin trihydrate from ambient to 200°, Endotherms due to
the desolvation of water and to the melting transition should be observed.

Experiment 8 Derermination of the purity of a sample of testosterone by
DSC

Method Run the drug sample (about 1.5mg) from 1507 to 156" at a slow heating rate
(1.25° min"'). Make a Xerox copy of the chart paper. The complete curve can be cut out
to the base line (obtained in the absence of sample) and the cut-out weighed (x mg). Cut
out the area under the curve from the start of the trace up to 153" and weigh this (v mg).
The fraction (F) melted is obtained from y/x. Cut out the area between 153° and 153.4°,
and weigh this, adding the weight 1o that of the first portion (y + y'mg). Repeat this
procedure at 153.8, 154.4 and 155°, and calculate successive F values. Plot T versus 1/F.
Determine 7, by extrapolation as shown in Fig. 3.16 and calculate the slope of the line
and carry out the calculation of mole fraction of the impunty (x;) as explained in the text.
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Fig. 3.23. Diffraction of X-rays by a powder sample: in the camera technique the cones,

which have a common apex and correspond to particular lattice planes, intercept a

photographic film stnp to leave a pattern of hnes of charactenstic spacing and intensity
(redrawn from Klug and Alexander, 1974.)
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Fig. 3.24. X-ray powder diffraction patterns for chloramphenicol palmitate polymorphs:
(a) Form B (or «); (b) Form A {or B) (redrawn from Szulzewsky et al., 1982.)
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of a diffraction pattern indicates lack of sufficiently long-range order,
1.e. that the solid is essentially amorphous, broad, diffuse reflections
suggest specimen particle size <<0.1 um or a strained lattice imposed by,
say, rapid precipitation or severe comminution.
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4
Chromatography

A.G. DAVIDSON

lliroduction

Chromatography is essentially a group of techniques for the separation
of the compounds of mixtures by their continuous distribution between
two phases, one of which is moving past the other. The systems
associated with this definition are:

(a) a sohd stationary phase and a hiquid or gaseous mobile phase
(adsorption chromatography)

(b) a liquid stationary phase and a hquid or gaseous mobile phase
(partition chromatography)

(c) a solid polymeric stationary phase containing replaceable ions, and
an ionic liquid mobile phase (ion exchange chromatography)

(d) an inert gel which acts as a molecular sieve, and a liquid mobile
phase (gel chromatography).

The basis of the separation of the components of a mixture may be
defined in terms of one of these four modes of separation, or by a
combination.

Advances in technology since the first simple applications of chroma-
tography were recorded have resulted in a wide range of techniques
varying in complexity, separating ability, sensitivity and cost. The
modern instrumental techniques of gas-liquid chromatography and high
performance liquid chromatography provide excellent separation and
allow the accurate assay of very low concentrations of a wide variety of
substances in complex mixtures. The older inexpensive chromatographic
techniques, such as column chromatography are used in analytical and
preparative separations which do not require the resolution and sensitiv-
ity or justify the expense of the instrumental techniques.

In this chapter the treatment of the principal chromatographic techni-
ques in pharmaceutical chemistry is based primarily on the equipment
used. Where appropriate, the basis of the separation is discussed with
reference to the different chromatographic materials available for use in
each of the techniques. To illustrate the improvements in sensitivity and
resolution which have resulted from technological progress, the techni-
ques are discussed in approximately the order of their historical develop-
ment.
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E;Jlumn chromatography

;ldsorption chromatography

The technique was originally developed by the Russian botanist Tswett
in 1906 during the course of an investigation into the nature of leaf
pigments. He found that leaf pigments extracted with light petroleum
were adsorbed on the top of a column of calcium carbonate supported
in a glass tube. As more solvent was allowed to percolate through the
column the region of pigmentation became broader and finally separated
into distinct and differently coloured bands. Prolonged washing with
solvent caused complete separation of the bands, which could be eluted
separately. It is one of the simplest laboratory exercises to illustrate the
use of column chromatography. Tswett’s work attracted little attention
and it was not until 1931, when polyene pigments were investigated by
Kuhn and Lederer, that interest in chromatography was renewed.

The principle underlying the separation of the compounds is adsorp-
tion at the solid-liquid interface. For successful separation, the com-
pounds of a mixture must show different degrees of affinity for the solid
support (or adsorbent) and the interaction between adsorbent and
component must be reversible. As the adsorbent 1s washed with fresh
solvent the various components will therefore move down the column

until, ultimately, they are arranged in order of their affinity for the
adsorbent. Those with least affinity move down the column at a faster

rate than, and are eluted from the end of the column before, those with
the greatest affinity for the adsorbent. The technique in which the
individual components of a mixture are separated by eluting the column
with fresh solvent is elution analysis (Fig 4.1).

Concentration in eluate

Volume of eluate
Fig 4.1. Elution analysis: the separate ¢lution of three substances A, B and C

An adsorbent which is already saturated with respect to one substance
may take up a small quantity of a second. The latter displaces the
former and consequently, if a solution of a mixture is percolated
continuously throught the column and the eluate is examined for the
presence of substances, a plot of amount of substance (per ml of eluate)
against volume of eluate will appear as in Fig. 4.2. This technique was
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90 Chromatography

Although the adsorption forces involved in chromatography are weak,
cognisance must be taken of undesirable chemical changes that might
occur because of the properties of the column matenal itself. Thus, an
alkaline grade of alumina may cause hydrolysis of esters or lactones.
Other changes associated with a poor choice of column are isomerisa-
tion, neutralisation of acids or bases and decomposition of compounds.
The last may be put to good use in certain preparations, ¢.g. cadalene
from o1l of cade forms a crystalline picrate which 1s decomposed on a
short column of alumina. The pure cadalene is eluted, leaving the picric
acid fixed on the column.

The strongest adsorbents are silica and alumina activated by heating
to about 200° to remove water. Alumina may be rendered acidic or
basic prior to activation. Careful addition of water to the treated
alumina allows different degrees of activity to be obtained and repro-
duced from batch to batch. Preliminary treatment of the material in this
way often overcomes the property which leads to the undesirable effects
noted above. It may, indeed, introduce increased specificity of the
column for certain compounds, e.g. when silica gel is freshly prepared in
the presence of propyl orange and the dye is finally removed by elution,
the column has a greater affinity for propyl orange than it has for the
methyl, ethyl and butyl analogues. A similar situation obtains when the
silica gel is prepared in the presence of one enantiomorph of an
optically active compound, e.g. laevorotatory quinine.

Adsorption 18 most powerful from non-polar solvents such as pet-
roleum ether or benzene and a single solvent may often be effective in
developing the chromatogram. The rate of movement of the compounds
down the column can be increased by the addition of a second solvent
to the mobile phase; the second solvent is usually more polar than the
first. Strain (1942) has arranged both adsorbents and solvents in order of
adsorptive and eluting power respectively and Table 4.1 lists the senes.

[t i1s usual to redistil all solvents before use, so that traces of non-volatile
matter, e.g. grease, are completely absent. The change from one solvent

to another should be gradual, e.g. the change-over from petroleum
ether to toluene should be done in proportions such as the following
(petroleum ether first) 100:0, 95:5, 90:10, 80:20, 60:40, 40:60, 10:90,
0:100. Such a procedure is time-consuming and a more rapid clution
may be achieved by the addition of about 0.5 to 1.0% of ethanol to
the first non-polar solvent used.

Alteration in the composition of the eluting solvent may also be
achieved by adding the second solvent gradually to a reservoir of the
first with efficient mixing; the solvent entering the column therefore
becomes gradually and continuously richer in the second solvent. This
technique is known as gradient elution which, with proper choice of
adsorbent and gradient, often reduces tailing of the compounds on the
column.

Preparation of the column
A typical arrangement for column chromatography is shown in Fig.4.5.
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Method Prepare the chromatographic col-

\ umn by mixing the adsorbent into a slurry

- with the solvent and pouring the mixture into

ﬁ-‘gﬁ{; ?,'ﬁa?,fe the glass tube whicl?ﬂmntsins solvent. The

sand serves to give a flat base to the column

of adsorbent when cotton wool is used in-

stcad of a sinter disc. After the adsorbent

has settled, add a filter paper disc and sand

I__ then run off the supernatant hiquid untl the

level falls to about 1 cm above the top layer

of sand. The filter paper disc and sand 1s one

+- Maobile phase means of avoiding disturbance of the adsor-

bent as fresh mobile phase is added to the

column in the initial stages of development.

The level of solvent must never be allowed

Sand or filter to fall below the level of adsorbent, other-

paper aisc wise the latter develops cracks and becomes

useless for chromatography because the sol-

I vent runs through the cracks rather than
KASOIBeTE between the pa::ticles of adsorbent.

d‘f}‘hﬁj preipl;:r?luon m(f;l lhi!c slurry :In_ay_ prove

incult with dense adsorbents and it 1s con-

B ?g?lggewg?lsinter venient to pour the powder directly into the

solvent in the tube. Frequent tapping of the

tube and stirring of the mixture assists in

even packing and removal of air bubbles or

pockets. Alternatively, the tube may be

packed with the dry powder and the solvent

) allowed to percolate through with the stop-

ﬁggﬁlaig‘t::: fﬁng" cock open until the level falls to about 1cm

oS nbprgpriu‘tei above the adsorbent.
The dimensions of the column and quanti-
ty of adsorbent depend upon the nature and

Sinter disc

Fig. 4.5. Apparatus for column amount of the substance to be chromatog-
chromatography raphed but a rough guide 1s given in Table
4.2

Use of column Wash the column with about 50 ml of the mobile phase used to prepare it,
which should be the least polar solvent in which the mixture will dissolve. Add the mixture
dissolved in a small volume of solvent and carefully allow it to run into the sandy layer by
opening the stopcock. Add a small volume of solvent and wash in the mixture. Repeat
with gradually increasing quantities of solvent and develop the chromatogram, collecting
the eluate in appropriate receivers if the components are to be ¢luted from the column.

Table 4.2 Column characteristics

Adsorbent/adsorbate v..r:ighl ratio” 30:1
Length/diameter ratiot 10-15:1
Column length
(a) multi-component system long column
(b) components with similar affinities for adsorbent long column

(¢) components with different affinities for adsorbent short column

*The 30:1 weight ratio is suitable for preparative separations. For analytical purposes
the ratio (30:1) is much too small, and often mg quantities of substance are chromatog-
raphed on 20 g or more of adsorbent (see¢ Experiment 3),

tIn general, narrow columns give better separations than wide columns.
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Detection and recovery of components

For those mixtures which are coloured, visual examination of the
column is usually sufficient to locate the coloured components. Colour-
less components may also be detected visually if they fluoresce, e.g.
quinine and ergometrine. Recovery of the components after detection
on the column requires extrusion of the column of adsorbent and
isolation of each zone for extraction with solvents. If plastic tubing is
used instead of glass tubes the zones are conveniently isolated by cutting
the tubing into sections.

It is however, more convenient to complete the chromatogram by
eluting the various components with solvents. For colourless compounds
the eluate 1s collected as a large number of fractions, each of small
volume.

Automatic fraction collectors enable large numbers of fractions to be
obtained without the tedium associated with manual collection. The
large number of fractions also assists in obtamning better separation of
components, providing attention is directed to correct choice of flow
rate. Each fraction is examined appropriately for the presence of a
compound. The examination may be by evaporation of the solvent from
each fraction and weighing the residue, by simple spot tests, by
examination of the fraction by paper or thin layer chromatography or
by spectrophotometry, either directly or after addition of reagents.

Partition chromatography

All partiton chromatographic separations are based upon the differ-
ences in partition characteristics (partition coefficients) of the individual
components of a mixture between a liquid stationary phase and a
gaseous or liquid mobile phase. In column partition chromatography,
the mobile phase is a liquid.

The theoretical principles of partition chromatography may be readily
understood by considering the partitioning behaviour of substances
between two immiscible liquids. Few substances, when shaken with two
immiscible liquids, partition completely into one or other of the liquids.
Instead, most distribute themselves between the liquids such that the
partition coefficient (the ratio of concentrations of the substance in each
phase) is a constant value independent of the total amount, provided
neither phase 1s saturated with the substance.

Substances with large differences in their partition coefficients may
be completely separated by simple solvent extraction techniques involv-
ing few (one to three) extractions (Part 1, Chapter 9). As the differ-
ences in partition coefficients of a mixture of substances decrease, the
number of solvent extractions necessary to achieve complete separation
increases. In theory, it is possible to exploit even small differences in
partition coefficients to separate chemically similar substances by car-
rying out a sufficiently large number of extractions. The discontinuous
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rapidly. The components whose partition coefficients favour the moving
hiquid travel down the column faster than those whose coefficients
favour the sorbed stationary phase. The components thus emerge from
the column in the order of their partition coefficients.

Tailing of the bands, which is commonly encountered in adsorption
chromatography (Fig. 4.4), is rarely seen in partition chromatography
(because the partition coefficients of substances do not vary with
concentration) unless adsorption effects are also present. Consequently,
the narrower bands obtained in partition chromatography permit the
separation of closely related chemical substances, whereas this is often
not possible in adsorption chromatography, which in general is used to
separate compounds in different chemical classes.

Plate theory of chromatography

Martin and Synge in 1941 developed the concept of the ‘theoretical
plate’ in order to establish a satisfactory theory for partition chroma-
tography. The column is considered as being made up of a large number
of parallel layers or ‘theoretical plates’, and when the mobile phase
passes down the column the components of a mixture on the column
distribute themselves between the stationary and mobile phases in
accordance with their partition coefficients. The rate of movement of
the mobile phase is assumed to be such that equilibrium is established
within each plate. The equilibrium, however, is dynamic and the
components move down the column at a definite rate depending on the
rate of movement of the mobile phase. The R value of a component is

rate of movement of component

rate of movement of mobile phase
distance moved by component
distance moved by front of mobile Ehgse

R =

(1)

The interrelationship between R and the partition coefficient K can be
shown to be

Am
R= AT Ka. 2)
where
A, = average area of cross-section of mobile phase
A, = average area of cross-section of stationary phase
P concentration of component in stationary phase

concentration of component in mobile phase

Although the formula is of potential value In devising optimum
conditions for chromatography, these are more frequently determined
empirically.
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the types of compound to be separated and the packed columns
available.

The selection of a packed column depends upon the type of analysis
to be performed, and gas—solid chromatography is the method of choice
for gases. The low solubility of gases such as oxygen, nitrogen, carbon
dioxide, hydrogen and methane in liquids makes partition columns of
little use. Reliance must be placed on adsorption effects and typical
adsorbents are silica gel, alumina, charcoal and molecular sieves. They
are affected by moisture and adsorbed gases, and must therefore be
prepared for the column by heating and cooling in an appropriate
carrier gas before use.

The appearance of the chromatograms often reflects the non-linearity
of the adsorption isotherms (p.88, Fig. 4.4), but the disadvantage of
tailling peaks can be overcome to a certain extent by ‘poisoning’ the
adsorbent with a small amount of liquid stationary phase. Active sites,
which are those local parts of a packed column where adsorption effects
are more pronounced than elsewhere in the column, are reduced in
activity. The columns prepared in this way may appear to be somewhat
similar to partition columns (below), but the latter differ in that great
care is taken to reduce the natural adsorption effect of the support by
the method of manufacture and by preliminary treatment with a silicone
compound. Further, with gases, as in this context, partition plays little
or no part in the separation procedure.

Columns packed with highly porous organic polymer beads have
proved very suitable for the analysis of water, alcohols and low
molecular weight gas and liquid mixtures. Hollis (1966) suggests that
adsorption plays little part in the separation of the components of the
mixtures. The polymers in the Porapak series are based on
ethylvinylbenzene-styrene—divinylbenzene (Porapak P), ethylvinyl-
benzene—divinylbenzene (Porapak Q) and ethylvinylbenzene-divinyl-
benzene modified with polar monomers (Porapak R, S and T). Jandk
(1967) has pointed out the possibilities when these materials are applied
as lipophilic stationary phases in thin-layer and column chromatography.

Gas-liquid chromatography offers considerably more scope for the
analysis of mixtures than does gas-solid chromatography, because many
stationary phases are now available. In fact, the number of liquid
stationary phases in the catalogues of some suppliers of chromatographic
materials exceeds 200 and this can make the task of selecting a
stationary phase very difficult. The practice of many chromatographers
now is to restrict the number of liquid phases used in their laboratories
to approximately six. These preferred stationary phases provide the full
range of polarity, from the non-polar Apiezon L grease to the polar
polyethene glycol (Carbowax) 20M, and are considered to be adequate
for the vast majority of separations that are required to be made by
GLC (Table 4.11). The stationary phases that are used most extensively
for drugs, particularly basic substances, are the low-polarity polysiloxane
phases OV-1 (SE-30) and OV-17, whose structures are represented by
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T Iil OV-1 R = CH,
+ 5|i — O - T+ OV-17 R = 50% CH,
A R 50% C.H-

Moffat (1975) has recommended the use of 2-3% SE-30 as the prefer-

red stationary phase for drugs and has published the retention indices
(p.140) obtained with 480 drugs and commonly used chemicals using

this packing material.

Table 4.11 Preferred stationary phases for gas-liquid chromatography

Stationary Solvent for Temperature Uses
phase stationary maximum
phase (°C)

Apiezon L 1% Light petroleum 245 Hydrocarbons, steroids and
esters

Carbowax 1000 20%  Chloroform 150 Alcohols, chioroform,
camphor, essential oils

Carbowax 20M 10% Methanol 225 Volatile bases, e.g.

with KOH 5% amphetamines

Diethylene glycol Chloroform 190 Methyl esters of fatty acids,

succinate (DEGS) 10% nitriles, essential oils

SE-30  2.5% Chloroform 350 Hydrocarbons, methyl

derivatives of barbiturates,
general purposes

OV-17 3% Chloroform 375 General purposes

The support for the liquid phase in partition columns i1s generally
based on silica, e.g. diatomaceous earth or glass beads of suitable mesh
size. Dhatomaceous earth 1s most useful because of its porosity and
because liquid phases may be incorporated to the extent of (0.5% to
25%. It is a fine powder obtained by grinding the silicaceous skeletons
of marine algae (diatoms) and calcining with a small amount of sodium
carbonate. The best grades (denoted by AW-DMCS) are deactivated by
acid washing and treatment with dimethyldichlorosilane to reduce
adsorption on the active sites. Supports should be of a uniform particle
size e.g. 80-100 mesh, 100-120 mesh.

The preparation of the packed column i1s conveniently described by

reference to a column of 10% diethlyene glycol succinate (DEGS) on
Gas-Chrom Q (80—100 mesh).

Method

Coating of support Dissolve DEGS (1g) in chloroform (40ml) in a 250 ml round-bottom
flask and add Gas Chrom Q (80-100 mesh; 9 g) to the solution, slowly, and with gentle
mixing. Place the flask on a warm water-bath and apply a moderate vacuum to assist
evaporation of the solvent. Rotate the flask continually and gently during this stage to
avoid depositing the DEGS as a film on the glass and to avoid production of fine particles
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Typical therapeutic levels in plasma are 10-20 ug ml~'. The following
procedure is based on that of O’Connell and Zurzola (1982).

Standards Plasma from untreated subjects containing 5, 10, 15, 20 and 25 ugml™' of
paracetamol (Note).
Samples Plasma obtained from subjects 0.5 to 2 h after ingesting 0.5-1.0 g of paracetamol.
Method To 1ml of plasma samples and standards in small glass vials add 1 ml of 0.6Mm
barium hydroxide solution to denature the proteins. Vortex for 2 min to ensure thorough
mixing and then add 1 ml of zinc sulphate solution (50 mg ml~') to precipitate the proteins
and vortex for 1 min. Spin at a high speed for 10 min using a bench-top centrifuge. Filter
through glass wool contained in the neck of a Pasteur pipette.
Chromatographic conditions
Column: uBondapak C.; (300 X 4.6 mm) and a silica-ODS guard column (30 X 4.6 mm).
Mobile phase: Methanol : water (15 : 85).
Flow rate: 1 mlmin~'.
Detection: Photometric detection at 240 nm.
Volume injected: 20 ul (valve or syringe).

Note The authors showed that the recovery of paracetamol from plasma was 94% of
that from water. If blank plasma is not available for the standards use aqueous solutions of
paracetamol as standards and multiply the sample peak heights by 1.06.

Experiment 36 Assay of adrenaline in Adrenaline Injection by reversed-
phase ion-pair HPLC

Selection of internal standard Prepare standard solutions of the following catecholamines in
0.001m hydrochloric acid (Note 1) and determine their retention times: noradrenaline
hydrochloride (0.2mgml~') adrenaline hydrogen tartrate (0.2 mgml"). a-
methylnoradrenaline (0.05 mg ml~!), 6-hydroxydopamine HBr (0.05mgml~'), dopamine
(0.05 mg ml~?), methyldopamine (0.1 mg ml~!), isoprenaline hydrochloride (1 mg ml ™). If
necessary dilute the solutions with 0.001m hydrochloric acid to obtain suitable peak
heights.

Calibration standards Prepare a series of standard solutions in 0.001M hydrochloric acid of
adrenaline hydrogen tartrate containing 0.04 to 0.24 mgml~' and a suitable internal
standard from the list above, at a concentration giving a peak height similar to that of the
0.2 mg ml~! solution of adrenaline hydrogen tartrate.

Sample solution Dilute a suitable volume of the injection (Note 2) with 0.001m hydrochlor-
ic acid to give a concentration of adrenaline hydrogen tartrate of 0.15 to 0.2 mgml~! and
include the internal standard at the same concentration that is present in the standard
solutions,

Chromatographic conditions

Column: Hypersil (or Spherisorb) 5-ODS (250 X 4.6 mm).

Mobile phase: Methanol : sulphonic acid buffer (below), (10 : 90) (Note 3).

Flow rate: 1.2 to 1.4 mIlmi ™.

Detection: Ultraviolet (285 nm) (Note 4).
Valume iniected: 20 ol

Sulphonic acid buffer Dissolve citric acid (2.802g), anhydrous disodium hydrogen
orthophosphate (0.9464 g), ethvlenediaminetetraacetic acid disodium salt (0.0233g) in
820 ml of 0.005m 1-heptane sulphonic acid and dilute to 11 with water.

Note 1 0.001m hydrochloric acid gives a pH of about 3 and prevents the oxidation of
catecholamines which occurs rapidly at pH values in excess of 7.

Note 2 The British Pharmacopoeia formulation contains 1.8 mg ml~'adrenaline hyd-
rogen tartrate.

Note 3 The effect of varying the composition of the mobile phase from 7.5:92.5 to
20 : 80 methanol : sulphonic acid buffer should be investigated. The theory of reversed-
phase ion-pair HPLC is discussed on p.164.

Note 4 If an clectrochemical detector is available repeat the assay using more dilute

solutions than those given above for photometric detection and use a potential of
+0.72 V.
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5
Electrochemical methods

J.R. JOHNSON

Introduction

In electrochemical methods of analysis one or more electrically related
parameters, e.g. voltage, current or charge, are measured and related
to the state of the system generating or carrying the charge. In
addition these methods can be divided into those relating to systems in
equilibrium, e.g. measurement of pH potentiometrically, and those
dependent on a transient perturbation being applied to the system
before the measurement is made, e.g. voltammetry.

Conduc_til_t_legric _titrations

Theory

The simplest electrochemical method by which electrolyte solutions
may be investigated is conductimetry, the theory of which is based
simply on Ohm’s Law:

V =IR

where V, i and R represent the applied electromotive force (e.m.f.),
the current, and the resistance of the solution respectively. Units of
e.m.f. are volts (V; JA~'s7"), of current amps (A), and of resistance
ohms (f); kgm?®s ~> A~%). The conductance, G, of the solution is the
variable which is measured in conductivity experiments, and is defined
as the reciprocal of the resistance and expressed in siemens (S; 17').
Thus it can be seen that:
R la pllla)

where k, @ and / are conductivity (£27'm™'; reciprocal of resistivity, p),
cross-sectional area, and length of the conductor respectively. The
conductivity represents the current flowing across unit area of conduc-
tor per unit potential gradient. Conductivity depends on ionic concen-
tration and tends to zero as the solution is diluted, whereas the molar
conductivity (A; 7' m®mol~!), which represents the conductivity of a
solution at a concentation of 1 molm™, reaches its maximum value,
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182 Electrochemical methods

Experiments 1 to 10

A representative selection of fitrations i1s given in Table 5.2. The
equations representing each reaction should be written down and
reference made to Table 5.1. This should enable you to explain the
reason for the shape obtained for each graph.

Table 5.2 Conductimetric titration experiments

- Thitra-
_E tion
= incre-
é Volume ments
€ Solution Strength (ml) Titrant Strength (ml)
1 Hydrochloric acid 0.01m 50 Sodium hydroxide 0.1m 1.0
2 Hydrochloric acid 0.0001m 50 Sodium hydroxide 0.001m 1.0
3 Acetic acid 0.001m 50 Sodium hydroxide 0.1m 0.1
4 Acetic acid 0.1m 25 Piperidine 0.5M 1.0
5 Phosphoric acid  0.5m 50 Sodium hydroxide 2.0m 0.2
6 Acetic acid 0.1m 50 Sodium hvdroxide 2.0m 0.2
+ ammonium 1.0m 4
hydroxide
7 Hydrochloric acid 0.1m 10 Sodium hydroxide 1.0m 0.2
+ acetic aad 0.1m 40
8 Sodium acetate 0.1m S0 Hydrochloric acid 2.0m 0.2
9 Strychnine 0.01m 25 Sodium hydroxide 0.1m 0.2
chionde
+ hydrochloric 0.01m 23
acid
+ ¢thanol - 50
10 Salver nitrate 0.001m 50 Potassium chlonde 0.1m 0.1

High-frequency titrations

Introduction

Many difficulties are encountered in electrical methods of titration.
Conductimetric measurements are complicated by polarisation, difficul-
ty in wetting electrodes with small amounts of liquid, and corrosion
and adsorption at electrode surfaces. Potentiometric and other galvanic
methods are usually restricted to i1onmsed solutions and are often
impossible where non-aqueous solvents are used, especially if these are
poor ionisation media.

By using the field of a high frequency (1-300 MHz) oscillator it is
possible to produce ionic or dipole motion without introducing elec-
trodes into the solution. If such an oscillator is placed in an insulated
titration vessel, coupling takes place across the walls. The energy
required to produce this ionic or dipole motion causes changes in

loading of the oscillator. It is also possible to rectity the radiofrequency
current bypassed by the solution and measure the resulting direct
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o Connecting wire

Saturated potassium
chioride solution
(salt bridge)

Calomel and potassium
chloride mixture

Crystails of potassium
chioride

Porous plug
Fig. 5.6 Saturated calomel electrode

Mercury (1) sulphate electrode

This electrode 1s similar in construction to the calomel electrode but
utilises sulphuric acid (0.05Mm) saturated with mercury (1) sulphate. It is
used, for example, in solutions where silver or lead i1ons are present,
and has a potential of 682 mV,

Salt bridges

A salt bridge of saturated potassium chloride, potassium nitrate or
ammonium nitrate is used to prevent possible contamination of the
reference electrodes with the test solutions. Sometimes the salt bridges
are designed as a part of the reference electrode (Fig. 5.6) but are
often solidified with a small quantity (3%) of agar. In general, when
two solutions of electrolyte are brought into contact, a potential
difference is set up betyween them due to the transference of ions
across the boundary. This potential difference is known as a diffusion
or liquid junction potential. The salt bridge reduces these potentials
almost to zero and they become insignificant.

Indicator electrodes

Hydrogen electrode

The hydrogen electrode consists of a small piece of platinum foil,
coated electrolytically with platinum black, over which hydrogen gas is
passing. The platinum black surface exhibits a strong adsorptive power
towards hydrogen and, provided that the metal surface remains in
continuous contact with the gas, the electrode will act as if it were an
electrode of metallic hydrogen. In use, therefore, only a part of the
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foil is immersed in the solution, the remainder being surrounded by
pure hydrogen. The potential of the hydrogen electrode 1s used as a
reference zero in the electrochemical series as indicated above.

Glass electrode

A glass electrode consists of a very thin bulb
or membrane of specially prepared, pH-
responsive glass fused on to a piece of compa-
5‘[::3“ ratively thick, high resistance glass tube
(Fig. 5.7). In contact with the thin membrane
1Is a suitable solution such as 0.1m hydrochloric
acid. Electrical contact with this solution 1is
usually made with a silver wire coated with

b silver chloride, which acts as an internal refer-
ence electrode (i.e. is unresponsive to pH
Ap/Agh wire change).

The potential of the glass electrode, when
immersed in a solution, is given by the express-
ion:

0.1w HC: E = K + 0.0592 (pH, — pH,) (at 25%)

T ol il where K i1s a constant, pH, 1s the pH of the

solution in the bulb and pH, is the pH of the
Fig. 5.7 Glass pH electrode tagt solution. Now, pH, is constant for a given
electrode, hence:

E =k — 0.0592 pH,
where k i1s a constant, known as the asymmetry potential, which
depends on several factors such as the existence of strains in the glass,
the thickness of the glass bulb, and the composition of the solution
within.

The' advantages of a glass electrode are its rapid response and the
fact that it is unaffected by the presence of oxidising or reducing
agents, dissolved gases, highly coloured liquids, or moderate concentra-
tions of many salts, with the main exception of sodium salts. The use
of modern lithium silica glasses enables pH measurements to be valid
over practically the entire pH range, but high concentrations of alkali
can cause errors.

The main disadvantage of the glass electrode is its fragility, although
modern devices are available which are especially rugged or resistant to
boiling. Small imperfections on the glass bulb, such as scratches, and
the presence of dehydrating agents, colloids, and surface deposits can
cause interference in the measurements. Glass electrodes generally
have a very high internal resistance and thus would never be used with
simple potentiometers. The availability of glass electrodes combined
with a reference electrode to produce a single unit in a variety of sizes
and designs has ensured that the glass electrode remains the most
versatile indicator electrode for pH measurements.
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200 Electrochemical methods

solutions. However, under the same conditions, a potentiometric
method for the detection of the end point can yield accurate results
without difficulty. The electrical apparatus required consists of a poten-
tiometer or pH meter with a suitable indicator and reference electrode.
The other apparatus consists of a burette, beaker and stirrer.

The potential of the reference electrode need not be known accur-
ately for most purposes and usually any electrode may be used pro-
vided its potential remains constant throughout the titration. The
indicator electrode must be suitable for the particular type of titration
(i.e. a glass electrode for acid-base reactions and a platinum electrode
for redox titrations), and should reach equilibrium rapidly. The elec-
trodes are immersed in the solution to be titrated and the potential
difference between the electrodes is measured. Measured volumes of
titrant are added, with thorough stirring, and the corresponding values
of e.m.f. or pH recorded. Small increments in volume should be added
near the equivalence point, which is found graphically by noting the
burette reading corresponding to the maximum change of ¢.m.f. or pH
per unit change of volume (Fig. 5.13). When the slope of the curve is
more gradual it is not always easy to locate the equivalence point by
this method. However, if small increments (0.1 ml or less) of titrant
are added near the end point of the titration and a curve of change of
e.m.f. or pH per unit volume against volume of titrant is plotted, a
differential curve is obtained in which the equivalence point is indi-
cated by a peak (Fig. 5.14).

> i
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3 : < :
E , g (
: (
: I
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u |
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Equivalence point Eguivalence pomt
mif titrant mi tramt
Fig. 5.13 Typical titration curve Fig. 5.14 Typical first denvative

titration curve

Application of ISEs other than the pH-responsive glass electrode is
limited in potentiometric titrations because of the relatively long re-
sponse times of the electrodes. As previously mentioned, response time
depends on electrode type, but concentration of analyte will also have
an effect, with readings taking perhaps 15s at the start of a titration
when concentrations are high, but several minutes near the end point,
the titration as a whole taking an unacceptably long time. The Gran’s
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plot technique is more satisfactory in these cases, as fewer data need
be obtained for a reliable result and the emphasis that potentiometric
titrations make on the experimentally most difficult readings around
the end point does not apply because of the linearisation of the data.
Automatic equipment, using a constant flow burette and the pH
meter connected to a suitable chart recorder, can be made quite easily

and is also commercially available.

Neutralisation reactions

Any pH-responsive indicator electrode may be used, but a glass elec-
trode is usually preferable. The potential at the equivalence point is
given by the expression:

E = k — 0.0592 pH (25°)

where k, the asymmetry potential, depends on the electrode system
used.

Dibasic and tribasic acids may be titrated with alkali to the in-
termediate equivalence points, provided the dissociation constants of
each stage are sufficiently far apart; similarly, mixtures of acids may be
titrated satisfactorily (e.g. acetic and sulphuric acids). A sufficiently
large inflection is obtained when the difference in pK values exceeds
2.7 pK units. In the titration of a mixture of acids, the first inflection
in the titration curve occurs when the stronger acid has been neutral-
ised, and the second when neutralisation is complete.

Redox titrations

The indicator electrode most commonly used 1s a platinum wire or foil.
The potential of the indicator electrode is a function of the ratio of the
concentrations of oxidised and reduced forms of an 10n as previously
discussed. As before, the equivalence point in a redox titration is
indicated by a marked inflection in the titration curve, if E, .4 of the
two chemical systems are sufficiently far apart.

Precipitation reactions

The solubility product of the almost insoluble material formed during a
precipitation reaction determines the ionic concentration at the equiva-
lence point. The indicator electrode must readily come into equilibrium
with one of the ions. For example, a silver electrode is used for the
titration of halides with silver nitrate, and its potential is given by the
expression for cationic electrodes discussed earlier.

Experiment 11  Determination of pH using a glass electrode

It will be assumed that a commercial potentiometric type pH meter is
used, set to read pH units.
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the steeply rising portion of the curve, 1s characteristic of the particular

system being reduced and thus enables qualitative analyses to be
performed.

Current {uAj)

Decomposition potential Eis
Applied potential (V)
Fig. 5.18 A polarogram illustrating the currents discussed in the text

The gradual rise in current, known as the residual current i, is the
sum of a relatively large capacitance current i, and a very small
faradaic current i;. The capacitance current 1s produced when mercury
drops, from the dme, become charged at the mercury-solution inter-
face due to the formation of a Helmholtz double layer of positively
and negatively charged 1ons. This 1s the cause of the oscillations,
superimposed on a d.c. polarogram, which follow the mercury drop
growth cycle, showing a steep rise as the drop area rapidly increases at
the start of its lifetime but becoming less steep towards the end of the
drop life. The residual faradaic current is due to traces of impurities in
the solution being reduced. For example, it is very difficult to remove
the last traces of oxygen even after bubbling nitrogen through a
solution: ordinary distilled water often contains traces of copper and,
when solutions are deoxygenated in the presence of the pool anode,
mercury ions sometimes go into solution with the formation of hyd-
rogen peroxide.

The residual current should always be subtracted from the total

observed current, as shown in Fig. 5.18, in order to obtain the diffu-
sion current {,. The minimum detectable concentration of elec-

troreducible ions depends, to a very large extent, on the accuracy with
which this correction is measured. During an experiment a suitable
solution of the electroactive substance under examination is freed from
dissolved oxygen by bubbling O, -free nitrogen through for several
minutes and blanketing the solution with nitrogen, because oxygen 1s
electroreducible and this could interfere with the electroreaction being
observed. After the voltage scan has been made and the polarogram
obtained, a further polarogram should be recorded in the absence of

the electroreducible species to give a residual current curve (broken
line in Fig. 5.18).
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220  Electrochemical methods

be cleaned by immersing periodically in 50% v/v nitric acid with the
mercury flowing and then washing thoroughly with a jet of water. A
disassembled capillary can be cleaned by aspirating concentrated hyd-
rochloric acid through it for half a minute, following this with metha-
nol and then air until dry.

Advantages of the dropping mercury electrode

(1) It has a smooth and continually renewable surface exposed to
the solution being analysed.

(2) Each drop formed is unaffected by the reactions which occurred
at the surface of earlier drops.

(3) Mercury amalgamates readily with most metals.

(4) The high hydrogen overvoltage of mercury enables analyses to
be carried out in acid solutions.

(5) The diffusion equilibrium at the mercury-solution interface is
rapidly attained.

Disadvantages of the dropping mercury electrode

(1) Mercury has a limited application in the more positive potential
range (i.e. when used for anodic polarography), since anodic dissolu-
tion of mercury takes place at about +0.5V,

(2) The surface area of the drop is never constant.

(3) Changes in the applied voltage produce changes in the surface
tension of mercury and, therefore, changes in drop size.

(4) The addition of surface active agents produces changes in drop
size, and adsorption of surface active agents can interfere with elec-
trode reactions.

(5) Mercury may be toxic in certain biological studies.

Basic principles of polarographic instrumentation

Potentiometric manual polarograph

A means of measuring current used by Kolthoff and Lingane was to
pass it through a standard resistance and measure the potential differ-
ence set up. Figure 5.22 shows the simplified circuit of such a polaro-
graph which 1s also capable of measuring accurately the potential
difference across the cell electrodes. The primary circuit consists of a
battery, switch, and uncalibrated potentiometer,

The resistance R is at least 10k 2 and its actual value should be
known accurately to within £0.1%. The calibrated potentiometer P, 1s
shown schematically. Any type of potentiometer is suitable provided it
can measure potentials correctly to £1mV. The galvanometer associ-
ated with P, should have a period of about 10-20s so as to minimise
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228 Electrochemical methods

be fully investigated. Care must be taken to ensure that no ions in the
electrolyte interact with the substance being determined and that pH
changes do not affect its stability, and that the use of aqueous/alcoholic
solvents does not cause changes in the E,, of the electroactive species,
the Limiting current values, or the reduction mechanism involved,
which might lead to erroneous conclusions in an analysis.

Table 5.4 Typical solvents for inorganic polarographic analyses. (Adapted from Applica-
tion Note 151, Princeton Applied Research Corporation.)

Metal  Supporting electrolvte E\nlV
As(1n) Im HCI —(.43/-0.67
Bi(in) I HCI -0.09
Cd(u) 0.2m NH, citrate, pH 3 -{).62
Co(n) Im NHi+-1m NHCI -1.22
Cr(in) (0.2m KSCN, pH 3 with HOAc -{).85
Cr(w ImM NaOH —().85
Cu(nu) 0.2m NH, citrate, pH 3 -0.07
Fe(m) 0.2m TEA-0.2m NaOH -1.0
Mn(u) I NH~1M NH,CI —-1.66
Ni(u) Im NHs-1m NH (] -1.0
Pb(n) (0.2m NH, citrate, pH 3 —0.45
Sbh(n) om HCI -(0.18
Sn(n) 0.2 HOAc.2m NaOAc -0.20/-0.53
Sa(1v) Im HCl-4m NH (Cl =0.25/=0.52
TI(1) I HNO, -().48
Zn(u) 0.2m NH; citrate, pH 3 -1.04

The wider negative working voiltage range for the dme compared
with the positive inevitably means that reduction reactions are more
frequently encountered in organic analysis than oxidations. A wide
range of functional groups undergo electroreduction, but the products
of such processes may not be the same as if the reduction were
attempted chemically, as the electrode kinetics limit the progress of
multi-stage reactions. Some organic functional groups which can be
reduced at the dme are shown i Table 5.5.

Table 5.5 Some functional groups reducible in polarography. (Adapted from Application
note 151, Princeton Applied Research Corporation.)

Imines Dienes

Oximes Alkynes

Nitriles Ketones

Diazo compounds Aldehydes

Dazonium salts Aromatic carboxylic acids
Nitroso compounds Halides

Sulphones Thiocyanates

Sulphonium salts Heterocycles

Nitro compounds Organometallics
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One of the easiest and most frequently encountered organic reduc-

tions is that of the nitro group. In nitrofurans and nitroimidazoles, for
example, the reaction is

J|\ J\ be . )l\J\ + 2H.0
6H*
O,N O R HN O R

Nitrofurantoin, Metronidazole and Tinidazole are examples whose re-
ductions have been shown to follow this route.

The benzodiazepines constitute another class of compounds frequent-
ly analysed by polarography. A typical reduction is that of Nitrazepam
in 20% methanol-0.1Mm hydrochloric acid, which proceeds by the fol-
lowing mechanism:

W

H /
¢ 4
de, 4H*
-
/@[ > "Hzo /@ >
O,N C=N ?:N

‘ HONH
C.H: Ct,Hg_

de | 4H*

H;N C—

This gives peaks at —0.11V and —-0.67 V vs silver-silver chloride. To
illustrate further the applicability of polarography in organic analysis
and the value of derivitisation, the analysis of atropine by d.c. polar-
ography may be quoted, in which 0.Im tetrabutylammonium perchlo-
rate in acetonitrile can be used as solvent. Nitration of atropine can be
effected by reaction at room temperature with 10% potassium nitrate
in concentrated sulphuric acid, and a sensitivity of 200 ng atropine ml™!
of 1M sodium hydroxide supporting electrolyte with dpp has been
clatimed by Brooks et al (1974).
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Elamgraphic methods of analysis

Direct comparison method

In this method., the diffusion current obtained for the ‘test’ solution is
compared, under identical conditions, with that of a solution of known
concentration. Maximum accuracy i1s obtained when the diffusion cur-
rents of both solutions are about equal.

The most important conditions which must be kept constant in the
comparson are temperature, concentration of maximum suppressor (if
any), composition of the supporting electrolyte and the characteristics
of the dme (i.e. constant m and r values).

For complex mixtures it 1s advisable to keep standard comparison
samples of known composition. These comparison samples must
approximate closely in content to the samples being analysed.

Use of empirical calibration curves

The dme 1s calibrated empirically with various known concentrations of
the substance in question, and a graph of diffusion current vs concen-
tration is plotted. The concentration of the test solution can be read
from the graph. It is essential to control the temperature accurately
and to check that the capillary characteristics do not vary. This 1s the

most frequently used method, and is satisfactory if standards and test
samples are analysed under identical conditions.

Internal standard or pilot ion method

This method is based on the fact that the relative diffusion current
constants / are independent of the particular capillary used, provided
the nature and concentration of the supporting electrolyte and the
temperature are kept constant.

From the Ilkovic equation:

id —" Icmyjf“ﬁ

where
I = 607nD""

For the ‘pilot’ ion
idl - Ilclmmf”ﬁ

and the ‘test’ 1on

":d; acem I,szz""r”“
hence _

Id. llcl

iy, DG,

The ratio 1,/l, i1s known as the pilot ion ratio (symbol R) and 1is
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mercury in a small glass container. Wash the mercury with water and dry by rninsing with
acetone followed by a jet of air. Weigh the mercury on an analytical balance and hence
calculate m. Determine P by correcting the reservoir height for back pressure. Conclude
whether or not the relationships (a), (b) and (c) above are correct.

Experiment 52  Analysis of a polarographic wave

Method

(a) Prepare a solution containing cadmium sulphate (0.0Im), potassium chloride
(0.1m), and gelatin (0.005%). Place some solution in a polarographic cell which is
immersed in a thermostatic bath set at 25° * 0.1°, Deoxygenate and obtain the CV curve
from ~0.4 to —0.8 vs SCE. Use the same current sensitivity throughout this experiment.

(b) Prepare a solution of potassium chloride (0.1m) and gelatin (0.005%) and obtain,
at 25°, the residual current curve over the same voltage range. Correct the values of
current obtained in (a) by subtraction.

(¢) Calculate suitable individual log (iy — i)/i values and plot against the correspond-
ing applied potentials. Determine the number of electrons involved in the reduction by
measuring the slope of the graph (see Fig. 5.21).

Experiment 53  Limit test for trivalent antimony in Sodium Stiboglu-
conate

Sodium Stibogluconate contains not more than 0.2% trivalent antimony
when determined by the following method.

Method To 0.2g sample, accurately weighed, in 10ml of water, add 2ml 0.1% wiv
aqueous solution of gelatin, and 2 ml concentrated hydrochloric acid, and dilute to 20 ml
with water. Transfer an aliquot portion to a polarographic cell and bubble mtrogen
through the solution for 10 min. Record a polarogram over the range 0 to +0.5V (i.e,
an anodic wave) and compare with a standard trivalent antimony calibration curve using,
in the above procedure, 0.25ml of a 0.8% w/v aqueous solution of a trivalent organo-
antimony compound. The height of the step at a potential of approximately 0.15V vs
SCE is a measure of Sb**. (A potential of about 0.4 V vs SCE is probably better since
Einp = + 0.15V.) The solutions must be examined within 30 nun. of preparation as they
are unstable.

Experiment 54  The multimode polarograph in the analysis of Metro-
nidazole

A multimode polarograph with synchronised dme which can perform
sampled d.c., pulse, and differential pulse polarography should be

used. The analysis should be performed in each of the three modes
and the results compared.

Method Prepare 50 ug ml~! solution of metronidazole in 0.1m hydrochloric acid, and
prepare from this six solutions of appropriate concentrations for a calibration graph.
Deoxygenate the test solutions for 4 min before each measurement. Choose a suitable
voltage scan range advancing at 2mVs™' to include 0 to —0.5V w.r.t. silver-silver
chloride and start with 10 A full scale current range, adjusting as necessary. Use a 1s
drop time with a small mercury drop if this adjustment is available. In differential pulse
polarography use a 25mV pulse amplitude. Run the polarograms in any or all of the
available modes, measure the response height and plot a calibration graph. Analyse the
data statistically as if it were a straight line.

Compare the data obtained above with those from an identical experiment except for
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the addition of 10™*mol 1! polyethylene glycol 4000 (PEG 4000) in each of the test
solutions. Analyse the calibration graphs similarly and comment constructively on the
results.

Amperometric titrations

Introduction

This technique uses a polarographic or other voltammetric electrode to
detect the end point in a titration, thus extending the application of
titrimetry to lower concentrations of analyte than would be possible
with visual indicators. An abrupt change in limiting current will occur
when all the analyte has been removed from the solution by the titrant
(Fig. 5.29). No potential scanning is used: a fixed voltage of magnitude
sufficient to cause electroreaction of the analyte is applied across the
electrodes and the current is monitored as titrant 1s added. A similar
principle is applied in the electrometric end point method for the
titration of sulphonamides and in the conventional determination of
water by titration with Karl Fischer reagent (q.v.).

oA

T
o o5 O I's

Equivalents AQNO;
Fig. 5.29 Amperometric titration of potassium chloride with silver nitrate

Amperometric titrations using a dropping mercury electrode

Very dilute solutions may be titrated accurately (ca. *0.3%) and
rapidly. Amperometric titration results are independent of the capillary
characteristics and temperature, provided that there is no change
during a titration; the reaction need not be reversible, and substances
which are not oxidised or reduced may be titrated if the reagent gives
a diffusion current. Amperometric titrations involving precipitation may
be carried out when the solubility is appreciable and under conditions
where potentiometric and indicator methods are inaccurate. Titrations
may also be carried out in the presence of large amounts of electrolyte
(e.g. potassium chloride) without interference (contrast conductimetric
titrations).
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Apart from the normal sources of error in volumetric determina-
tions, impurities which give diffusion currents may have to be removed
by a preliminary chemical separation, or the conditions must be so
chosen that foreign constituents do not contribute to the current.
Several types of titration curve may be obtained, as follows:

(1) Consider a lead solution containing an excess of an indifferent
electrolyte. The polarogram (Fig. 5.30) has a plateau between points A
and B, where the current is practically constant. This solution may
therefore be titrated with a solution of sodium oxalate at any fixed
applied e.m.f. between the values A and B by measuring the current
until the end point is reached, when only a small residual current flows
(Fig. 5.31). The slight curvature is due to dilution of the solution with
the reagent and is minimised by using a relatively strong titrant
(compare conductimetric titrations). In any case, it can be corrected by

multiplying the observed values of current by the ratio total volume to
initial volume.

Wf=--=---=-

:
|
1
[
|
|
A
3

Fig. 5.30 Polarogram of lead nitrate solution

applied

A

Equivaience point
mi titrant
Fig. 5.31 Amperometric titration of lead with sodium oxalate at 1.0V vs SCE
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(2) It is possible to titrate a non-reducible substance with a reagent
which is electroreducible. Lead nitrate, for example, may be titrated
with potassium dichromate, in acetate buffer, at zero applied volts.
(Pb** is not reduced at this voltage.) When the end point is reached,
the dichromate ion (Cr,03") yields a diffusion current (Fig. 5.32).

MA

Equiw;iancn point
ml titront

Fig. 5.32 Amperometric titration of lead with potassium dichromate at zero volts vs SCE

(3) The substance to be titrated and the reagent used may both be
electroreducible. Lead nitrate and potassium dichromate, as above,

may be titrated at an applied potential of —1.0V vs SCE. The
diffusion current, due to the lead ions, first falls as lead is precipitated
out and rises when excess dichromate ions are present (Fig. 5.33).

A

L

Equwdltnct point
ml titrant

Fig. 5.33 Amperometric titration of lead with potassium dichromate at —~1.0V vs SCE

(4) Amperometric titrations may also be applied to electro-oxidisable
substances, provided a suitable electrode is used. Potassium iodide

may, for example, be titrated with mercury(11) nitrate:
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current ansing from oxidation or reduction of analyte as it emerges
from the HPLC column after the appropriate elution time. In principle
LCEC operates in the same way as the equivalent electrochemical
method described earlier in this section. Detectors can be polarog-
raphic but are more commonly amperometric or coulometric, with
potentiostat, electrode and output requirements essentially identical to
those for operation in the conventional way. The cell design must
obviously be different, however, to allow for the flow-through require-
ment of HPLC, and much attention has been given to optimising
background noise, sensitivity, electrode accessibility, and to reducing
cell volumes. In the familiar three electrode cell arrangement the
reference electrode is usually silver-silver chloride in 3M potassium
chloride and the auxiliary electrode is usually either glassy carbon,
platinum wire, or of a proprietary carbon construction.

Maternials used for the working electrode are much more diverse,
each possessing virtues for particular applications. The most popular
for oxidative detection are carbon paste and glassy carbon, the latter
being more robust but giving a higher background current. Carbon
paste electrodes prepared by mixing graphite with paraffin oil, ceresin
wax or silicon grease, are generally unsuitable for use in non-aqueous
solvents, so0 mixtures containing, for example, >25% v/v methanol or
>5% vlv acetonitrile, would be prohibited. Glassy carbon can be
readily repolished and carbon paste electrodes readily remade so, if
damaged by excessive voltage application, current flow, or solvent
degradation, they are easily recoverable. The criteria by which elec-
trodes should be judged are the acceptable range of applied potential,
chemical and physical compatibility with the solvent, signal-to-noise
performance, long-term stability, and requirement for preconditioning.

Metal working electrodes include platinum or mercury deposited on
gold in which the advantage of the high hydrogen overpotential of
mercury can be exploited as in polarography in that a wider range in
the reductive direction is possible than on many other surfaces. Polar-
ographic mercury drop electrodes are commercially available but lack
stability in the flowing stream of eluent from the HPLC column.
However, it has been noted that the detection limits (usually in the
low ng/ml range) of amperometric detectors made of glassy carbon,
carbon paste, and mercury are reduction potential dependent for cer-
tain benzodiazepines, and this can in general be expected as many
organic compounds react at different rates according to the electrode
being used. The highest possible reaction rate is the most desirable
condition, because the current is then transport limited rather than rate
limited. One of the advantages of the mercury drop in polarography is
that contamination is irrelevant because of the renewable electrode
surface; however, contamination is reduced in LCEC in comparison
with non-chromatographic electrochemistry because the contact time of
the contaminant with the solid electrode i1s minimised by the narrow
elution band created by the chromatographic system.
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Cell design

Cell design is dependent on the intended mode of operation of the
detector, of which there are two. The coulometric mode converts 100%

of the electroactive compound passing through the cell and therefore
requires a large surface area for the reaction to take place. The
amperometric mode converts <10% of the material passing through
the cell. The three different cell designs, intended to improve sensitiv-
ity or selectivity, are known as tubular, channel, and wall-jet types. In
the first type the solution flows through an annulus which is the
working electrode, in the second it flows over an electrode plate, and
in the third it emerges from a nozzle perpendicularly onto the elec-
trode surface. Each has advantages in mass transfer, resistance to
poisoning, ease of replacement of electrode substance, or signal-to-
noise ratio.

In coulometric operation a large surface area is required to achieve
100% electroreaction. Two types of cell are available: one consists of
an open tube electrode through which the solution passes directly, and
in the other the solution passes over a reticulated, cloth or gauze
electrode. It can be shown that the smaller the electrode area the
higher is the current density, and coulometric cells show that additional
current due to area increase 18 a decreasing function of increased
electrode area. In addition, noise and background current are in
general hnearly related to area, so coulometric cells usually have
poorer detection limits than amperometric ones.

Theory

Faraday’'s Law relates the charge Q in coulombs transferred in the
electroreaction to the number of moles N of reactant being processed;
thus

Q = zFN

where z is the number of electrons involved in the reaction of one
mole of reactant, and F is Faraday’s constant (96485 coulombs per

mole of electrons). In coulometric detection the current flowing is

measured and integrated over time to give the charge consumed, which
1s therefore represented by the peak area on the recorder trace. As
100% conversion occurs in coulometric operation, the peak area will
be independent of flow rate u, and thus one calibration curve will
apply for all flow rates, but it can be shown that the current 7 1s
directly dependent on flow rate as follows:

i = zFcu

where ¢ is the analyte concentration in the bulk of solution prior to
entry into the coulometric detector.
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Analogous equations can be written for each geometry of amper-
ometric detector; that for a channel cell in which the eluent passes
over the electrode 1s

i = 1.467zFAc (D/h)**(uld)"

where A is the electrode area (cm-), D is the diffusion coefficient
(cm?~1), h is the thickness of the channel and d is its width. Both
these equations show direct dependence of current on analyte concen-
tration, but the amperometric design is less dependent on volume flow
rate. The current, which both detection methods display, describes the
rate of analyte conversion while the integrated, coulometric, response
reflects the total amount of analyte reacted; a cell design which permits
rapid transfer rates is therefore important in both methods of detec-
tion.

Operating potential

The choice of applied potential is dependent on the functional groups
on the molecule to be analysed. Oxidation or reduction can be under-
taken but the voltage range in each direction will be dependent on
choice of electrode, as discussed above and on pp. 225-230. Reducible
groups are of course the same as described there, and the most
frequently encountered oxidisable groups are the aromatic hydroxyl
and amine. Less frequently encountered are indoles, phenothiazines,
mercaptans and miscellaneous compounds such as ascorbic acid and
vitamin A. With LCEC reduction, as in polarography, all traces of
oxygen must be excluded from the solvents and no permeable tubing
should be used.

Selection of a suitable applied voltage is often done by generating a
hydrodynamic voltammogram for the compound after a rough assess-
ment of likely potentials has been made. This allows the potential for
maximum signal and selectivity to be found by repetition of the
chromatographic run with the detector set at a constant, but successive-
ly altered, potential for each run. When insufficient voltage is apphed,
no response will occur; alteration by 0.1 V steps will eventually lead to
a response which is very sensitive to voltage changes. Finally a plateau
region will be obtained where diffusion i1s the rate determining factor
for current generation. Further increase in voltage will only reduce
selectivity by possibly including more electroactive compounds and
functional groups within the voltage range, so an operating potential
should be chosen which is sufficiently within the plateau region for
maximum sensitivity without decreasing selectivity. A typical hydrody-
namic voltammogram is shown in Fig. 5.39. All measurements should
be done under controlled and recorded conditions of flow rate, temper-
ature, amplifier gain etc.

Some LCEC coulometric systems have two or more cells operating
in series on the eluent. By allowing the application of different poten-
tials at each cell, selective conversion (screening) and analysis of
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6
The basis of spectrophotometry

A. G. DAVIDSON

_I__ntroduction

Photometric techniques are among the most important instrumental
techniques available to the pharmaceutical analyst. Instrumentation
ranges from the simple flame photometers, which are used to determine
the concentration of certain metallic elements, to the much more
expensive spectrometers such as ultraviolet-visible and nuclear magnetic
resonance spectrometers which are used in structural and quantitative
analysis of molecules.

The basis of all these instrumental techniques 1s that they measure the
interaction of electromagnetic radiation with matter in quantised, i.e.
specific, energy levels. The purpose of this chapter is to introduce the
various spectrophotometric techniques which are discussed in greater
detail in the subsequent chapters, to show their relationship with each
other and to describe the theoretical principles involved.

Electromagnetic radiation

White light from an incandescent solid such as the filament of an electric
lamp 1s made up of a large number of individual waves of varying
wavelength. This is readily shown by passing a beam of light through a
prism when a band of colour, or so-called continuous spectrum, is
formed, in which each colour corresponds to waves of a particular
wavelength (Fig. 6.1).

The visible spectrum, however, forms only a small part of the
complete spectrum of electromagnetic radiation, which extends, as

shown in Fig. 6.1, from the ultra-short wave region of the cosmic rays at
one end to that of radio waves at the other.

Wavelength i1s defined as the distance between any two consecutive
parts of the wave whose vibrations are in phase, for example from the
crest of one wave to that of the next, (A to B or B to C in Fig. 6.2). Its
symbol is A, the Greek letter lambda. The units in which wavelength is
commonly expressed are recorded in Table 6.1. By adapting the unit to
the appropriate region, the use of cumbersome figures can be avoided.
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Fig. 6.1. Visible light and electromagnetic spectrum
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Fig. 6.2. Wavelength

Table 6.1 Wavelength units

Unit Abbreviation Metre Region where used
Angstrom A 10719 Visible and ultraviolet
Nanometre nm 10~? Visible and ultraviolet
Micrometre mm 1-* Infrared

Older units for micrometre (micron) and for nanometre (millimicron)
are now obsolete.

Wavenumber is defined as the reciprocal of the wavelength expressed
in cm, i.¢. the number of waves per cm. Its units are cm ™.

Frequency i1s the number of waves passing a point in one second, i.e.
the number of cycles per second. Its symbol is v, the Greek letter nu,
and the units are s~! or hertz (Hz).

The interrelationships of these units can be expressed as follows:

1

- ———————— = wavenumber
wavelength in vacuo (in cm)

frequency
speed of light in vacuo (cms™')




Atomic spectra 257

Atomic spectra

Atomic emission

It has long been known that, when certain compounds are heated, light
of characteristic colours is emitted. For example, sodium salts emit
yellow light and potassium salts emit lilac ight. The work of Kirchhoft
and Bunsen in the middle of the 19th century showed that this is due to
the emission of light at wavelengths characteristic of the metallic
elements in the sample. Flame tests, in which the metallic elements are
quickly identified by the characteristic colours imparted to a premixed
combustible gas-air flame, remain one of the simplest qualitative
analytical procedures.

When a sample containing metallic atoms is heated above 2000°, it
first undergoes partial or complete dissociation into free atoms and then
volatilises to free gaseous atoms. The electrons of the gaseous atoms
exist in discrete quantised energy levels, i.e. they are in orbitals which
have specific energy levels that are characteristic of the element. The
electrons 1n the outer orbitals of the atoms may absorb thermal energy
and be promoted to one or more higher energy states. The gain in
energy of each electron during a transition is a specific quantity
corresponding to the difference between the energy levels after and
before excitation. Deactivation of the thermally excited atoms to lower
energy states occurs very rapidly and photons of light are emitted which
have energy (AE) equal to the difference between the upper (E,) and
lower (E,) energy states. The energy of the emitted light 1s directly
proportional to the frequency (v) and inversely proportional to the
wavelength (A). Hence,

AE = E, - E, = i
A
where & = Planck’s constant = 4.132 X 107" eVs, and ¢
light = 3 X 10* ms~! (in vacuo).

speed of

1240

AL = A (in nm)

As the atomic energy levels are characteristic of the element, the
energies and wavelengths of light emitted are also characteristic of the

element. The electronic energy transitions during the thermal excitation
of and the emission of light from sodium atoms is shown in Fig. 6.3.
The energy levels of the electronic orbitals (on the ordinate) are
conventionally given in electronvolts greater than the lowest electronic
energy level of the atom, which is given the energy eV = 0.

The wavelengths of light emitted from the sample as a result of
thermal excitation may be viewed through a spectroscope, which is a
simple instrument containing an entrance slit and a dispersing device,
e.g. a prism. Alternatively, they may be recorded on photographic film
using a spectrograph. The emission spectrum of sodium is seen to
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Fig. 6.3. Partial encrgy levels of sodium (a) during the absorption of thermal energy or
electromagnetic radiation and (b) during deactivation with the emission of resonance
wavelengths

comprise approximately 20 lines, the most intense of which occurs at
589.3 nm (consisting of a doublet at 589.0 nm and 589.6 nm), with less
intense lines at 330.2 nm and 819.5 nm (Fig. 6.4). The line at 589.3 nm

(the sodium D-line) is emitted when valence electrons thermally excited
from the 3s orbital to the 3p orbital return to the ground state. The

difference between the energy levels of the 3p (2.10eV) and 3s (0eV)
orbitals corresponds with a wavelength of

1240
210 -0

The less intense lines at 330.2 nm and 819.5 nm are due to 4p — 3s and
3d — 3p transitions respectively, which are given by fewer atoms. As an
exercise you should identify the transition which accounts for the line at
1139 nm in the near infrared region. The intense line at 589.3nm is
yellow light (Fig. 6.1) and accounts for the observation of the yellow
colour imparted to a Bunsen flame when sodium salts are introduced.
The lilac coloration of a flame in the presence of potassium salts is due
to the emission of two lines in the red region of the spectrum at 767 nm
(4p — 4s) and 694 nm (4d — 4p) and one line in the violet region at
404 nm (Sp — 4s).

The atomic emission techniques of flame emission spectrometry (flame
photometry) and emission spectrography are based on the measurement
of light emitted from thermally excited atoms.

). = 589 nm

330.2nm 589.3nm 819.5nm 1139 nm

1

L. i
Fig. 6.4, Partial emission spectrum of sodium
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Atomic absorption

Eight dark lines (lines A-H) in the continuous solar spectrum were
explained by Fraunhofer in 1823 by the phenomenon of atomic absorp-
tion. Certain elements in the outer core of the sun absorb radiation at
wavelengths characteristic of the elements. For example, absorption by
sodium atoms gives rise to the line at 589.3 nm (the sodium D-line, the
only line which is still commonly referred to by its original letter).

The excitation of electrons in atomic orbitals to higher energy states
may be induced by electromagnetic radiation if the energy of the
radiation exactly matches that corresponding to the difference between
the upper and lower energy states (Fig. 6.3). Thus, ground state atoms
absorb light of exactly the same characteristic resonance wavelengths
that they emit after thermal excitation. For example, if a beam of light
at 589 nm is passed through a vapour of sodium atoms, a portion of the
ground state atoms will absorb radiation promoting the valence electrons
to higher energy states.

Atomic absorption spectrophotometry i1s a technique for the quantita-
tive determination of metallic elements and metalloids, which is based
on the measurement of the absorption of monochromatic light by ground
state atoms.

Molecular spectra

Molecular spectra are characterised by the absorption or emission of
light over a much wider range of wavelengths (called spectral bands)
than atomic spectra, which consist of sharp resonance lines (Fig. 6.4).
This is due to the very large number of transitions which molecules can

undergo, In comparison to the relatively few electronic transitions of
atoms.

Molecular absbrp}io;z

The absorption by molecules of electromagnetic radiation of a suitable
wavelength can promote:

(a) The energy of electrons to one or more higher energy states (as in
atomic absorption). The types of electrons that are responsible for
ultraviolet-visible absorption are discussed in Chapter 7.

(b) An increase in the internuclear vibrational energies of the consti-
tuent atoms.

(c) An increase in the energy of rotation of the atoms round the
bonds joining the atoms.

The total energy of a molecule is the sum of its electronic, vibrational
and rotational energies, which are each quantised, 1.e. they have specific
energies characteristic of the molecular species. The relative energies
required to induce electronic, vibrational and rotational transitions
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(bandwidth) is very wide and may exceed 150nm. Gelatin filters
consisting of a mixture of dyes incorporated in gelatin and sandwiched
between glass plates are more selective, with bandwidths about 25 nm.

Interferometric filters have an even narrower bandwidth (about
15nm) and consist of two parallel glass plates, silvered internally and
separated by a thin film of cryolite or other dielectric material. Such
filters make use of the interference of light waves rather than absorption
to eliminate undesired radiation, and serve as relatively inexpensive
monochromators for a specific purpose, €.g. the isolation of calcium
radiation at 626 nm from that of sodium at 589.3nm in the flame
photometric method for Na* and Ca?* in the same solution. Ordinary
filters are incapable of this and cause large errors in measurement of the
calctum content.

Prisms

When a beam of monochromatic hight passes through a prism, it is bent
or refracted. The amount of deviation 1s dependent on the wavelength,
blue light being refracted more than red. If white polychromatic light is
substituted for monochromatic radiation, a separation of the different
wavelengths leads to the formation of a spectrum (Fig. 6.9) from which

the required wavelength may be selected for the spectrometric measure-
ment.

source Lens Prism Lens

Fig. 6.9. Formation of spectrum by a prism

Prisms are made of quartz for use in the ultraviolet region, since glass
absorbs wavelengths shorter than about 330nm. Glass prisms are
preferable for the visible region of the spectrum, as the dispersion is
much greater than that obtained with quartz. For the infrared region,
the transparent substances usually used for prisms are sodium chloride
(2-15 um), potassium bromide (12-25 um), lithium fluoride (0.2-6 um)
and caesium bromide (15-38 um).

Prisms produce a non-linear dispersion, with long wavelengths being
less efficiently separated than short wavelengths. The wavelength scales
of some (usually older) ultraviolet—visible spectrophotometers show
larger divisions between each nm in the ultraviolet region than in the
visible region.
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Gratings

The dispersing element in the monochromator of most modern ultra-
violet, visible and infrared spectrophotometers is the diffraction grating.
It consists of a very large number of equispaced lines (200-2000 per
mm) ruled on a glass blank coated with a thin film of aluminium.
Gratings are now produced by modern holographic techniques. Parallel
lines or grooves are chemically etched on a thin layer of photoresist
coated on a blank after exposure to the interference fringes produced by
the intersection of two beams of light from a laser. They can be used
either as transmission gratings, or, when aluminised, as reflection
gratings. Rotation of the grating permits appropriate wavelengths of the
spectrum to emerge from the exit slit of the monochromator.

The theory of the plane transmission gratings i1s given below. Fig
6.10(a) shows part of a diffraction grating in which the gaps represent

(a)

(b)

First order

<m<D

Zero order

First order

Second order

DO<OW—< V<®

Fig. 6.10. (a) Formation of nth order spectrum: d sin 8 = nk. (b) Dispersion of visible
light by a reflection diffraction grating. R, O, Y, G, B, I and V denote the colours of the
dispersed light, red, orange, yellow, green, blue, indigo and violet respectively
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the transparent spaces. The distance d between consecutive correspond-
ing elements is called the grating space. A parallel beam of
monochromatic light falls upon the grating at normal incidence. If the
path difference for light diffracted through an angle 6 from consecutive
elements 1s ni, then the various rays will reinforce each other. The
values of 8 in the equation d sin 8 = nA (n = 0, 1, 2, 3) correspond to
the angles of diffraction of different orders. When white light i1s used
instead of monochromatic light, first and successive order images give
rise to spectra (Fig 6.10(b)) due to the variation of 6 with A for a given
n but the zero order is undispersed. The rulings of a grating can be
shaped to concentrate the light in certain orders to give greater
efficiency than when the light is spread over many spectra, and this is
especially important in the infrared. A grating can be plane or concave,
the latter being capable of focussing its own spectrum without the use of
lenses or mirrors. However, for reasons of convenience in scanning,
plane gratings are most frequently used in monochromators which can
be made to cover all spectral regions from 180nm to 15um. To
eliminate the effect of overlapping orders, filters have sometimes to be
used.

Cells

Samples presented for spectrometric analysis may be in the solid, hquid
or gaseous state. The material that contains the sample ideally should
be transparent at the wavelength(s) of measurement. For the analysis
of liquids and gases in the ultraviolet-visible region above 320 nm, cells
(or cuvettes) constructed with optically flat fused glass may be used.
Measurements below the ultraviolet cutoff of glass at about 320 nm
require the use of more expensive fused silica cells, which are transpa-
rent to below 180 nm. The standard pathlength of cells for measure-
ments of molecular absorption or fluorescence in the ultraviolet—visible
range is 10 mm, although cells of pathlength 1-50 mm are also available
for special applications. The most common sample-containing materials
in infrared spectrometry (Chapter 10) are sodium chloride (2.5-17 um)
and potassium bromide (2.5-30 um). In the flame spectroscopic techni-
ques of atomic absorption spectrophotometry and flame photometry
(Chapter 8), the flame contains the absorbing or emitting atoms of the
sample and functions as the sample cell.

Detectors

For the accurate determination of substances by spectrophotometric
techniques, precise determinations of the light intensities are necessary.
Photoelectric detectors are most frequently used for this purpose. They
must be employed in such a way that they give a response linearly
proportional to the light input, and they must not suffer from dnft or
fatigue.
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Anodes - Anodes

Light Photocathode

Fig. 6.13. Diagram of photomultiplier tube

impinges on the diode, the charge is depleted in proportion to the
intensity of the radiation. When the electron beam scans again, a
current in proportion to the light intensity flows to recharge the diode
to the pre-set voltage.

Photodiodes, like vacuum phototubes and photomultiplier tubes, are
single-channel detectors, i.e. they monitor the total intensity of light and
cannot distinguish between different wavelengths. A spectrum is
obtained with single-channel detectors by varying the monochromatic
light passing through the sample. Recent advances in integrated circuitry
and silicon wafer technology have led to the development of linear
photodiode arrays containing 256, 512 or 1024 diodes which permit
multi-channel detection. When used in combination with a dispersing
system (e.g. a grating) each diode can monitor the light intensity at a
different wavelength, and the array provides an almost instantaneous
spectrum. The multi-channel detector based upon linear diode arrays is
of particular advantage in fast reaction kinetics and in monitoring the

eluate in HPLC.

Thermocouples

A thermocouple consists of elements of two different metals joined
together at one end, the other end being attached to a sensitive
galvanometer. When radiant energy impinges on the junction of the
metals, a thermoelectromotive force is set up which causes a current to

flow. Thermocouples are used in the infrared region, and to assist in the
complete absorption of the available energy the ‘hot’ junction or
receiver 1s usually blackened.

Bolometers

These make use of the increase in resistance of a metal with increase in
temperature. For example, if two platinum foils are suitably incorpor-
ated into a Wheatstone Bridge, and radiation is allowed to fall on one
foil, a change in resistance is produced. This results in an out-of-balance
current which is proportional to the incident radiation. Like thermo-
couples, they are used in the infrared region.
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Thermistors

The principle of operation is similar to that described under bolometers
but thermistors are constructed of semi-conducting material which has a
high negative coefficient of resistivity, i.e. the resistance decreases with
Increase in temperature.

Golay detector

In this detector, the absorption of infrared radiation causes expansion of
an inert gas in a cell chamber. One wall of the chamber consists of a
flexible mirror and the resulting distortion varies the intensity of
illumination falling on a photocell from a reflected beam of light. The
current from the photocell is proportional to the incident radiation.

Readout systems

The signal from the detector is normally proportional to the intensity of
light incident on the detector, and after amplification may be displayed
as % transmittance (%7) or, after passage through a logarithmic
conversion circuit, as absorbance (log 1/7). There are three common
systems for displaying the % T or absorbance, i.e. (a) moving coil meter,
(b) digital display or (c) strip-chart recorder.

Spectrophotometers

The brief description of the design and operation of spectrophotometers
that follows is restricted to absorption spectrophotometers which mea-
sure in the ultraviolet and visible regions of the spectrum. The design of
other spectrophotometers is considered in the relevant chapters on these

techniques.

Single-beam spectrophotometers

The arrangement of the components in a commercially available single-
beam ultraviolet-visible spectrophotometer 1s shown in Fig. 6.14. The
essential characteristic is that the light travels in a single continuous
optical path between the light source and the detector.

To make a measurement of absorbance using a manually controlled
single-beam instrument, the monochromator is adjusted to the required
wavelength and the appropriate lamp and photocell are selected by
means of levers or switches. The first step is to close a shutter in the
path and adjust a control labelled ‘dark current’ or ‘zero’ to offset the
dark current from the detector to zero. This sets the scale to 0%T or
infinite absorbance. The second step is to open the shutter and place the
cell containing only the solvent in the light beam. The scale is set to
read 100%T7T (equivalent to zero absorbance) by a control labelled
‘100%T" or ‘zero absorbance’. The third step is to place the sample cell
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274 The basis of spectrophotometry

in the light path and to measure the intensity /;, or its equivalent
absorbance, on the scale.

Single-beam instruments are relatively inexpensive and are satisfactory
when many samples are being assayed by a simple measurement of
absorbance at the same wavelength. A major disadvantage 1s the need
to reset the 100%7 at each wavelength to compensate for the large
variation of intensity of light from the lamp with wavelength.

Double-beam spectrophotometers

In this type of instrument, the monochromatic light is split by a rapidly
rotating beam chopper into two beams which are directed alternately in
rapid succession through a cell containing the sample and one containing
the solvent only (Fig. 6.15). If there is greater absorption of light in the
sample cell than in the reference cell, the recombination of the beams at
the detector produces a pulsating current which is converted into two
direct current voltages proportional to the light intensities [/, and [,
transmitted by the reference solution and the sample solution respective-
ly. The ratio of voltages is recorded as a %T (100/,/1,) or, after
logarithmic conversion, as absorbance (log/,/I;). Double-beam optics
therefore automatically compensate for variation of /, with wavelength.
Recording spectrophotometers are double-beam instruments equipped
with a wavelength scanning device which allows the rapid automatic
scanning of spectra.

M2
Tungsten halogen lamp
Ll
Deuterium lamp
+ ! Window 2R
MR - M7R
1.'..‘.‘.1'."-% Blu
il = » Red ! Filters
fndow 1 e M5 Photomuiltiplier
Slit 1 Siit 2 M8S
Grating
| - M7S
Y -—
% Window 25 Sample cell
' A
l
1
M3

Fig. 6.15. Optical diagram of a double-beam ultraviolet-visible spectrophotometer (M =
mirror). Reproduced with the permission of Pye Unicam Litd



7

Ultraviolet-visible absorption
spectrophotometry

A.G.DAVIDSON

Introduction S

The technique of ultraviolet-visible spectrophotometry is one of the
most frequently employed in pharmaceutical analysis. It mvolves the
measurement of the amount of ultraviolet (190-380 nm) or visible
(380—800 nm) radiation absorbed by a substance in solution. Instruments
which measure the ratio, or a function of the ratio, of the intensity of
two beams of light in the ultraviolet-visible region are called ultraviolet-
visible spectrophotometers. Absorption of light in both the ultraviolet
and visible regions of the electromagnetic spectrum occurs when the
energy of the light matches that required to induce in the molecule an
electronic transition and its associated vibrational and rotational transi-
tions (p.260). It is thus convenient to consider the techniques of
ultraviolet spectrophotometry and visible spectrophotometry together.

Beer—-Lambert law

When a beam of light is passed through a transparent cell containing a
solution of an absorbing substance, reduction of the intensity of the light
may occur (Fig 7.1).

[ ONE [ GO N —

L

N\

Fig. 7.1 The reduction of the intensity of light by reflection at cell faces (rays 1-4),
absorption (ray 6) and scattering by particles (ray 7)
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This 1s due to:

(a) reflections at the inner and outer surfaces of the cell
(b) scatter by particles in the solution
(c) absorption of light by molecules in the solution.

The reflections at the cell surfaces can be compensated by a reference
cell containing the solvent only, and scatter may be eliminated by
filtration of the solution. The intensity of light absorbed is then given by

I ssorvea = o —1I7

where [, is the original intensity incident on the cell and 7, is the
reduced intensity transmitted from the cell.
The transmittance (7) is the ratio /,/1, and the % transmittance (% 7)

Is given by
1001
Iy

In 1760, Lambert investigated the relationship between [, and 7, for
various thicknesses of substance and found that the rate of decrease In
the intensity of light with the thickness, b, of the medium is proportion-
al to the intensity of incident light. Expressed mathematically

%I =

d/ d/
—— ] = k' 1
b " db
where k' 1s a proportionality constant. Therefore,
_g _ 1
dl k'l
Integrating
s 7:- L, &
where 7, is the intensity transmitted at thickness b.
When b = 0,
C = ;, In/,
—b =-£171n Iy — %ln I,
e = 4
n -
On conversion to a common logarithm, the expression becomes
lo %o A
&, T 2303

The quantity logl,/l, is called absorbance (A) and is equal to the
reciprocal of the common logarithm of transmittance.
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[I'.I

1
A = log m}; = log i ( T) = —~logT = 2 —log(%T)

Older terms for absorbance such as extinction, optical density and
absorbancy are now obsolete.

Lambert’'s Law is defined as follows: the intensity of a beam of
parallel monochromatic radiation decreases exponentially as it passes
through a medium of homogeneous thickness. More simply it is stated
that the absorbance is proportional to the thickness (pathlength) of the
solution.

Beer showed in 1852 that a similar relationship exists between the
absorbance and the concentration.

5T, T 2.303

where k" 1s a proportionality constant and ¢ 1s the concentration.
Beer’s Law is defined as follows: the intensity of a beam of parallel
monochromatic radiation decreases exponentially with the number of
absorbing molecules. More simply it is stated that the absorbance i1s
proportional to the concentration.
A combination of the two laws yields the Beer-Lambert Law:

ol
A = log— = abc
in which the proportionality constants £'/2.303 and k£"/2.303 are com-
bined as a single constant called the absorptivity (a).

The name and value of a depend on the umts of concentration. When
¢ 1s in moles per litre, the constant is called molar absorptivity (formerly
the molar extinction coefficient) and has the symbol € (the Greek letter
epsilon). The equation therefore takes the form

A = ebc

The molar absorptivity at a specified wavelength of a substance in
solution is the absorbance at that wavelength of a 1 mol ™! solution in a
lcm cell. The units of € are therefore Imol~'cm™'. Expressing the
absorptivity in terms of a 1 mol 1~ solution facilitates the comparison of
the light-absorbing abilities of compounds with widely differing molecul-

ar weights. Substances that have € values less than 100 are weakly
absorbing; those with ¢ values above 10000 are intensely absorbing.

Many absorbing drugs have an € value at their wavelength of maximum
absorption of 10°°-10%~.

Another form of the Beer-Lambert proportionality constant is the
specific absorbance, which is the absorbance of a specified concentration
in a cell of specified pathlength. The most common form in phar-
maceutical analysis is the A(1%, 1cm), which is the absorbance of a
1 g/100ml (1% w/v) solution in a 1 cm cell. The Beer-Lambert equation
therefore takes the form

A = Aj5bc
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where ¢ 1s in g/100ml and & is in cm. The units of A(1%, 1 cm) are
dlg~'cm™'. Occasionally, the concentration of liquids in solution is
given as % v/v (e.g. in the British Pharmacopoeial assay of methyl
salicylate and diethyl phthalate in Surgical Spirit) in which case the
specific absorbance is the absorbance of a 1 ml/100 ml solution in a 1 cm
cell (see Experiment 12).

A simple easily derived equation allows interconversion of € and
A(1%, 1cm) values

Al% X molecular weight
=7 10

The majority of applications in which spectrophotometric measure-
ments are made rely on the compliance of the absorbing substance in
solution with the Beer-Lambert Law at the wavelength of measure-
ment. The absorbance of most substances when correctly measured in
a calibrated spectrophotometer (p.325) is normally found to have a
proportional relationship with the concentration and pathlength of the
solution. Nevertheless, 1t 1s essential in the development of new spec-
trophotometric procedures to confirm that Beer’s Law in particular
obtains over the range in which the absorbance of the sample is found.
A number of instrumental or chemical effects (p.312) may be responsi-
ble for deviations from the Beer-Lambert Law.

Quantitative spectrophotometric assay of medicinal
substances

The assay of an absorbing substance may be quickly carried out by
preparing a solution in a transparent solvent and measuring its absorb-
ance at a suitable wavelength. The wavelength normally selected 1s a
wavelength of maximum absorption (A,.) where small errors in setting
the wavelength scale have little effect on the measured absorbance.
Ideally, the concentration should be adjusted to give an absorbance of
approximately 0.9, around which the accuracy and precision of the
measurement are optimal (p.309). The preferred method is to read the
absorbance from the instrument display under non-scanning conditions,
1.e. with the monochromator set at the analytical wavelength. Alterna-
tively, the absorbance may be read from a recording of the spectrum
obtained by using a recording double-beam spectrophotometer. The
latter procedure is particularly useful for qualitative purposes (pp.315-
325) and in certain assays in which absorbances at more than one
wavelength are required. The concentration of the absorbing substance
is then calculated from the measured absorbance using one of three

principal procedures.

Use of a standard absorptivity value

This procedure is adopted by official compendia, e.g. British Pharmaco-
poeia, for stable substances such as Methyltestosterone that have reason-
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ably broad absorption bands and which are practically unaffected by
variation of instrumental parameters, e.g. slit width, scan speed
(pp.309-312). The use of standard A(1%, 1 ¢m) or € values avoids the
need to prepare a standard solution of the reference substance in order
to determine its absorptivity, and is of advantage in situations where it
1s difficult or expensive to obtain a sample of the reference substance.

Example 1

Calculate the concentration of methyltestosterone in an ethanolic solu-
tion of which the absorbance in a 1cm cell at its A, 241 nm, was
found to be 0.890. The A(1%, 1cm) in the B.P. monograph of
Methyltestosterone i1s given as 540 at 241 nm.

Substituting in the appropriate form of the Beer-Lambert equation:

A= Al% be
gives
0.890 = 540 x 1 X ¢
¢ = 0.00165 g/100 ml
Example 2

Calculate the concentration in pwgml™' of a solution of tryptophan
(molecular weight 204.2) in 0.1M hydrochloric acid, giving an absorb-
ance at its A, 277 nm, of 0.613 in a 4 cm cell. The molar absorptivity
at 277 nm is 5432.

Substituting in the appropriate form of the Beer-Lambert equation:

A = ebc
gives
0.613 = 5432 X 4 X ¢
c =282 x 107" mol £
=282 X 107° X 204.2¢g ¢!
= 0.00576g ¢!
= 5.76 pg ml ™’

Use of a calibration graph

In this procedure the absorbances of a number (typically 4-6) of
standard solutions of the reference substance at concentrations encom-
passing the sample concentrations are measured and a calibration graph
1s constructed. The concentration of the analyte in the sample solution is
read from the graph as the concentration corresponding to the absorb-
ance of the solution. Calibration data are essential if the absorbance has
a non-linear relationship with concentration, if it is necessary to confirm
the proportionality of absorbance as a function of concentration, or if
the absorbance or linearity is dependent on the assay conditions. In
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certain visible spectrophotometric assays of colourless substances, based
upon conversion to coloured derivatives by heating the substance with
one or more reagents, slight variation of assay conditions, e.g. pH,
temperature and time of heating, may give rise to a significant variation
of absorbance, and experimentally derived calibration data are required
for each set of samples.

Statistical treatment of the calibration data, facihtated by micro-
computers or pre-programmable calculators, provides a more elegant
and accurate determination of the relationship between absorbance and
concentration than manually constructed graphs. If the absorbance
values and concentrations bear a linear relationship, the regression line
y = « + Px may be estimated by the method of least squares.

_ (Zy) (EXF) - (Ex)(Zxy)

- NZx? — (Zx)
5 - MLy — (@)
NZx? — (Zx)2

where y is the absorbance value at concentration x and N is the number
of pairs of values.

Example 3

The absorbance values at 250 nm of five standard solutions, a blank
solution and a sample solution of a drug are given in Table 7.1.
Calculate, using linear regression analysis, the line of best fit and the
concentration of the sample.

Table 7.1 Absorbance Values of Five Standard Solu-
tions, a Blank Solution and a Sample Solution of a Drug

— — —_—

Concentration A5
(pgml™)
X y
0 0.002
10 0.168
20 0.329
30 ).508
40 0.660
50 (.846
Sample 0.611

Calculation of the slope (B) and intercept («) using the equations
above gives

y = 0.01679x — 0.0008
Concentration of the sample = 36.5ug ml™'

Note The data may be further evaluated statistically to confirm that a
linear relationship between x and y exists and to provide confidence
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limits for the slope, intercept and estimated concentration of the sample.,
For this the reader is referred to standard texts on statistical analysis

(e.g. Colquhoun, 1971).

Single-or double-point standardisation

The single-point procedure involves the measurement of the absorbance
of a sample solution and of a standard solution of the reference
substance. The standard and sample solutions are prepared in a similar
manner; ideally, the concentration of the standard solution should be
close to that of the sample solution. The concentration of the substance
in the sample is calculated from the proportional relationship that exists
between absorbance and concentration.

¢ Alcﬂ X C.ud
test
Aﬂd

where ¢, and c ., are the concentrations in the sample and standard
solutions respectively, and A, and A, are the absorbances of the
sample and standard solutions respectively. Since sample and standard
solutions are measured under identical conditions, this procedure 1s the
preferred method of assay of substances that obey Beer’'s Law and for
which a reference standard of adequate purity is available. It i1s the
procedure adopted in many spectrophotometric assays of the British
Pharmacopoeia and for the majority of spectrophotometric assays of the
United States Pharmacopeia.

Occasionally a linear but non-proportional relationship between con-
centration and absorbance occurs, which is indicated by a significant
positive or negative intercept in a Beer's Law plot. A ‘two-point
bracketing’ standardisation is therefore required to determine the con-
centration of the sample solutions. The concentration of one of the
standard solutions is greater than that of the sample while the other
standard solution has a lower concentration than the sample. The
concentration of the substance in the sample solution is given by the
equation (the derivation of which can be attempted as an exercise):

c _ (A test Altd.)(cild; - Csld;) T C;ldl(Aﬂdl — Astd_-)
- Aﬂdl o Aild:

where the subscripts std, and std, refer to the more concentrated
standard and less concentrated standard respectively.

Assay of substances in multicomponent samples

The spectrophotometric assay of drugs rarely involves the measurement
of absorbance of samples containing only one absorbing component.
The pharmaceutical analyst frequently encounters the situation where
the concentration of one or more substances is required in samples
known to contain other absorbing substances which potentially interfere
in the assay. If the recipe of the sample formulation is available to the
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analyst, the identity and concentration of the interferents are known and
the extent of interference in the assay may be determined. Alternative-
ly, interference which is difficult to quantify may arise in the analysis of
formulations from manufacturing impurities, decomposition products
and formulation excipients. Unwanted absorption from these sources 1s
termed irrelevant absorption and, if not removed, imparts a systematic
error to the assay of the drug in the sample.

A number of modifications to the simple spectrophotometric proce-
dure described above for single-component samples is available to the
analyst, which may eliminate certain sources of interference and permit
the accurate determination of one or all of the absorbing components.
Each modification of the basic procedure may be apphed if certain
criteria are satisfied. The correct choice of procedure for a particular
analytical problem provides the analyst with an opportunity to demons-
trate his/her analytical expertise.

The basis of all the spectrophotometric techniques for multicompo-
nent samples is the property that at all wavelengths:

(a) the absorbance of a solution is the sum of absorbances of the
individual components; or

(b) the measured absorbance 1s the difference between the total
absorbance of the solution in the sample cell and that of the
solution in the reference (blank) cell.

Assay as a single-component sample

The concentration of a component in a sample which contains other
absorbing substances may be determined by a simple spectrophotometric
measurement of absorbance as described above, provided that the other
components have a sufficiently small absorbance at the wavelength of
measurement. This condition 1s satisfied if the concentration of the
interfering substances, their absorptivity or the pathlength of the solu-
tion are sufficiently small that their product (i.e. the absorbance) can be
ignored. A systematic error of less than 1% would normally be
considered to be acceptable. For example, if the contribution to a total
absorbance of 1.00 from the interferents is less than 0.01, and if there is
no chemical interaction between the components, the sample may be
analysed for its principal absorbing component by a simple direct
measurement of absorbance at its A_,,. An example of this approach is
the assay of paracetamol in Paediatric Paracetamol Elixir. At the large
overall dilution (approximately 3250 times) of the sample the absorb-
ance of the other ultraviolet-absorbing components is negligible.

Assay using absorbance corrected for interference

If the identity, concentration and absorptivity of the absorbing interfer-
ents are known, it is possible to calculate their contribution to the total
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absorbance of a mixture. The concentration of the absorbing component
of interest is then calculated from the corrected absorbance (total

absorbance minus the absorbance of the interfering substances) in the
usual way,

Example 4

The A, of ephedrine hydrochloride and chlorocresol are 257 nm and
279 nm respectively and the A(1%,1cm) values in 0.1m hydrochloric
acid solution are:

ephedrine hydrochloride at 257 nm = 90
ephedrine hydrochloride at 279 nm = 0

chlorocresol at 257 nm = 20.0
chlorocresol at 279 nm = 105.0

Calculate the concentrations of ephedrine hydrochloride and chioro-
cresol in a batch of Ephedrine Hydrochloride Injection, diluted 1 to 25
with warer, giving the following absorbance values in 1 cm cells.

Apg = 0424 A, = 0.972

(a) Since ephedrine does not absorb at 279 nm, calculate the concen-
tration of chlorocresol from the A, of the diluted injection.

0424 = 105 X 1 X ¢
¢ = 0.00404 g/100 ml
concentration of chlorocresol in the injection
= (.00404 x 25
= (0.1010 g/100 ml
= 1.010 mg/ml

(b) Calculate the absorbance of chlorocresol at 257 nm in the diluted
Injection.
A =20 x 1 x 0.00404
= ().081

(c) Calculate the concentration of ephedrine hydrochloride from the
corrected absorbance at 257 nm

Corrected absorbance at 257 nm = 0.972 — 0.081
= (.891
0891 =90 x 1 Xc
¢ = 0.0990 g/100 ml
concentration of ephedrine hydrochloride in the injection

= 0.0990 x 25
= 2.475 g/100 ml
= 24.75 mg/ml
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Assay after solvent extraction of the sample

If the interference from other absorbing substances i1s large or if 1ts
contribution to the total absorbance cannot be calculated. it may be
possible to separate the absorbing interferents from the analyte by
solvent extraction procedures. These are particularly appropnate for
acidic or basic drugs whose state of ionisation determines their solvent
partitioning behaviour (Part 1, Chapter 9). The judicious choice of pH
of the aqueous medium and of immiscible solvent may effect the
complete separation of the interferents from the analyte, the concentra-
tion of which may be obtained by a simple measurement of absorbance
of the extract containing the analyte. An example of this type of assay 1s
the B.P. assay of caffeine in Aspirin and Caffeine Tablets.

Simultaneous equations method

If a sample contains two absorbing drugs (X and Y) each of which
absorbs at the A, of the other (Fig.7.2, &, and X,), it may be possible
to determine both drugs by the technique of simultaneous equations
(Vierodt’s method) provided that certain criteria apply (see later).

Absorbance

Mixture

Wavelength

Fig. 7.2 The individual absorption spectra of substances X and Y, showing the wavelengths
for the assay of X and Y in admixture by the method of simultaneous equations
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When phenolic hydroxyl groups are present, a marked bathochromic
displacement of the absorption to about 280 nm occurs, and the effect of
solvent on the absorption is considerable because, whereas in neutral or
acid media the auxochrome is —OH, in alkaline media it becomes
—O~. For example, the absorption maximum for chlorocresol in acid
solution occurs at 279 nm, but in alkaline media the peak is found at
296 nm. Typical examples of phenols are Morphine Hydrochloride,
Nalorphine Hydrobromide and Ethinyloestradiol, whilst Adrenaline and

Isoprenaline are examples of o-dihydroxyphenols.

The amino group is a powerful auxochrome when attached directly
to a benzene system, and aniline exhibits high intensity absorption at
about 230 nm and typical low intensity benzenoid absorption at 280 nm.
If additional conjugation is present, a cumulative effect is obtained.
Thus in Procainamide the 200 nm high intenstiy absorption of benzene
suffers a bathochromic displacement to 280 nm.

H,N ‘Q E — NH——(CH,),— N(C,H,),
O

Procainamide
Similarly, the sulphonamide drugs of general formula

H;N ‘Q_S()z — NR,R;

show high intensity absorption at about 251 nm. The effect of change in pH
in the solvent used for the ultraviolet measurements is very striking
(Fig.7.14). In alkaline solution, the absorbing system is as gwen above,

but in acidic solution the amino —NH, group is replaced by -——NH, which

is considerably less efficient as an auxochrome.
p-Aminobenzoic acid is similar in absorption characteristics to Procaina-

mide and Procaine in neutral or alkaline media, but 1n acid solution the
absorption curves of all three approach that of benzoic acid.

O
/ acid
H;N C~0QO- — HN* COOH

Sodium aminosalicylate in alkaline solution has an additional
auxochrome the phenate ion, so that the high intensity absorption noted
in
OH
0O
4
H.N C—ONa

Sodium Aminosalicylate
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OH O

OH_

[E——
e P—

+

N=0O N-—OH

This 1s actually done in the colorimetric assay for morphine in Camphor-
ated Opium Tincture. The sensitivity of the method is increased by
measuring the absorption of the nitroso-morphine in alkaline solution.

The subject could be expanded greatly but enough has been said to
indicate that inspection of the formula of a substance will reveal whether
or not interesting features of absorption 1n the ultraviolet region can be
expected.

Ultraviolet—visible spectra rarely provide a complete identification of
a substance, owing to the lack of characteristic spectral features.
Structural elucidation of new compounds i1s usually carried out by the
examination of infrared, nuclear magnetic reasonance and mass spec-
trometric data in conjunction with ultraviolet data (Chapter 14). The
ultraviolet-visible absorption spectra and spectral characteristics (A,
and A%, or € values) of many drug substances may be obtained from
a number of sources (Sharkey et al, 1968; Clarke, 1985; Sunshine,
1981).

Experiments in ultraviolet—visible spectrophotometry

The following exercises are designed to illustrate principles of method
and theory and to provide practical examples of spectrophotometric
techniques in the assays of drugs in medicines and in body fluids. The
variation in the design of spectrophotometers makes it inadvisable to
relate experiments to any one particular instrument.

Instrument performance

Experiment 1 Calibration of absorbance scale

Prepare a standard solution of potassium dichromate (Note 1) approximately 60 mg (Note
2) diluted to 11 with 0.005m sulphuric acid (Note 3). Measure the absorbance of the
solution in a 1 cm cell using 0.005m sulphuric acid in the reference cell (Note 4) at the two

wavelengths of maximum absorption (257 nm and 350 nm) and at the two wavelengths of
minimum absorption (235 nm and 313 nm). Alternatively, record the absorption spectrum
on the -1 absorbance range between 400 nm and 220 nm using a slow scan speed (Note 5)
and read the absorbance at the two A, and two A, values. Calculate the A(1%, 1 cm)
values using the exact concentration of the standard solution and compare the results with
the standard values in Table 7.9 (Note 6).

Note 1 Analytical reagent quality; dned at 110° for 1h.

Note 2 Accurately weighed +£0.1 mg.

Note 3 The effect of pH on the dissociation of dichromate is discussed on p.314.

Note 4 Before using the solution, a check should be carried out on the cells in use,
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Normally these are matched, but 1t 1s of interest to note how often the following will
indicate differences in the cells. Fill both cells with the solvent being used. Dry the outside
of the cells with paper tissues. Do not touch the polished faces with the fingers but handle
the cells by the ground glass sides only. Check the absorbance of one cell against the other
as blank at the selected wavelength. Note the reading, reject the solvent in one cell and
fill again with solvent. Check the reading and repeat the emptying and filhing until
consistent readings are obtained. Now reject the solvent in the other cell and repeat the
above procedure. Any residual difference at this stage can be used to correct absorbances.
When the difference becomes large (0.005-0.010) then cleaning of cells must be under-
taken.

Note 5 The effect of scan speed 1s discussed on p.311.

Note 6 The A(1%, 1 cm) values are the mean values obtained in a study by the UV
Spectrometry Group and the range is based on the variation found in the literature values.

Table 7.9 Recommended A(1%, 1cm) values for acidic potassium dichromate solutions

Wavelength | A(1%. 1 cm)
(nm)

235 (min) 125.1 £ 1.9

257 (max) 1454 £ 1.5

313 (min) 48.8 £ 0.7

350 (max) 107.1 £ 1.1

Experiment 2 Calibration of wavelength

(a) Holmium filter For the routine calibration of instruments, a holmium filter is
satisfactory. Record the absorption spectrum (0-2 absorbance range) from 500 to 230 nm
using the slowest scan speed and the narrowest slit setting. Identify the three fused
absorption bands centred around 452.2nm and the single band at around 360.9 nm.
Instruments with accurately calibrated wavelength scales will show 4., at 453.2, 418.4,
360.9, 287.5, 279.4 and 241.5 nm.

(b) Holmium perchiorate solution Prepare a solution of holmium(Ill) perchlorate by
dissolving 0.5 g of holmium oxide in 2.4 ml perchloric acid (72%; AR) by warming gently
and diluting to 10ml with water. Record the absorption spectrum (0-1 absorbance) as
described for the holmium filter. The wavelengths of the prnincipal bands {A >0.4) should
be 485.8, 450.8, 416.3, 361.5, 287.1, 278.7 and 241.1 nm.

(¢) Discharge lamps A low pressure mercury discharge lamp is the most suitable for the
high-accuracy calibration of instruments. Record the transmission spectrum from 600 nm to
240 nm (1.e. with the instrument in the ‘single-beam’ or ‘energy’ mode) of the mercury
lamp placed near the entrance to the monochromator, using the mmmmum sht setting and
slowest scan speed. The principal emission hines of mercury are at 579.0, 576.9, 546.1,

435 K, 404.5, 364.9 and 253.7 nm.

Experiment 3 Detection of stray light

The effects of stray light on an absorption spectrum are discussed on
p.312. Stray light at a particular wavelength may be detected using a
cut-off filter which absorbs intensely at that wavelength.

Method Measure the absorbance at 200 nm of a 1.2% solution of potassium chloride in
water against water in the reference cell. Alternatively, measure the absorbance in the
range 200210 nm of a Vycor glass filter against air. Any absorbance less than 2 indicates
the presence of stray light in this region.
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Fig. 13.5. Geiger-Miiller counter

effect is to ionise the whole volume of the detector tube; this is
equivalent to the flow of a pulse of current which can be amplified
readily and presented as an analog or digital output and/or used to give
an audio output. Detailed aspects of operation such as recovery and
quenching will not be considered here.

The Geiger-Miiller tube has the advantage of providing a high output.
However, all pulses produced are of the same value irrespective of the
energy of the B-particle initiating the avalanche, i.e. it i a non-
proportional counter. Efficiencies are not high for low energy pB-
emitters, and it may not be possible to detect *H. Although the
efficiency for y-radiation is very low (< 1%), it is sufficient, for the use
of Geiger-Miiller detectors to be practical in, for example, contamina-
tion monitoring.

Liquid scintillation counting

The measurement of low energy B-emitters such as *H and “C, which
have wide application in tracer work, e.g. in drug metabolism, was
greatly improved by the introduction of liquid scintillation counting,.

In this method the sample is dissolved in a solvent (e.g. toluene or
dioxane, but not water) together with some scintillant material; this will
be a compound such as diphenyloxazole (PPO). Such a molecule has the
property that it can be raised to an excited electronic state from which it
can fall to the ground state, emitting in the process visible (or near
ultraviolet) light, i.e. fluorescence can occur. The term ‘scintillation’ is
used to cover the whole sequence of events whereby the energy of the
fast-moving electron (i.e. the emitted P-particle) i1s transferred via the
solvent to the scintillant molecules, which are thereby raised to the
excited electronic level and which then fluoresce with the emission of
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light which is detected by photomultipliers (very sensitive light detec-
tors). The experimental arrangement is shown in Fig. 13.6.

Sample + scintillant
in solvent Photomultiplier tubes

Fig. 13.6. Liquid scintillation counting

Because of the very low levels of hght intensity involved, the
photomultiliers need to be operated at high sensitivity, with consequent
Increase in electronic noise generated within the photomultiplier tubes.
To reduce this background electronic noise, two photomultipliers are
used in the ‘coincidence counting’ mode, 1.e. only output pulses coinci-
dent in time are counted. Scintillation events will give coincident output
pulses in both photomultipliers, but the random noise pulses developed

independently in each photomultiplier will not, in general, be coinci-
dent.

The main problems associated with liquid scintillation counting are:

(1) sample preparation
(2) variable quenching.

Sample preparation can be a problem due to the requirement of having
a clear (or at least translucent) solution or dispersion in a non-aqueous
solvent such as toulene and dioxane. Many methods are used to
overcome this problem (e.g. use of detergents); the best source of
advice on this matter is probably the booklet produced by Amersham
International plc on ‘Preparation of Samples for Liquid Scintillation
Counting’. Quenching and quench correction are discussed in Experi-
ment 3.

Measurement of gamma-radiation

A solid scintillation process is used here: a single crystal of sodium
iodide with a trace impurity level of thallium (about 0.1%) is used,
Nal(Tl). Fig. 13.7 shows a cross-sectional diagram of a typical y-
detector. The hygroscopic sodium iodide needs to be coated with a thin
film of aluminium for protection against atmospheric moisture.

The sample, in a counting vial, sits in a ‘well’, a hole drilled into the
sodium iodide which will typically be about 2 inches diameter by 2
inches in height. This ‘well’ minimises the fraction of radiation from the
sample which does not pass through the detecting crystal. Interaction of
a y-photon with the high density sodium 1odide crystal results in the
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Fig. 13.7. Gamma scintillation detector

production of a ‘centre’ in an excited electronic level (the thallium plays
a role in this process but will not be considered in detail here). Decay
back to the ground state results in the emission of visible light which
travels through the transparent or translucent single crystal and 1s
detected by the photomultiplier as in liquid scintillation counting. The
process is a proportional counting method, and hence gamma energies
and gamma spectra can be determined by the process of pulse height

analysis (PHA).

Statistics of counting

Radioactive decay is a random process, and so there is a varnation in the
number of nucle: disintegrating in a unit time interval. If a large number
of replicated counts are made on a given sample (with a sufficiently long
half-life so that there is no change in the activity over the time scale of
the measurements), there will be a vanation about the mean. This
distribution of counts is strictly a Poisson distribution, which is asymmet-
ric when the mean count, ¥, is small (e.g. ¥<20) but which rapidly
tends to a normal distribution at high values of ¥. For large values of ¥
the standard deviation, o, is given by V X, i.e.

o=V¥
Thus, 68.4% of observations should lie between ¥ = V¥, 95.5%
\}hpuld lie between ¥ * 2V X, and 99.7% should lie between ¥ *+ 3
X. In general, a mean of 10000 counts shou:}:l_be collected, as this
results in the coefficient of variation, o/¥ or VX/X or 100/10000 or

0.01, being not greater than 1%.
The count rate for the sample will include a contribution from the
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background, and this, or course, must be subtracted. The standard
deviation of the resultant count will be given by

o = (0, + 0,°)'"

o= (X, + X,)"7
where the subscripts s and b refer to sample and background respective-
ly. It is only when the sample count rate is of the same order of
magnitude as the background count rate that o is affected by the

background count. When this is the case, the most efficient distribution
of counting time (f) in order to reduce the overall error is given by

l ( Y. ) 12
fb -.fh
This gives the best precision on the estimate of the required (¥, — X ).

Paralysis time

When measurements are made at high count rates, there may be a
reduction in the indicated count rate as compared to the true rate due to
loss by coincidence of pulses due to the finite resolving time of the
detector and its associated electronic equipment. With Geiger-Miiller
detectors the paralysis time (the time during which the detector 1s
effectively not operative following a detection event) may be of the
order of 400 us. Corrections can be made using the following equation:

B o et
1= N,T
where N is true count rate per second; and N, 1s observed count rate
per second; and T is paralysis time (in seconds)
Such a correction equation (based on evenly spaced pulses) is only
approximate and should only be used when the product N,T is small;

count rates greater than 10000 cpm should not be used with Geiger-
Miiller detectors.

Radiopharmaceuticals and radionuclide generators

Radiopharmaceuticals

The requirements for a radiopharmaceutical can be described under
three headings,

1. Properties of the radionuclide

(a) Suitable half-life , 1.e. a few hours, such that a reasonable dose
can be administered to the patient, counting and/or imaging can be
performed within an hour or so with good counting statistics, and the
radioactivity will then decay away within a day so that the radiation
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dose to the patient is minimised. The total radiation dose to the patient
is of course determined by a combination of both the physical (nuclear)
half-life of the radionuclide and of the biological half-hfe of the imaging
agent. In general very little is known of the metabolism and excretion of
technetium scanning agents, and calculations of patient dose are based
on the physical half-life.

(b) Pure gamma emitter of suitable energy . There must be no « and
B emissions and the y-energy must be sufficiently high for the radiation
to penetrate out from internal organs, e.g. liver, but not too high to
prevent efficient detection. The range 100-200 KeV 1s optimal.

(¢) The radionuclide must be capable of being produced daily, on a
routine basis, in the hospital radiopharmacy (the requirement of a short

half-life precludes supply from any distance).
(d) The radionuclide must be capable of being converted to a range

of chemical entities for imaging a range of organs.

The radionuclide ¥™Tc fulfils all of the above criteria and is the
radionuclide of choice for most radiopharmaceuticals. The half-life of
6h, and y-energy of 140 KeV, are optimum; the ®Mo/?™Tc generator
allows production in- the radiopharmacy, and technetium chemistry 1is
sufficiently versatile (if not fully understood) to allow for a range of
imaging agents to be produced.

2. Pharmaceutical properties

Normal requirements for an injection must be applied, e.g. sterility,
apyrogeneity, pH, and absence of particulates (or particle size of a
particulate preparation).

3. Chemical properties

The correct chemical (or physico-chemical) form is needed to target to
the required organ. Pharmacological and toxicological aspects are impor-
tant, but because of the extremely small masses injected are generally
not a problem.

Radionuclide generators

The system which is widely used in hospital radiopharmacies will be
used to illustrate the principle radionuclide generators. An understand-
ing of the operation of the *™Tc generator is essential to the under-
standing of the quality control and quality assurance of radiophar-
maceuticals.

Generators are based on the concept of radioactive equilibrium . If
one radionuclide decays to give another radioactive material, then a
radioactive equilibrium can be established when the ratio of the two
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half-lives is appropriate. Consider the following scheme:

[y 112
PMO —— . T, #Te
R 6h

Table 13.2 Some radiopharmaceutical preparations in use

Preparation Ap;;imrfan
Na®™Tcl, Thyroid uptake studies
Brain scanning (block thyroid with
perchlorate)
HmTe-Colloid (50-1000 nm) Liver and spleen scanning

¢.g. un collod

®mTe-DTPA (diethylenetetramine pentacetic Kidney function

acid) Brain scanning
»oTe-HIDA Biliary tract imaging
¥mTc-Macroaggregated Albumin (20-50 um) Lung imaging (capillary bed entrappment)
#mTe.phosphate complexes Bone imaging
e.g. —MDP (methyl diphosphonate) #wTe-PYP also used for myocardial
—HMDP (hydroxymethylene infraction imaging, 1-4 days after
diphosphonate) occurrence
—PYP (pyrophosphate)
“'Thallous Chloride Myocardial infarction imaging
“"Gallium Citrate Localises in abscesses in kidney, liver
“Yb-DTPA Cisternography
Mn-DTPA Cisternography

A radioactive equilibrium will be established whereby the rate of
formation of ®™Tc¢ (from the decay of ¥Mo) will be equal to the rate of
decay of #“™Tc¢ (by isomeric transition to ¥Tc).

Initially (with pure ®Mo) there is no ®™Tc, but this is formed from
the decay of Mo and consequently builds up; at the same time, ¥™Tc
is decaying to *Tc via y-emission. After about 24h an equilibrium is
established and the activities of both Mo (the ‘parent’) and ®™Tc (the
‘daughter’) appear to decay with the decay constant of the parent “Mo.

The fact that the parent Mo and daughter ®™Tc¢ have different
chemistry can be utilised to produce the ‘generator’ which allows the
short-lived *™Tc¢ (¢, 6h) to be produced daily in the hospital
radiopharmacy, a procedure which has revolutionised the practice of
nuclear medicine in the last 15 vears and has led to the close involve-
ment of pharmacists in the preparation and quality assurance of
radiopharmaceuticals.

The Mo parent can be irreversibly adsorbed onto an alumina (Al,0,)
column as the Mo0;, molybdate ion. The daughter product, in the
form of the ¥™Tc(;, pertechnetate ion, is not adsorbed strongly to the
alumina column. Thus, when radioactive equilibrium has been estab-
lished, elution of the column with a suitable eluent, such as stenle,
isotonic saline (i.e. suitable for intravenous injection) causes the ¥™Tc
(as pertechnetate) to be eluted from the column, while the parent *Mo
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low field, are in the ratio 3:3:2 and therefore the resonance signals
are assigned as follows:

A o B
0 1.06 3H, t, J = 8) CH,CH; (]?I—CH;_
O
0 2.14 (3H, s) CH;CHE—CI—C_H;;
O
& 2.43 (2H, q, J = 8) CH.CH, (l_‘! CH,

Methyl group A and the methylene group appear respectively as the
expected triplet and quartet. Methyl group B and the methylene group
are both deshielded (moved to lower field) by the adjacent carbonyl
group and their proton chemical shifts equate well with the range for
such protons given in Chapter 11 (Fig. 11.9).

The principal ions in the mass spectrum of butan-2-one are
CH,—C = O* (m/z 43) and CH,CH.C = O* (m/z 57) the former
appearing in greater abundance (Chapter 12, p.483).

Compound 3

The IR band at 1740cm™" points to a carbonyl group. and further
consideration of the absorption at 1240 cm ! and the molecular formula
and description indicates that the compound is an aliphatic ester. The
band at 1240 cm ™! strongly suggests an acetate (Chapter 10, Fig. 10.4).

The PMR spectrum confirms the structure as ethyl ethanoate (ethyl
acetate) and the resonance signals are assigned as follows:

O
|

0 1.25 (3H, t, J = 8) CHy,— C—0— CH,CH,
I

d 2.03 (3H, s) CH;—C— 0O —CH,CH,
O
i

$4.12 (2H, q, J = 8) CH;—C—O—CH,CH
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Compound 5

The carbonyl absorption at 1720 cm™' in the IR spectrum of compound
5 and the bands at 1270 and 1105cm™' are compatible with an

aromatic ester, the bands at 1602 and 1581 cm~™' confirming the pre-
sence of an aromatic ring.

The integrations in the PMR spectrum are in the ratio 3:2:3:2
(= 10H). The triplet at 6 1.29 (3H, J = 8) and the quartet at 04.35
(2H, J = 8) clearly indicate (compare compound 3) the moiety
—0O—CH,—CHj;, and the compound is therefore ethyl benzoate (5).

O%CfOCHJCH;
Ha Ha
Hg Hy-
H
(5)

The aromatic protons appear as two groups of signals centred at
0 7.4 and 0 8.1, which respectively integrate for three and two protons.
The lower field group arises from the protons, H, and H,., ortho to
the carbonyl group which has the expected deshielding effect on these
proximate protons (Chapter 11, Fig. 11.8). The pattern may be approx-
imately interpreted as a double doublet by considering H, and H,. to
be magnetically equivalent and Hy and Hy to be magnetically equiva-
lent but of different chemical shift from the A protons. Thus the A
protons are ortho coupled (Chapter 11, p.432) to the B protons (J = 8)
and meta coupled to H. (J = 2), giving the following theoretical
couphng diagram:

_.‘; ‘“t-—BHz (ortho coupling)

A
F %
¥ L3
P |
[

1; ‘h"'
‘ i —-I I-—2Hz (meta coupling)

The B and C protons, however, appear as an unresolved multiplet in
this 90 MHz spectrum.
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0 7.33

Aﬁl !‘—3 Hz ortho coupling to Ha
| “1 I'—mﬂmooouphngtoHc

ol |
i ¥
. ]

| } ‘ l -—‘ |~—1.5Hzmet&couplingtan

Proton H. i1s observed as a similar double triplet centred at o 7.61
(Joc = Jep = 8 and J,- = 2). The slight difference in the values of the

meta coupling constants (J,c and Jyp), which permits the unequivocal
assignment of protons Hy and H., can be observed by simple visual

inspection of Fig. 14.9(a).

r— .

Interpretation of spectral data

Compound 10

UV. The molar absorptivities can be calculated (Chapter 7, p.277) as
being about 6800 at 253 nm in water and about 21750 at 294 nm in
alkali. The bathochromic shift and hyperchromic effect observed on
raising the pH 1s characteristic of phenolic compounds (Chapter 7,
p.320).

IR. The broad band at 3250cm ™' is assigned to the hydrogen bonded
OH group. The ester carbonyl band at 1670cm ™" is lower than that
characteristic for aromatic esters (compare compound 5) but the phe-

nolic hydroxyl group lowers the bond order of the carbonyl group by
the mesomeric effect shown below. Similar consideration applies to the

D (D - QO
4 * T
e e
— OR — OR

(10) (10a)

carbonyl stretching frequency observed in compound 7. The bands at
1601, 1585 and 1505 cm ™! arise from skeletal vibrations of the aromatic
ring. The absorption at 1280cm ™' originates from asymmetric C—O
stretching of the ester. Neither the symmetrical stretching band nor the
bands associated with para—substitution can be identified with certainty.
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Compound 14

UV. The ultraviolet spectra of heteroaromatic compounds are less
amenable than those of substituted benzenes to the simple treatment
used in this text. The parent indole (14a) shows AZSehexane (nm) 220
(e 6300), 280 (£5600) and 288 (&4200). Substltuents as in benzenoid
compounds, have profound effects on the spectrum of the parent, and
in interpretation recourse frequently has to be made to published
catalogues of ultraviolet spectra to identify a model chromophoric

system.
ow
N
H

(14a)

IR. The bands at 3000-2500cm~' and the band at 1715cm~' are
readily identified with the carboxyl group (compare compounds 11 and
13). The carbonyl stretching vibration of the tertiary amide is observed
at 1685 cm ™.

MS. The presence of one chlorine atom in indomethacin gives two
molecular ions m/z 359 and 357 (compare compound 12). The ions m/z

314 and 312 similarly contain one chlorine atom. Accurate mass
measurement (peak matching, Chapter 12, p.482) of these ions gives

the structures shown in the following fragmentation pathway:

CH,0 CH,COOH* CH-O
O =g

"”" S CeH,CI ”' S CHLC
m/lz 359.0741 = C,,H,,’CINO, m/z 314.0776 = C,;H,:’"CINO,
357.0728 = C,H,,CINO, 312.0784 = C,;H,.*CINO,

PMR. The interpretation (&) is 2.38 (3H, s, indole CH,;); 3.68 (2H, s,
CH,); 3.81 (3H, s, OCH;); 6.67 (1H, dd, J = 8 and 2, Hp); 6.85"
(1H, d, J = 8, H¢); 6.95 (1H, d, J = 2, H,); 7.26 (CHCI; solvent);
7.45 (2H, d, H; and Hy); 7.65 (2H, d, Hp and Hyp); 9.1-10.0 (1H,
br, COOH).

*The second peak of this doublet overlaps the doublet of proton H, as is more readily
seen in the inset spectrum obtained at higher sensitivity.
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Compound 135

UV. As in the case of compound 14, identification of a model chro-
mophoric system, through either published catalogues of ultraviolet
spectra or a literature search, is necessary. For example, 1-methyl-2-
thioxo-4-imidazoline (15a) shows maxima at about 210 nm and 250 nm,
the longer wavelength band being the more intense. Addition of the
chromophore —COOQEt to this ring system would be expected to cause
a bathochromic shift of the maxima, an observation which 18 compati-
ble with the UV characteristics of carbimazole.

kA

T

S
(15a)

IR. The series of bands at 3190-2490cm ™' are associated with C—H
stretching vibrations of the methyl groups and the ethenic CH groups;
the higher frequency bands are more likely to arise from the ring CH
groups. The carbonyl band is observed at 1750 cm ™! and C=C stretch-
ing at 1705 cm ',

MS. The series of ions separated by two mass units and appearing in
the ratio 0.04:1 within each pair approximately reflects the relative
isotopic abundance of *S and *S. Peak matching gave the molecular
weight of each ion (Chapter 12, p.483) and a computer program (see
introduction) its elemental composition. The following fragmentation
pathway i1s proposed:

N—CH; -0, N—CH, .
“\ */J% e - Cﬁ’ i+/l§
N N \

3

0@9 L H _CH,
m/z 116.0212 C ,HN,*S | IN
O CH: 114.0234 C,HN,®S . )%
N S
m/z 188.0430 C,H N,0,*S m/z 115.0134 C,H,N,*S
186.0431 C,H,,N,0,»S 113.0169 C,H.N,¥S

PMR. The interpretation (0) is 1.42 (3H, t, CH,CH,); 3.57 (3H, s,
N—CH.); 4.46 (2H, q, OCH,); 6.7* (1H, d, J = 2, H,); 7.2* (1H, d,
J =2, Hy).

*Unequivocal assignment of H, and Hg is difficult, since both protons are attached to a
carbon atom which is adjacent to nitrogen and many canonmical forms contribute to the
resonance hybnid.
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features as the 90 MHz spectrum (Fig. 14.16) but the region 8 6.75-7.4
1s now partly resolved to reveal at 0 6.95 the signal from proton H, (a
sextet) and a broad doublet at 7.1 from proton H.. The 250 MHz
spectrum also shows an impurity in the sample by the appearance of
the small doublet at 0 2.15; the impurity has probably arisen through
storage of the sample under inappropriate conditions after receipt (i.e.,
in a small, well-closed container protected from light).

Scale expansion of regions of interest presents a clearer picture and
simultaneously permits accurate measurement of coupling constants. As
an illustrative example, 20 Hzcm™' scale expansions of the regions
1360-1420 Hz (0 5.44-5.63) and 1700-1900 Hz (0 6.80-7.60) are shown
in Figs. 14.16(b) and (c). Proton H,; (1360-1410 Hz) is now readily
observed as the expected doublet of quartets in which the frans-
coupling constant 1s 15 Hz and the long-range (allylic) coupling con-
stant 18 1.6 Hz. High field instruments can print out the frequency of
each line in a spectrum, which permits still better accuracy in coupling
constant measurement, and in this instance J,,, 1s 14.99 Hz and J ,,,; 1s
1.64 Hz. Proton H, (1710-1760 Hz) is clearly observed as two overlap-
ped quartets in which J,,, is 15Hz (14.99 Hz) as before and J,, is

7Hz (6.94 Hz accurately). The following coupling diagram accounts for
the observed pattern:

[
L] iy
- LY
- ]
o T
La LY
=
- g
- F - *“
F * - = L . l.'-
-
- # - * [ 1._-
& Fd o ""-.

- ¥
{ | :
¥ i

i

|

|

i

i "
' |

1754 1747 1740) 1733] 1725 1718 line frequency (Hz)
1739 1732 rounded to nearest whole

number

B v e = TH2

e . “-J

Proton H. appears as a broadened doublet at 7.1 (J,,, about
8 Hz, J,.. about 2Hz). The remaining aromatic protons are left
unresolved.

Similar treatment of the two sextets arising from the non-equivalent
methylene protons reveals these also to be overlapped quartets in
which J, is 13Hz (13.34 accurate value) and J,, is 7Hz (6.94
accurate value). Construction of a coupling diagram, drawn to scale
and using the values of 13 and 7 Hz, establishes the arrangement of the
lines in these overlapping quartets.
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Absorbtivity 277
Absorption band width 309
Absorption maximum, effect of alkyl
substitution 319
Absorption of ultraviolet-visible
radiation 263
Acetic acid, UV absorption 315
Acetone
UV absorption 315
UV cut-off 308
Acetonitrile, UV cut-off 308
Acetoxime, UV absorption 315
Acetylsahcylic aad
IR spectrum 388
spectra interpretation 575
Acid-dye assay method 304
Aconite, Belladonna and Chloroform
Linament 154
Aconite Linament, determination 135
Acoustic characteristics 68
Adrenaline -
detection by LCEC 252
fluorescence 367
UV absorption 320
Adrenaline Injection determination
156, 173
Adsorption HPLC 162
Adsorption isotherms 88
Aetone, NMR 457
Albumin 315
Alcohols, mass spectrometry 487
Aldehydes, polarography 228
Alkaloids, conductimetric titration 179
Alkylbenzenes, mass spectrometry 486
Alkylpyridines, mass spectrometry 486
Alkynes, polarography 228
Allyl alcohol, IR spectrum 386
Allylmorphine, fluorescence 367
Alpha particles 505
Amine impurities, control 302

Amines
conductimetric titration 179
difference spectrophotometric assay
296
mass spectrometry 487
Amino acid sequence analysis in
peptides 493
Amino acids, identification 112
Aminobenzoic acid, UV spectrum 321
Aminophylline Suppositories,
theophylline determination 170
Aminophylline Tablets, theophylline
determination 170
Amitriptyline Hydrochlonde, TLC
122
Ammoniated Belladonna and
Camphor Linament 154
Amorphous solids 78
Amperometric titrations 138
Amphetamine UV absorption 319
Ampicillin, determination in injection
powder 171
Ampicillin Sodium, dichloromethane
in 146
Ampicilhin Trihydrate, polymorphism
17
Amylbarbitone, fluorescence 367
Analysis
displacement 87
frontal 87
Andreasen pipette 63
Anethole, TLC 125
Anionic interferance in atomic
emission spectrometry 340
Anise, TLC 125
Anthracene for DTA calibration 71
Anthracene, UV absorption 322
Apiole, TLC 125
Arachis Oil, fatty acids in 154
Aromatic protons, NMR 425
Aspirin, Caffeine and Paracetamol
Tablets, determination 167
Aspirin in Dispersible Tablets,
particle size 53
Aspirin spectra, interpretation 575



Index 589

Association, effect on light absorption  Brain scanning 515

314 Bratton-Marshall reagent 301
Association on solution 22 Brilliant Green and Crystal Violet
Atomic absorption 257 Paint, identification 115
Atomic absorption spectrophotometry  Butadiene, UV absorption 316

4, 257, 338, 346 Butan-2-ol
Atomic emission 257 determination by GC 152

spectrometry 338 spectra interpretation 567
Atomic refractivities 26 Butan-2-one, spectra interpretation
Atomic spectra 257 568
Atropine Sulphate preparations, GC  p-Butanol spectra interpretation 566
146 r-Butanol spectra interpretation 568

Attenuated total reflectance 398
Aureomycin, fluorescence 367

Authentic infrared spectra 382 CIMS 478
Auxochromes 316, 329 CMC determination 49
CMR 461
Bandwidth 309 Caesium-137, half-life 505
Barbiturates Caffeine
difference spectrophotometric assay assay in tablets 155
296 UV absorption 324
HPLC determination 167 Caffeine and Sodium Benzoate
in plasma 335 Injection, assay 331
in urine 335 Calciferol, UV absorption 317
separation by TLC 126 Calcium
Base-line technique, application in IR assay in human serum 355
spectra 391 carbonate, size analysis 63
Beclomethazone Dipropionate, related  determination in Magnesium
foreign steroids 127 Chloride 345
Beer-Lambert law 275 potentiometric determination 207,
deviation from 312 208
Bendrofluazide, assay 302 Calcium Carbonate, lead in 354
Benzene, UV absorption 322, 323 Calcium electrode, calibration 207
Benzenoid light absorption 328 Calibration graphs 1in
Benzhexol Hydrochloride Tablets 304 spectrophotometric assays 279
Benzoic ‘acid Calibration techniques in flame
for DTA calibration 71 photometry 352
IR spectrum 387 Calomel electrode 189
UV spectrum 321, 323 Camphor linament, determination 153
Benzyl alcohol, IR spectrum 387 Camphorated Opium Tincture,
Bequerel 503 benzoic acid in 519
Beta particles 505 morphine determination 325
Betamethazone Sodium Phosphate Capacitance current 211, 219
Injection, assay 303 Capillary gas chromatography 147
Biliary tract imaging 315 Capillary viscometer 40
Biperidine Lactate Injection, assay Capreomycin Sulphate, paper
304 chromatography 114
Bisacodyl Caraway, TLC 125
Suppositories, TLC 122 Carbenoxolone Sodium, TLC 122
Tablets, TLC 122 Carbimazole, spectroscopic data 557,
Body fluids, assay of drugs and 582
metabolites 306, 335 Carbon electrode, glassy 248
Bolometers 271 Carbon tetrachloride, UV cut-off 308
Bone imaging 315 Carbon-13 NMR spectroscopy 461

Bragg equation 82 Carbon-14, half-life 505



590 Index

Carbonyl compounds, mass
spectrometry 488
Carboxylic acids, polarography 2.5
Carvone, TLC 125
Cascara, particle size for percolation
23
Cascara Dry Extract, TLC 122
Catalytic hydrogen waves 218
Catecholamines, determination by
HPLC 167
Cephaloridine, residual solvent in 146
Cetomagrogol 1000, chain length 460
Channels ratio 524
Check specifications 5
Chelating agents 241
Chemical changes, radiation induced
509
Chemical derivatisation for HPLC 165
Chemical ionisation mass
spectrometry 478
Chemical quenching 524
Chemical shift 418, 462
Chloramphenicol assay, 302
Chloramphenicol Palmitate 4
Chloramphenicol Palmate Mixture,
polymorph A in 4, 404
Chlorcyclizine Hydrochloride, TLC
122
Chlordiazepoxide, selective assay 296
Chloroform Spirit, determination by
IR 400
Chloroform
determination in aqueous
preparations 153
UV cut off 308
Chloroquine, fluorescence 367
Chlorothiazide, assay 302
Chlorpromazine
assay in syrup 171
fluorescence 367
mass fragmentography 496
Chlorpromazine Hydrochloride, assay
in syrup 332
Chlorpromazine sulphoxide,
fluorescence 367
Chlorpropamide Tablets, TLC 123
Chromatographic adsorbents 88
Chromatographic column
charactenstics Y1
preparation 90
Chromatographic solvents 88
Chromatography
adsorption B0
capillary gas 147

column 86
detection systems 110
gas 128
gas detectors 134
gel 99
high performance liquid 157
high performance thin-layer 123
ion exchange 96
paper 106
paper, developing reagents 111
partition 22
partition plate theory 94
partition supports 95
reversed phase partition 95
size exclusion 99
size exclusion apparatus and
techniques 102
thin-layer 115
thin layer plate preparation 117
thin-layer apphications 121
thin-layer detection systems 119
thin-layer materials 116
thin-layer solvent systems 116
two-dimensional paper 110
Chromium-51, half-life 505
Chromophores 315, 329
conjugated 316
Cinchonidine, fluorescence 367
Cinchonine, fluorescence 367
Cinnamaldehyde, trans, spectra
interpretation 3/6
Circular dichroism 3, 31
effect of concentration 32
spectra 33
Circular dichrometers 36
Circularly polarised light 30
Cisternography 315
Clioquinol, GC 146
Clofibrate
related substances and phenols in
146
spectroscopic data 556, 578
Clomiphene, E and Z isomer ratio
167, 402
Clonidine Hydrochloride Injection,
assay 304
Clonidine Hydrochloride Tablets,
assay 3(4
Coarse powder, definition 53
Coated-wire ISE 193
Cobalt-57, half-life 505
Cobalt-60, half-life 505

Codeine, determination 1in admixture

with morphine 375



Coffee, determination of xanthines
170
Colchicine
determination of solvent 400
solvents in 146
Colour quenching 524
Compensation circuits 222
Complex formation 179
effect on light absorption 314
Compound Chloroform and Morphine
Tincture, determination 401
Concentrations interconversion 10
Condensation reactions in UV assays
302
Conductance measurement 179
Conductimetric titration
apparatus 180
method 181
Conductimetric titrations 175
strong acid-strong base 177
weak acid-strong base 178
Conductivities, ionic 176
Conductivity bridge 179
Conductivity, molar ionic 177, 178
Conformational isomerism 447
Contact lens solution, determination
of thiomersal 356
Contamination, radiation S08
Convoluted absorption curve 293
Coriander, TLC 125
Cortisone Acetate, polymorphism 382
Cortisone in Tablets, particle size 53
Couette viscometer 42
Coulometric analysis 243
Coulometric cell 244
Coulometric titration, hydrochloric
acid 245
Coulometry, constant current/constant
potential 244
Coulter counter 5, 59, 67
Counting
Geiger-Muller 521
liquid scintillation 522
Counting statistics 512
Coupling constant 433
factors influencing 438
measurement 440
Coupling notation 436
Craig tube 119
Critical micelle concentration 29
Crotamiton 2, 3
spectroscopic data 560, 584
Crotonaldehyde UV absorption 316,
319

Index 591

Cryoscopic constants 19
Crystal habits 54, 78
Crystalline transition 71
pre-melting 77
Cumin, TLC 125
Cuminaldehyde, TLC 125
Curie 503
Current
capacitance 211
faradaic 211
limiting 212
residual 211
Cyanocobalamin
fluorescence 367
identity by absorbance ratio 286
Cyclic alkenes, mass spectrometry 486
Cyclizine Hydrochlonde, assay in
tablets 155
Cyclohexanol :
determination of IR spectrum 394
effect of dilution on IR spectrum
396

Danthron determination 257
Dead-stop end point 246
Decay constant 515
Decoupling
homonuclear 444
heteronuclear 444
proton noise 462
spin-spin 441, 443
Demountable cells, IR 405
Density 8
Deoxycortone Acetate Implants, TLC
127
Derivative polarography 223
Derivative spectrophotometry 296
Derivitisation 144, 300
Deshielding 424
Desipramine Hydrochloride, impurity
123
Detection
chromatographic 92
GC 144
limits, AAS 352
of compounds on TLC 119
Detectors
gas chromographic 134
HPLC 160
spectrophotometric 268
Deuterium discharge lamp 265
Deuterium exchange in NMR 436,
566



592 Index

Developing reagents for paper
chromatography 111

Development, TLC 118
Dexamethasone, TLC 127
Dextran Intravenous Infusions 3
Dextran polymer gels 101

viscosity 43
Dextromoramide Tartrate 7
Dextrose, lead in 355

light emission 344
Diamagnetic anisotropy 424
Diamagnetic shielding 419
Diamagnetic susceptibility 424
Diaminopropane, mass spectrum 489
Diazepam metabolites 494
Diazo compounds, polarography 228
Diazotiation of primary amines 301
Dichlorophen, impunty 123
Diene, transoid 318
Dienes, polarography 228
Dienones, NMR 458

Diethyl Carbamazine Citrate, impurity

123
Difference spectrophotometry 293
Differential calorimeter 68
Differential polarography 223
Differential scanning calorimetry 68,
72
Differential thermal analysis 68, 69
Diffraction, X-ray powder 81
Diffraction grating 267
Diffractometer 82
Dhffusion current 235, 236
Digitahs leaf extract, paper
chromatography 113

Digitalis leaf glycosides, determination

103
Digoxin 4, 7
Digoxin Tablets, dissolution rate 376
Dilatometer 68
Dill extract, TLC 125
Dimethyl-1-benzylpipenidines, NMR

450
p-Dimethylaminobenzaldehyde 303
Dimethylformamide, NMR 448
Diode array detectors 160
Diphenhydramine elixir, TLC

identification 121
Diphenylhydantoin-2, 4, 5-*C 492
Dispersible Aspirin Tablets 53
Displacement analysis 87
Dissociag::m. effect on UV 314
Dizonium salts, polarography 228
Dopa, detection by LCEC 252
Dopamine, detection by LCEC 252

Double coil transmitter NMR 414
Double junction reference electrodes
193
Double-beam spectrophotometers 274
Double-point standardisation 281
Doxycycline Hydrochloride
GC 146
impunty 123
Dropping mercury electrode 209, 219,
238
assembly 231
Drug metabolism 7, 494
Drug-macromolecule interactions 456
Dynamic properties of molecules 447

E-Z 1somer ratio 402
Ebullioscopic constants 19
Efficiency of GC column 150
Ehrlich’s reagent 303
Electrocapillary curve 215
Electrochemical detectors 161
Electrochemical methods 175
Electrode

glassy carbon 248

gold 248

platinisation 180

platinum 248

reference 232
Electrode response 207
Electrodes, reference 189
Electrodes, solid 226
Electrolyte, supporting 227
Electromagnetic radiation 255
Electron capture detector 138
Electronic potentiostat 221
Electronic transitions 239
Electrons 315
Electrophoresis 6
Elements, X-ray wavelengths 80
Emetine Hydrochlonde, impurity 123
Emission spectra 369
Enthalpy 68
Ephedrine Hydrochloride Elxar 305
Ephedrine, UV 319
Equilibrium, radioactive 315
Ergometrine, fluorescence 367
Ergometrine maleate, paper

chromatography 114

Esters, mass spectra 487
Ethacrynic acid, spectra 554, 578
Ethambutol Hydrochlonde 3

impurity 123
Ethanol, GC 145
Ethanol in Stramonium Tincture 152




Ethanol, light emission 344
NMR 433
Ethinyloestradiol, UV 320
Ethinyloestradiol Tablets, assay 375
Ethyl acetate, spectra interpretation
569
Ethyl benzoate, spectra interpretation
271
Ethyl p-aminobenzoate
IR 388
spectra interpretation 572
Evolved gas analysis 68
Evolved gas detector 68
Exitation spectra 369

Falling ball viscometer 43
wall effects 45

Faraday's Law 249

Faradaic current 211

Fatty acids in Arachis Oil 154

Fenfluoramine Hydrochlonde, GC
146

Fenoterol Hydrobromide, HPLC 166

Field desorption mass spectrometry
481

Field ionisation-mass spectrometry 480

Field sweep in NMR 413
Filters 265
Fl-mass spectrometry 480
First order NMR spectra 435
Fixed Oils, TLC identification 121
Flame emission spectrometry 158
Flame ionisation detector 136
Flame photometry 258
Flow rate, carrier gas 150
Fludrocortisone Acetate, TLC 127
Fluocinolone Acetonide, TLC 127
Fluocortolone Hexanoate, TLC 127
Fluocortolone Pivalate, TLC 127
Fluorescence

detection 110

detectors 161

emission spectra 359

intensity 362

quantum vield 363

quenching 372

spectra 358
Fluoride determination in tablets 208
Fluonde electrode 193
Fluoride ISE 208
Fluonnmeters 358
Flurbiprofen, HPLC 166
Folic aad, fluorescence 367
Formulation excipients 236

Index 593

Fourier transform NMR 417
Fraunhofer diffraction theory 61
Fraymyctin Sulphate 6

Freezing point depression 20
Frequency, wavelength 256
Frontal analysis 87

Frusemide, UV 302

Fuel supplies for AAS 350
Fundamental region 379

Gallium citrate 515
Gallium-67 505
Gallium-68 505
Gamma radiation 501, 506
measurement 311
Gas chromatography 128
Gas chromatography-mass
spectrometry 474
Gas flow permeability 5
GCMS 474
Geiger-Muller counting 509, 521
tube 509
Gel chromatography 99
Gelatin 215
helix 38
Generator “Mo/*mTc 514
Generators, radionuclide 514
Gentamicin, MS 481
Gentamicin Sulphate 6
Geometric correction method 288
Geometrical isomers 3
Gibb’s equation 46
Girard’s reagent T 303
Glass electrode 191
response linearity 202
Glutamic acid MS 481
Glycerol solutions
densities 44
viscosities 44
Golay detector 272
Gradient elution 157
Gran’s plots 198
Gratings 267
Griseofulvin 4
particie size 53
Grizeofulvin Tablets 53
Group frequencies in IR 380
Guard column, HPLC 167

Habit, crystal 78
Haemodialysis Solutions 6
Half-life determination 531
Half-hfe of radionuclide 502

Half-wave potential 236



594 Index

Halides, polarography 228
Halothane, GC 145, 146
Haloxon 6

Head space analysis 134

Height equivalent to theoretical plate

141
Helmbholtz double layer 211
Heterocyclic compounds,
polarography 228
Heteronuclear decoupling 444
Heyrovsky 209
High frequency titrations 182
High frequency titrimeters 183
High performance liquid
chromatography 157
High performance liquid
chromatography-mass
spectrometry 477
High performance TLC 123
Hollow lamp cathode 346
Homonuclear decoupling 444
Hot stage microscopy 68
HPLC electrochemical detection 247
HPLC-MS 477
Hydroxy steroids in plasma 377
Hydralazine metabolism 494
Hydride generation systems 351
Hydrocarbons, mass spectra 485
Hydrochloric acid coulometric
titration 245
potentiometric titrations 205
Hydrocortisone
fluorescent derivatives 368
particle size 67
Uv 304
Hydrocortisone Acetate Ointment 5
Hydrocortisone Cream, HPLC assay
169
Hydrocortisone Hydrogen Succinate
TLC 127
Hydrocortisone Ointment, HPLC
assay 160
Hydrocortisone Sodium Succinate,
TLC 127
Hydrogen bonds, NMR 426, 450
Hydrogen chloride, IR 392
Hydrogen electrode 190
Hydrogen overvoltage 218
Hydrolysis, peptide 112
Hydrometers 12
Hydroxocobalamin, paper
chromatography 114
2-Hydroxy-2-methylpentan-4-one,
NMR 415

Hydroxyprogesterone Hexanoate,
TLC 127

Hyperchromic effect 316

Hypochromic effect 316

Hypsochromic effect 316

Ibuprofen 549, 577
IDA 519, 527, 533
Identification by TLC 120
Idoxuridine Ear Drops, HPLC 167
Idoxuridine, HPLC 167
Ilkovic equation 213
Imines, polarography 228
Impurity detection by MS 490
Indicator electrodes 190
Indium chloride (**’In) preparation
528
Indium-111 505
Indium-113m 505
Indomethacin, spectra 557, 582
INDOR spectroscopy 445
Infrared, quantitative analysis 390
Infrared radiation 264
Infrared spectra, interpretation 383
Infrared spectrophotometry 379
Injection systems GC 133, 149
LC 158
Instrumentation
IR 381
mass spectrometry 471
Insulin 6
Insulin, size exclusion chromatography
6, 101
Insulin Zinc Suspension 5
total zinc in 353
Integral measurement, NMR 538
Integration, CMR 464
Interferance correction 282
Internal standard
GC 143
polarographic 230
Intraperitoneal Dialysis Solutions,
sodium in 344
Iodide ions, amperometric titration
241, 243
Iodine value by NMR 460
Iodine-125 505
lodine-131 505
Iodipamiide Meglumine Injection, UV
302
Ion electrodes, specific 207
Ion exchange, HPLC 164
Ion exchange chromatography 96
lon exchange electrodes 193



Ion exchange resin 96
lon-selective electrodes 192
Ionic conductivities 176
Ionisation interferance 353
Ionising Radiation Regulations 1985
507
Iothalamic Acid, UV 302
Ipecacuanha Mixture, TLC 127
Ipecacuanha Tincture, total alkaloids
in 376
Iron (II) Phosphate Syrup,
determination 103
Iron-II-Succinate, assay in tablets 206
Irrelevant absorption 282
ISE characteristics 194
Iso-vitamin D, UV 317
Isoabsorptive point 294
Isobutanol, spectra interpretation 568
Isobutylamine, spectra interpretation
570
Isocratic LC systems 157
Isoprenaline Hydrochloride Injection
305
Isopropenyl acetate, NMR 457
Isosbestic point 294
Isotherm
convex absorption 89
linear absorption 88
Isotope abundance ratios 483
Isotope dilution analysis 519, 533
Isotope dilution technique 492
[sotope exchange in NMR 441
Isotopes 501

Karl Fischer analysis 247

Karplus relationship 440
Katherometer 135

Keto-enol tautomerism NMR 451
Ketones polarography 228
Kidney function 315

Laboratory organisation for
radiochemistry 508

Lanthanide shift reagents 428

Larmor frequency 410

Lead, amperometric titration 239, 240

Lead in Calcium Carbonate 354

Lead nitrate, polarogram 239

Length-number mean diameter 37

Levodopa optical activity 38

Light diffraction methods 61

Light sources 349, 264

Lignocaine and Adrenaline Injection,
assay 305

Index 595

Limiting current 212

Linaments, GC 154

Lincomycin Capsules, GC 146

Lincomycin Hydrochloride, GC 146

Lincomycin Injection, GC 146

Linear absorption 1sotherms 88

Liothyronine Sodium, paper
chromatography 114

Liquid Paraffin and Phenolphthalein
Mixture 53

Liquid chromatography 157

Liquid scintillation counting 510}, 522

Liver abscesses 315

Liver scanning 315

Lilwellyn-Little john separator 475

Longitudinal relaxation 412

Loop injection 159

Lung imaging 515

Lymecycline and Procaine Injection
UV, assay 303

Macromolecular-drug interactions 456
Magnesium Chloride calcium in 345
sodium in 343

Magnetogyric ratio 409

Magnets 413

Mass fragmentography 476

Mass spectra 536

Mass spectrometers 469

Mass spectrometry 468

Mass spectrum, high frequency 537

Maximum suppression 235

Maximum suppressors 215

McLafferty rearrangement 4389

MDP 515

Megesterol Acetate, related foreign
steroids 128

Melting transitions 71

Menthol in Peppermint Oil 153

Mercaptans, MS 487

Mercury (1) sulphate electrode 190

Mercury drop electrode, static 223

Mercury electrode 248

Metabolite detection, MS 492, 494

Metabolites determination in body
fluids 306

Metastable ion 484

Meter calibration 188

Methadone, UV 319

Methanol in Streptomycin Sulphate
145

Methimazolle in plasma 172

Methisizone, particle size 53, 67

Methisizone Mixture 53



596 Index

Methotrexate Injection, assay 114
Methotrexate Tablets 114
p-Methoxybenzaldehyde 572
Methoxyflurane, related compounds
145, 146
Methyl diphosphonate 515
Methyl ethyl ketone, spectral
interpretation 571
Methyl salicylate, UV assay 331
Methylamphetamine, UV 319
Methylcellulose 215
viscosity 5, 43
Methyldopa Tablets, assay 305
Methyldopate Injection, assay 305
Methylpentanes, MS 485
Methyltestosterone, UV 278
Methyltestosterone Tablets, UV assay
303
Metronidazole, polarography 229, 327
Mexenone, spectra 560, 585
Micelle formation 454
Microcells, NMR 417
Microscopic method for particle sizing
58
Millivolt meters 187
Molality 11
Molar absorptivity 277
Molar conductivity 176
Molar extinction coefficient 277
Molar fraction 25
Molar 1onic conductivity 178
Molar volume 9
partial 10
Molarity 10
Mole fraction 11
Molecular asymmetry 449
Molecular complex 2
Molecular ellipticity 32
Molecular emission 262
Molecular interactions, NMR 453
Molecular rotation 32
Molecular size 5
Molecular spectra 259
Molecular weight 17
determination 23
Molecular ion 478
Monochromaticity 309
Monochromators 265, 349
Morphine Hydrochloride, UV 320
MS 536
Multicomponent samples UV, assay
281
Myocardial infarction scanning 515

NAA 521
Nalorphine Hydrobromide 320
Nandrolone Decanoate Injection, UV
assay 303
Natural bandwidth 309
Neostigmine Methylsulphate Injection,
UV assay 304
Nernst equation 184
Net retention volume 139
Neutralisation reactions
conductimetric 177
potentiometric 201
Neutron activation analysis 521
Newtonian flow 40
Nicol prism 30
Nicotinamide, UV 323
Nicotinic acid, UV 323
Nikethamde, UV 323
Nitrazepam Tablets, TLC 123
Nitriles, polarography 228
Nitro compounds, polarography 228
Nitrofurantoin, polarography 229
Nitrogen rule 484
Nitroso compounds, polarography 228
NMDR 443
NMR
imaging 461
measurement scales 430
spectrometers 413
Non-monochromatic light 313
Noradrenaline, detection by LCEC
252
Normalisation in GC 143
Nuclear electric quadropole moment
409
Nuclear magnetic double resonance
443
Nuclear magnetic resonance 408
Nuclear Overhauser effect 445
Nux Vomica Mixture, identification
126

Oct-3-ene chromophore 315

Oestradiol Benzoate Injection, HPLC
166

Ohm’s law 175

Opium alkaloids, HPLC 167

Optical activity 30

Optical rotation 3

Optical rotatory dispersion 33

Optical sensing zone method 60

Orciprenaline Sulphate 146

ORD 33



Organometallic compounds,
polarography 228

Orthogonal polynomials 290

Oxidation methods in multicomponent
assays 304

Oxidative decomposition 71

Oximes, polarography 228

Oxygen wave 235

Packing materials, HPLC 162, 165
Pamaquin, fluorescence 367
Paper chromatography 106
ascending 108
descending 108
quantitative 111
Paracetamol
TLC 125
assay in plasma 172
Paralysis time 513
Parsley extract, TLC 125
Partial molar volume 10
Particle size 4
analysis 52, 58
concepts 54
distribution 5
Particles
alpha 505
beta 505
Partition HPLC 162
Partition chromatography 92
Pathlength 308, 364, 395
Peak identification, HPLC 165
Peak matching, MS 482
Penicillamine thiomersal in 357
Penicillamine Capsules thiomersal in
357
Penicillamine Hydrochloride,
thiomersal in 357
Penicillamine Tablets, thiomersal in
357
Penicillins, separation by HPLC 171
Pentagastrin, TLC 123
Pentobarbitone, fluorescence 367
Pentobarbitone-2, 4(6), 5-°C, MS 492
Peppermint Oil, menthol in 153, 401
Peptide analysis, MS 493
Pertechnetate ion 515
Pethidine, UV 319
pH
adjustment 205
determination 201
effects on fluorescence 365

Index 397

measurement 186

meter calibration 188

meters 187

standard solutions 188
Pharmaceutical production 5
Pharmacokinetics 7
Pharmacopoeial controls 5
Phenacetin, IR spectrum 389
Phenethicillin Potassium 3, 39
Phenformin Hydrochlonde 114
Phenobarbitone 492

fluorescence 367

Uv 323
Phenobarbitone Tablets, assay 399
Phenols, UV 296, 327
Phenolphthalein, particle size 53
Phenothiazine, determination 104
Phenothiazines TLC 117
Pheylephrnine, UV 294
Phenylmercuric Nitrate, UV 319
Phenytoin

assay in blood 335

assay in urine 335
Phosphorescence 263
Phosphorus-32 505
Phosphorus-only mode FI detector

137

Photochemical reactions 262
Photodecomposition 365
Photodiodes 270
Photometer, flame 341
Photometry, flame 339
Photomultipliers 270, 511, 524
Photon 511
Phototubes 269
Physostigmine, fluorescence 367
Phytomenadione, determination 105
Phytomendione Injection 105
Plane-polarised light 30
Plasma

barbiturate in 335

diphenhydramine in 336

erythromycin in 252

11-hydroxysteroids in 377

methimazole assay in 172

volume determination 527
Plate preparation, TLC 117
Plate theory of chromatography 94
Platinisation 180
Platinum

catalyst 4

electrode 248

PMR spectra 540




598 Index

Poiseuille’s law 40
Polaography applications 227
Polarimeters 35
Polarograph, manual 220
Polarographic analysis 230
interferance 226
cell, three electrode 216
cells 232
instrumentation 220
maxima 215
wave 216, 237
Polarography 209, 223
AC 225
applications 227
denvative 223
differential 223
theory 210
Polycyclic aromatics, UV 322
Polymorphic forms 78
Polymorphism 314
Polymyxin B Sulphate, identity 112
Potassium Chloride solution, assay
344
Potassium lodate 113
Potassium chloride discs 399, 407
Potassium
in Haemodialysis Solutions 343
in Intraperitoneal Solutions 343
in Magnesium Chloride 343
Potassium iodide 113
Potentiometric titrations 199, 203
Potentiometry 183
Potentiostat, electronic 221
Powder diffractometer 82
Poymorphism 77
Pre-melting crystalline transition 77
Precipitation reactions 179, 201, 206
Precision in HPLC 168
Prednisolone, NMR 458
UV 318
Prednisolone Pivalate, TLC 128
Prednisone, UV 318
Primary amines, fluorescent
derivatives 368
Primidone, impurity 146
Prisms 266
Procainamide, UV 320
Procainamide, fluorescence 367
Procaine, UV 320
Procaine and Adrenaline Injection,
UV 301, 305
Procaine, fluorescence 367
Product characterisation 1
Product development 4

Proflavine, fluorescence 367

Proflavine Hemisulphate, assay in
cream 373

Progesterone, UV 318

Promethazine Hydrochloride
Injection, related substances 123

Promethazine Hydrochoride, TLC 123

Promethazine Tablets, related
substances 123

Propan-2-ol, NMR 457

Proportional counter 509

Propyl-p-hydroxybenzoate 549, 376

Protein binding 533

Proton magnetic resonance spectra
538

Proton noise decoupling 462

Pseudopolymorphism 77

Pulse polarographic methods 234

Pumps, HPLC 158

Pyridine, UV 323 329

Q value 286
Quantitative IR analysis 390
Quantitative NMR 456

Quantitive MS 491
Quantum yield fluorescence 363

Quasi absolute method 231
Quasi-molecular ion 478

Quenchers 365
Quenching 372, 511, 524
Quinine

assay in urine 372
determination 105
determination in syrup 103
fluorescence 367
Quinine Sulphate, fluorescence
emission 369

Radiation 501

gamma 501, 506, 511

hazards 501, 508

protection 501, 506
Radiationless transitions 412
Radioactive

concentration 503

decay 502

equilibrium 515
Radioactivity 501

measurement 509
Radiochemical purity 113, 114, 516
Radiochemistry 501
Radiochromatogram scanner 518
Radiofrequency energy 412

oscillator 413
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