RECENT ADVANCES IN PHARMACEUTICAL ANALYSIS*
INFRA-RED SPECTROSCOPY

By Teodor Canback, Leg. Apot., Ph.D.
Director, Apotekens kontrollaboratorium, Stockholm, Sweden

Methods based on the measurement of the absorption of infra-red
radiation by substances have up till now been used comparatively little
in pharmacy. The reasons are many. Firstly, the equipment needed
is expensive and available only in large laboratories or in big manu-
facturing units. Secondly, the work which must precede a determination
is often rather tedious. Pharmacy with its broad spectrum of substances
and complicated mixtures is, however, a natural field for the application
of the infra-red technique. If one looks through some of the scientific
pharmaceutical journals, one notices also in recent years a distinct trend
to increased use of infra-red spectroscopy.

The fundamental advantages of the technique are two : (1) it is possible
to obtain a fool-proof identification of a substance, and (2) it is usually
possible to construct assay methods for quite complex mixtures. Where
only a single substance is involved in a quantitative determination infra-
red spectroscopy seldom has any special advantages over visible or ultra-
violet spectrophotometry.

Infra-red technique is especially useful in basic work with a new
substance, for example in the control of methods of syntheses. Another
application which often is well worth investigating is the application of
the technique to routine assays. In the first example the method often
gives the best criteria of identity, and in the second example it is often
the cheapest way to solve difficult or tedious analytical problems.

No attempt has been made in this survey of infra-red spectroscopy
to cover the literature completely. On the contrary, only some special®
applications have been singled out; perhaps too many according to
personal opinion and experience. Extensive literature reviews have
been published during the last few years. Those of Gorel-4, Price5
Carol6 and Larsson7 deserve a mention. Recently some new books
have appeared, for example, Bellamy8 Brtigel9, Dobrinerld Older
standard texts are by Randallll and by Barnes12

The modern instrumentation is well covered in the above cited literature.
The instruments may be either single or double beam instruments. All
commercial instruments are to-day based on some form of recording,
usually coupled with a servo mechanism and are sturdy enough to allow
robust use. The interpretation of the data, however, remains the difficult
part of the technique. Good schemes covering typical group absorptions
have been published and may be found in the literature cited above.

On the following pages some recent applications of infra-red spectro-
scopy to pharmaceutical problems will be discussed.

*Papers read at the University (Scientific) Section of the London meeting of
the Fédération Internationale Pharmaceutique on Wednesday, September 21, 1955.
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IDENTIFICATION OF UNKNOWN SUBSTANCES

One of the most embarrassing problems for an analyst is to identify
a single member in a large group of similar substances, for example
from among the barbituric acids, antihistamines, derivatives of isoniazid or
derivatives of cyanoacetic acid hydrazides.

The usual way to solve such a problem is to record a number of spectra
of known substances and to compare the spectrum of the unknown
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Fig. 1. Infra-red spectra of flavaspidic acids in paraffin mull. Note the difference
at 9-44 /i (short arrow) and 9-92 /! (long arrow).

compound with the spectra of known compounds. If identical spectra
can be found, identification is obtained. However, in practice the prob-
lem usually is a little more difficult. Often the commercial substances
are not pure enough to give
an unquestionable identifi-
cation. A barbituric acid
may contain a small quantity
of an isomer. A very useful
method in such cases is to
record a differential spec-
trum. The method is well-
known from ultra-violet
spectroscopy, but not until
recently has it been applied
to infra-red spectroscopy by
McDonald13 The method
requires a double-beam
instrument with sufficient
energy from the source to

allow the instrument to
Fig. 2. Broken line = Differential spectrum operate on a favourable

of the two flavaspidic acids in Fig. 1 : . .
Unbroken line = Amyl alcohol. signal-to-noise ratio. The

method consists essentially
in adding to the compensating cell the known compound in a concentration
equivalent to that in the sample cell. The spectrum is recorded and, if
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INFRA-RED SPECTROSCOPY

nothing but the same compound is present in both cells and in the same
concentration a straight line is obtained. If an impurity is present in the
unknown substance a rough spectrum of that compound is recorded. As
an example | have included the infra-red spectrum of pure flavaspidic acid
in a paraffin mull together with the spectrum of an impure acid. (Fig. 1.

As seen, the spectra are very alike but some minor differences may
be noticed at 9-44 and 9-92 x The differential spectrum in carbon
disulphide, however, unveils immediately the presence of a second
compound. (Fig. 2.)

If you compare that spectrum with the spectrum of amyl alcohol
the impurity is identified. This method is very useful, especially when
the purification of a new compound is being followed.

As a second example | have included a new morphine antagonist,
recently introduced to medicine by Shaw et </1415 2 : 4-diamino-5-phenyl-
thiazole (amiphenazole). (Fig. 3.)

Wave numbers
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Fig. 3. Infra-red spectrum of 2:4-diamino-5-phenylthiazole hydrochloride in
paraffin mull.

The substance can be synthesized by different routes. One way is to
react benzaldehyde, benzene sulphochloride and sodium cyanide to
give a-cyanobenzyl benzenesulphonate.

JCHO >S0,Cl + NaCN - Jchoso?2
&y
This compound reacts with thiourea:—
H,N H,N—C- -N
CHOS0Z _ p - g=s )C cnnh3 /m \.g0,
N HN w~ Ns/

which can be transformed into the hydrochloride in the usual way.
The reaction is in practice not as simple as the above scheme indicates.
There are several possibilities for side-reactions. After running a few
test syntheses we discovered that our final product was not a single
substance. A small quantity of an unknown compound was present.
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After some discussion we made a rough guess and the expected stilbene
compound was shown to be the impurity:

The compound was synthesized. It was soluble in chloroform. Our
impure 2:4-diamino-5-phenylthiazole hydrochloride was extracted with
chloroform and the extracted compound was shown to be identical
with the expected one. (Fig. 4.)
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Fig. 4. Infra-red spectrum of aa'-dicyanostilbene.
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Fig. 5. Infra-red spectrum of extracted silcone-grease.

With this rather tedious method we were able to show the presence
of side-reactions in the selected method of synthesis. One might have
expected that the stilbene compound would have given a pronounced
peak in the infra-red spectrum at 4-48 jxwhere the CN group has a strong
absorption. This is not the case. However, a differential spectrum
between the impure compound and the purified compound shows the
presence of the stilbene compound.

When substances have been extracted in separators by solvents some
caution has to be exercised in the interpretation of the recorded spectrum.
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One particular spectrum was a peculiar one which introduced some un-
expected difficulties until it was identified as the infra-red spectrum of the
silicon-grease used on the stopcocks. (Fig. 5.)

An example may illustrate the usefulness of infra-red methods in
stability tests. 2 :4-Diamino-5-phenylthiazole is in aqueous solution very
sensitive to hydrolysis. The amino group in the 4-position is easily
replaced by an OH-group. If an aqueous solution is autoclaved, the
resulting bases extracted and the infra-red spectrum of the mixture
recorded, the spectrum is only slightly different from that of the parent
compound. The spectrum of the pure 2-amino-4-hydroxy-5-phenyl-
thiazole is given in Figure 6.

Wave numbers
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Fro. 6. Infra-red spectrum of 2-amino-4-hydroxy-5-phenylthfazole.

Usually not less than one mol. per cent, of an impurity can be seen
on an infra-red spectrum. However, if an appropriate amount of the
parent compound is added to the reference cell, it is possible to evaluate
the degree of decomposition from the differential spectrum.

In a similar way it is possible to evaluate the decomposition of bar-
bituric acids in alkaline solution.

QUANTITATIVE MEASUREMENTS

As previously mentioned, one of the greatest advantages of the tech-
nique is its application to assays of multicomponent systems. The first
step is to choose a suitable technique for the preparation of the sample.
The main problem is to choose between recording the spectrum of the
solid substance (or mixture) or that of a solution of the substance (or
mixture). When working with solids one can choose between the mull
technique and the pressed potassium bromide disk technique. The
latter is a recent contribution which eliminates some of the difficulties
of the mull technique. The concentration in the pressed disk is fairly
easy to estimate and disturbing absorption is not present as when working
with paraffin mull. The pressed disk technique is elegant but requires
a new tool and a heavy press.

The main part of the quantitative measurements on multi-component
systems will in the future be made on solutions. One is not so much
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limited by the choice of solvents as by the recording of suitable curves
for identification. In the latter instance an essential point is to record
as broad a spectrum as possible, while in the former, one can select narrow
ranges where suitable peaks are located. The most used solvents for
the recording of identification spectra are carbon tetrachloride, carbon
disulphide and chloroform, quantitative measurements can, however, be
made in polar solvents such as acetone and dioxane. Aided by the
numerous tables of infra-red spectra of solvents, the analyst has little
difficulty in choosing a suitable one. In this connexion it may be men-
tioned that acids like phenylacetic acid in carbon disulphide have a pro-
nounced tendency to attack the amalgamated lead spacer in fixed-thickness
cells, with the result that lead phenyl acetate is precipitated on the sodium
chloride plates. The precipitate has a strong absorption and as a conse-
quence the cell must be dismounted and cleaned.

When the solvent has been chosen, absorption curves of the substance
or substances under test must be recorded and suitable bands selected
for measurement. If only one substance is involved, the task is com-
paratively easy. However, if more than two, and as many as six sub-
stances are present, the problem of locating test points is much more
complicated. Seldom is it possible to find test points for three substances
all of which are free from interference of the other compounds and to
which the Beer-Lambert equation may be applied. If polar solvents like
dioxane or acetone are used, hydrogen bridges may introduce considerable
difficulties. Usually it is necessary to introduce the old technique of
correcting the values first obtained, then to start again with the corrected
value, and go on until a repetition of the calculation gives values which
are close or identical. The evaluation of a four component system can
involve a remarkable amount of calculation. Special machines for this
type of calculation have been constructed.

In recent years the isotope dilution principle using deuterium has
been applied to a number of problems. The best known method is that
of determination of penicillins in brews. The determination depends
on the specific absorption of proteophenylacetic acid at 14-37 ji which
deuterophenylacetic acid lacks. The technique presupposes deutero-
benzylpenicillin.  This compound is produced by fermentation, deutero-
phenylacetic acid being used as precursor. The latter is obtained from
proteophenylacetic acid which is dissolved in deuterosulphuric acid which
in turn is produced from S03and DaO. One obtains a compound with
the approximate composition CED5CH2COOH.

Similar methods have been constructed for the determination of the
y-isomer of benzene hexachloride. A recent application is to tropic
acid derivativesi6.

As mentioned above, it is usually not possible to estimate less than
one mol. per cent, of an impurity by means of infra-red spectroscopy.
A recent technique enables, however, such small amounts as 0-1 to
0-01 per cent, of an impurity to be determined. The method depends
on the use of fractional crystallizationl7. Certain requirements must
be fulfilled. The solubility of the main substance in the solvent chosen
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should be of the same order of magnitude at or below room-temperature
as the impurity. The solubility of the main substance shall increase
with temperature, and further, the impurity shall not have a tendency
to be occluded by the main substance during crystallization.

Further to increase the sensitivity of the method the differential method
discussed above was used. The method was used for the determination
of small quantities of catechol and resorcinol in hydroquinone. The
substance to be tested was crystallized from acetonitrile, and the mother
liquid which contained the impurities was worked up. The method
seems to be generally applicable.
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GAS-LIQUID CHROMATOGRAPHY

A Method of Separation and ldentification of
Volatile Materials

By A. T. James, Ph.D.

National Institute for Medical Research, London, N. W .I.

Most workers concerned with the separation of closely related compounds
are familiar with chromatographic techniques involving the use of a
stationary solid or liquid and a moving liquid. Less widely known
however are chromatographic techniques utilising a stationary solid or
liquid and a moving gas. The absorption chromatography of gases
(gas-solid system) has been studied by many workers, in particular
Claessonl and Janak?2 but until recently has not come into general use
owing to the frequent occurrence of non-linear distribution isotherms
with consequent impairment of separations. Gas-liquid chromatography
is a recent innovation, suggested originally by Martin and Synge3 and
developed by James and Martin4for the separation of volatile fatty acids.

Since the mobile phase of the chromatogram is a gas, it is possible
to use long thin columns and to obtain high rates of flow of mobile
phase impossible with liquid-liquid chromatograms of similar shape.
In all chromatograms the main factor limiting the efficiency is the rate
of diffusion in the two phases concerned. In the gas-liquid system,
diffusion in the gas phase is virtually instantaneous and the elevated tem-
peratures at which the columns are generally run increases the rate of
diffusion in the stationary liquid phase. For these reasons gas-liquid
columns have very high efficiencies even at high rates of flow so that
refined separations may be carried out more rapidly than with any other
chromatographic technique. In addition it is generally much easier to
detect low concentrations of vapours in gas streams than it is to detect
low concentrations of solutes in solvents.

The columns are constructed of lengths of glass or metal tube into
which is packed by vibration a suitably inert solid, usually kieselguhr,
over whose surface is distributed a thin layer of the stationary liquid,
a thermally stable substance of high boiling point. The column is held
in a heated jacket at the desired temperature. The substances to be
separated are applied to the top of the column packing with a micropipette
and are then blown down the column by a stream of permanent gas,
usually nitrogen, from a constant pressure source. The substances
separate according to their relative volatility in the stationary liquid
chosen and are detected as they leave the column in vapour form in the
stream of permanent gas.

There are many theoretically possible methods of detecting vapours
in gases but so far only three have been widely used. The first method
is limited to those substances capable of ionising in solution or which
can be caused to produce ions by rapid chemical reaction in solution.
The gas stream from the column is led into the base of a small cell
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containing water or other solvent. The acids or bases are extracted as the
nitrogen bubbles through the solvent and can be continuously titrated.
James and Martin4 devised a simple automatic recording burette to carry
out the titration continuously so that after loading the column and
turning on the gas stream the whole process was automatic, the final
result being recorded on a moving drum (see Fig. 1). The method was

Fig. 1. Schematic lay-out of apparatus for separating volatile acids or bases,
using titration as the method of detection and estimation.

sufficiently sensitive to allow the detection of 0-02 mg. quantities of
acids such as acetic acid or of 0-002 to 0-01 mg. quantities of volatile

amines such as ethylamine.
The records produced by the automatic burette show a series of steps
(see Fig. 2, lower curve) rather reminiscent of the types of diagrams

yy/lV

Fig. 2. The separation of acetic (1), propionic (2), iiobutyric (3), «-butyric (4),
trimethylacetic (5), isovaleric (6), methylethylacetic (7) and «-valeric (8) acids, show-
ing complete resolution of all acids.

Upper curve: Differential of experimental curve.

Lower curve: Experimental results. . ) o
Column length, 11 ft.; stationary liquid phase, DC550 silicone fluid containing
10 percent, (w/w) stearic acid;temperature, 137° C .: rate of flow of nitrogen, 18-2 ml./

min.; pressure of nitrogen, 74 cm. Hg.
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used to follow fractional distillations. When only carrier gas is leaving
the column a horizontal line is drawn by the automatic burette and the
emergence of titratable material is denoted by a step in the curve, the
height of the step being a direct measure of the amount of material titrated.
The machine is recording in effect a measure of the total amount of
material that has
emerged from the
column. By plotting
the differential of the
experimental curve
there result the peaks
so familiar to those
who have wused
chromatographic
techniques (see upper
curve, Fig. 2).
Wider application
of the gas-liquid
chromatogram
necessitates a detec-
tion technique that
does not depend on
the presence of par-
ticular types of
chemical grouping in
the molecules to be
detected, so physical

galvzenc;gtne% methods are indi-

cated.
Gas-density Thfa second method
balance used is to measure the
Fig. 3. Schematic layout of gas-liquid thermal conductivity
chromatograph using measurement of gas of the gas leaving the

density as the detecting technique. Applicable

L column and has been
to all volatile compounds.

chiefly exploited for
this purpose by Ray5 and by Phillips and his colleaguesé. The apparatus
(the catharometer) consists of a platinum wire heated electrically and fixed
along the axis of a tube through which is passed the gas stream. The
composition of the gas stream determines the rate of loss of heat of the
wire and hence its electrical resistance. By using two cells, one for the
gas stream leaving the column and the other for the gas stream entering
the column, and connecting the two wires in a bridge circuit, any change
in resistance of the wire in the chromatogram gas can with the aid of
a suitable amplifier and recorder be plotted automatically. Whilst having
the advantages of simplicity and cheapness the method suffers from two
main defects: (a) not very high sensitivity and (b) a high sensitivity of
its zero to changes in rate of flow of gas through the cells.
The third method utilises two columns, one being the chromatogram,
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the other acting as a reference source of carrier gas, any volatility of
stationary phase being thus compensated for. The densities of the two
gas streams are continuously compared in an instrument known as the
gas density meter developed by Martin7. In general the emergence of
a substance from the
chromatogram increases
the density of the carrier
gas. The instrument
consists of a series of
tubes bored in a copper
block, maintained at the
same temperature as the
columns in order to pre-
vent any condensation of
the vapours, and con-
nected in a manner
analogous to a Wheat-
stone bridge. Adjustable
throttles are placed in
some of the channels so
that when the instrument
is first set up, resistance
to flow in the channels
can be adjusted until no
pressure difference s
generated across the net-
work when the rate of
flow of either gas stream
changes. Two sets of
channels, one for each
gas stream, are connected
by a cross channel in such
a way that any difference
in density between the
two gas streams causes a
small flow of gas through
the cross channel. This

channel contains a flow Fig. 4. The relationship between the retention
detector consisting of a Vvolume at zero pressure difference, V°r, and the
small filament. heated number of carbon atoms in the lower fatt?/ acids.
. ’ Data are for a 4-ft. silicone-stearic acid column at
electrically, arranged be- 137°C. 0—O. n-acids; O--—-- O Ao-acids.

low and equidistant from

two connected thermojunctions; any cross-flow of gas causes the stream of
hot convected gas to be diverted to one or other of the thermojunctions,
heating one and cooling the other. The resultant thermo e.m.f. is fed to a
D.C. amplifier whose output is led to a recording galvanometer. The gal-
vanometer deflection is linearly related to the density difference of the two
gas streams making quantitative measurement relatively simple. The
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instrument is highly sensitive, density differences such as those caused by the
presence of one molecule of amyl alcohol in 50,000 to 100,000 molecules
of nitrogen being easily detectable. Its zero is relatively insensitive to
changes in rate of gas flow and its response is determined only by the
molecular weight of the substance being detected. As with the other
two methods described, the whole process is automatic once the column
has been loaded and the carrier gas stream started. A schematic diagram
of the whole apparatus is shown in Figure 3.

SOME APPLICATIONS OF THE TECHNIQUE

The separation of fatty acids and their esters

In Figure 2 is shown a separation of acetic, propionic, Aobutyric, n-
butyric, trimethylacetic, isovaleric, methylethylacetic, and «-valeric acids
using a column 11 ft. long, arranged in a hairpin shape so that its overall
length is only 4 ft., at 137°C. The total time for the separation is only 100
minutes. All the acids are well separated as is demonstrated in the upper
curve, the differential of the lower experimental curve. The four isomeric
valeric acids are difficult if not impossible to separate in such small
amounts by any other technique. This result was obtained by using
the automatic burette to detect the zones leaving the column.

The columns give highly reproducible results and can be used some
hundreds of times without exhaustion. The time at which a given sub-
stance emerges from a column depends on the temperature, the flow rate
of nitrogen and on the nature of the stationary phase in the column.
At a given temperature and with a particular stationary phase it is found
that there exists a simple relationship between the retention volume
(the volume of nitrogen passing through the column before the centre
of the peak emerges) and the number of carbon atoms in the molecule
for the members of any homologous series. In Figure 4 is shown the

Aresult obtained with fatty acids when log. retention volume is plotted
against the number of carbon atoms in the molecule. The straight line
produced demonstrates that the free energy of solution of the CH2group
added to the molecule in ascending the series is constant and independent
of its position in the chain.  This regularity of chromatographic behaviour
enables one to identify an acid from its time of appearance relative to
a standard acid; this relative retention volume can be considered as
a physical constant as useful as an RF value or melting point or boiling
point for identification purposes.

The range of acids capable of being detected is limited by the titration
technique because it is not possible to raise the column temperature to
a value high enough for a reasonable rate of movement of the longer
chain fatty acids. Recently the range has been extended to include
the C18 acids, using methyl esters instead of the free acids, with the gas
density meter8as the detector. In Figure 5 is shown the separation of
a variety of saturated and unsaturated methyl esters carried out with
a 4 ft. column at 200° C. The range covered here is from methyl-»-
heptanoate to methyl stearate in a time of 100 minutes. W.ith this type
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Fig. 5. The separation of methyl esters of some branched- and straight-chain
saturated acids C8to C18and also palmitoleic and oleic acids on a 4 ft. column with
Apiezon M vacuum grease as stationary phase at 197°C.  Nitrogen pressure 76°5 cm.
mercury, nitrogen flow rate 98 ml./min.

Peaks in order of appearance—

1 Air 9. Methyl-n-tetradecanoate

2. Methyl-«-heptanoate 10. Methyl-10-methyltetradecanoate

3. Methyl-n-octanoate 11. Methyl-cu-palmitoleic

4. Methyl-n-nonanoate 12. Methyl-rc-hexadecanoate

. Methyl-n-decanoate 13. Methyl-14-methylhexadecanoate
Methyl-8-methyldecanoate 14. Methyl oleate

7. Methyl-n-dodecanoate 15. Methyl-n-octadecanoate

Methyl 10-methyldodecanoate

of column acids differing in chain length by one carbon atom can be
separated, (cf. an earlier attempt by Cropper and Heywood9 an iso or
anti-rso acid can be separated from its straight chain homologue, and
mono- and di- unsaturated acids can be separated from the corresponding
straight-chain saturated acids.

Fig. 6. The separation of 15 aliphatic amines on a 4 ft. column, with liquid
paraffin as the stationary phase, at 100° C.

Curve A: Rate of flow of nitrogen, 5-7 ml./min.; pressure of nitrogen, 7-5 cm. Hg.
Curve B : Rate of flow of nitrogen 18-7 ml./min.; pressure of nitrogen, 22-5 cm. Hg.

1. Methylamine 7. Diivopropylamine 13. i.voHexylamine

2. Ethylamine /.voAmylamine 14. n-Hexylamine
3. tsoPropylamine 9. n-Amylamine 15. Di-jec.-butylamine
4. «-Propylamine 10. ivAmylamine 16. n-Heptylamine

5. /.wButylamine 11. n-Amylamine 17. Di-n-butylamine
6. rc-Butylamine 12. Di-n-propylamine

237



A. T. JAMES

The separation of volatile bases

The bases dealt with so far by this technique have been ammonia and
the three methylamines10 higher aliphatic amines and substituted pyri-
dineslland aromatic amines12 In all cases titration was used for detection

and estimation. The aroma-
tic amines, because of their
weak basicity, were titrated
in glacial acetic acid solution
with perchloric acid. An
example of a separation of
aliphatic amines is shown in
Figure 6, and an example
of a separation of aromatic
bases in Figure 7.

Fig. 7. The separation of aromatic bases. .
Column length, 4 ft.; stationary phase, liquid The separation of other types
paraffin; temperature, 137°C.; rate of flow of ofcompounds
nitrogen, 75 ml./min.; pressure of nitrogen,

47-2 cm. Hg; titration carried out in glacial Two further examples of
acetic acid with perchloric acid. some typical separations are
1 Aniline 4. [«-4-Xylidine ; i

2. Methylaniline 5.Dimet?1,yl-o-toluidine shown in Figures 8 and 9.

3. Dimethylaniline 6. Diethylaniline Figure 8 shows a range of
alcohols from methanol to n-

pentanol, the separation being completed in only 32minutes. The separation
of ethanol and Aopropanol would be improved if the column were run
more slowly. Figure 9 shows the separation of five ketones carried out
in less than thirty minutes.

FACTORS INFLUENCING THE SEPARATIONS

At a constant temperature and a constant flow rate of mobile phase

the relative times of emergence of a mixture of compounds are dependent
"~>n the differences in their free energies of solution in the stationary phase.
In solvents such as paraffin hydrocarbons the forces involved in solution
are Van der Waals forces, which vary with molecular weight, configuration

Fig. 8. The separation of alcohols. Column length, 4 ft.; stationary phase,
benzyldiphenyl; temperature 100°C.; rate of flow of nitrogen, 12 ml./min.; pressure
«of nitrogen, 13 cm. Hag.

1 Air 4. 10 Propanol 7. «-Butanol
2. Methanol 5. «-Propanol 8. «»Amyl alcohol
3. Ethanol 6. z.roButanol 9. «-Amyl alcohol.

238



GAS-LIQUID CHROMATOGRAPHY

etc., and not with the polarity of the solute molecule. In such paraffinic
stationary phases therefore separations are based on differences in
molecular weight, etc.

In more polar stationary phases such as polyethers, long-chain alcohols,
aromatic hydrocarbons etc., polar forces such as hydrogen bonding are
also involved. Separations in these phases can therefore take advantage
of differences in polarity of the solute molecules. Aliphatic amines for

Fig. 9. The Separation of ketones. Column length, 4 ft.; stationary phase,

paraffin wax; temperature, 100°C.; rate of flow of nitrogen, 24-8 ml./min.; pressure
of nitrogen, 17-8 cm. Hg.

1 Air 4. Diethyl ketone
2. Dimethyl ketone 5. Methylwobutyl ketone
3. Methylethyl ketone 6. Methyl-n-amyl ketone

example fall into three types, primary, secondary and tertiary. Primary
and secondary amines possess an -NH group and are therefore capable
of hydrogen bonding with a suitable acceptor molecule such as an
alcohol or an ether. Tertiary amines possess no -NH group and cannot
hydrogen bond in the same way. Thus methylamine, dimethylamine
and trimethylamine emerge in order of molecular weight from paraffin
columns and in order of hydrogen bonding power (i.e. the reverse order)
from columns with substances such as glycerol as stationary phase. A
study of the behaviour of different types of amine on two types of column,
one with a paraffin hydrocarbon stationary phase and the other a poly-
ether stationary phase showed that plotting relative retention volumes,
relative that is to a standard substance, in one stationary phase against
the corresponding values obtained in the other gave rise to a family of
straight lines of different slope. Each line corresponded to a different
type of amine, i.e. primary, secondary, tertiary, diamino, hydroxyamine,
so that an unknown amine could be classified by running it on both
types of column and comparing the values obtained with the standard
values from the graph. The different slopes refer to different ratios of
Van der Waals solution forces to Van der Waals and hydrogen bonding
solution forcesil

A similar study carried out with a wider range of substances, comparing
behaviour in the paraffin hydrocarbon stationary phase with that in an
aromatic hydrocarbon stationary phase gave rise to the result shown
in Figure 10. Again substances of similar chemical type fall along one
of a family of straight lines. In practice it was found that aliphatic
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hydrocarbons, alkyl chlorides, bromides, iodides, amines, alcohols, methyl
ketones, nitriles and nitro compounds could be readily differentiated.
In this manner a great deal of information can be obtained as to the

Fig. 10. Graphical representation of relative
interaction forces in two types of stationary
phase, liquid paraffin and benzyldiphenyl.

* «-Aliphatic hydrocarbons
A —" Aromatic hydrocarbons
>—x isoAlkyl iodides

0O «-Akyl iodides
m—* Alcohols
O—0O Ketones.

structure of an unknown
compound.

To conclude, the
advantages of gas-liquid
chromatography can be
seen to be: (1) highly
refined separations can be
carried out very rapidly;
(2) the technique can be
used with quantities of
material ranging from
micrograms to grams; (3)
a study of the chromato-
graphic behaviour of an
unknown substance can
give valuable information
as to its structure; (4) it
is applicable to all sub-
stances capable of being
distilled, and (5) suitable
commercial apparatus is
already available in the
United Kingdom and the
United States. Indeed

the advantages of the technique over analytical distillation in terms of
efficiency, time and convenience are so great that in time it will replace

the older technique.

I should like to thank the Editors of the Biochemical Journal and the
British Medical Bulletin for permission to reproduce material already

published.
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ELECTROMETRIC TITRATIONS

By Ada Anastasi, Ulisse Gallo, Enrico Mecarelli, and
(the late) Leo Novacic

From the Control Laboratory of Farmitalia, Viale Bezzi, 24 Milan

Introduction
The electrometric titrations used in pharmaceutical assays form a special
section of the important field of electrometric determinations in chemical
analysis, and their development is so closely linked with that of general
methods that it is not always easy to separate them. This fact cannot be
overlooked when describing recent progress, all the more so because those
methods not particularly designed for pharmaceutical preparations may
easily be applied to them or, at least, serve as a useful starting point.

The usual reservations must also be made about applying an existing
method for assaying a certain substance to all cases. Analytical methods
cannot be applied generally; this is even truer in pharmaceutical determin-
ations, where working requirements necessitate the addition to drugs of
other substances such as antoxidants, stabilizers, buffers and colouring
agents as well as various excipients such as sugar, fats, starch and talc, so
that the methods described for the analysis of the pure substance are often
of little help to the pharmaceutical analyst, who must solve the problem of
detecting, identifying and estimating often extremely small quantities of
active substance.

Descriptions of assays taken from pharmaceutical literature and some-
times from general literature will therefore be given.

Except for a few cases, this survey refers to works published since 1951
and, naturally, must not be considered as complete. It does not contain
any details of the theoretical principles of electrometric methods, for
which the reader is referred to specialized articles. On the other hand, it
is well to mention briefly the well-known advantages offered by these
methods. First of all, they do not depend on the operator’s judgment of
the end-point, this always being the most subjective factor affecting the
result of an analysis. Secondly, they permit the application of certain
methods to highly coloured or turbid solutions, and other cases in which
it is not practically possible to use indicators. Furthermore, they can be
used in titrating very dilute solutions, with great accuracy, for example
graphical methods or simple calculations indicate the end-point much
more precisely than the volume of a drop from a burette.

In this way, it is possible to carry out titrations in which as little as
0-03-0-04 ml. of solution are used, with obvious advantages. Finally,
the end-point shown by the indicator is not always unaffected by other
substances present in the solution for titration, apart from the fact that
certain reactions, such as the simultaneous titration of more than one
halogen, can be rapidly carried out only electrometrically. The advan-
tages largely compensate for the disadvantages of making numerous
burette readings, and also for the necessity for slightly more complicated
equipment which may however be adjusted to suit the purpose.
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POTENTIOMETRIC TITRATIONS AND DEAD STOP

This section summarizes potentiometric methods and the so-called
dead stop end-point, which are dealt with together, because they are often
applied concurrently.

No description will be given of the basic apparatus usually employed,
but it may be stated that this is continuously being improved. The
mercury electrode has been suggested as a reference electrode and has been
used coupled with the glass electrode. Descriptions have been published of
a new mercury-mercurous acetate indicator electrodel, a modern automatic
titrator and a semi-microautomatic apparatus for semi-microanalysis. In
order to interpret the results obtained with equipment registering the
potential-quantity curves of a solution, apart from the usual methods,
the use of the method of concentric arcs has been suggested. A series
of concentric arcs is inscribed on a template which is used to determine the
centres of curvature of the two parts of the graph on either side of the
end-point: the centres are joined by a straight line and the point at which
this intersects the graph indicates the end-point.

Much information about the results and methods may be obtained
from the literature and reviews, each containing a large number of
references. Some of these surveys refer to electrometric methods for
pharmaceutical products34but many more, unfortunately, only to general
methods. Particular care has been paid to the discussion and classifica-
tion of potentiometric methods and equipment for the pharmaceutical
analytical laboratory has been catalogued5 In order to give an idea of
the thoroughness of this survey and its evident interest, Analytical Chem-
istry divided its April 1955 number into two sections, one containing only
the surveys and consisting of 116 pages, with almost 3000 references.

Aromatic amines. Up to 5 years ago, only a few attemptsé had been
made to titrate aromatic amines electrometrically using sodium nitrite,
and fully satisfactory results had not been obtained. The problem was
solved by many investigators between the end of 1950 and the beginning of
1951. We, ourselves, reported7excellent results using Pinkhoff’s method,
the dead stop end-point method, the bimetallic couple method and the
normal potentiometric one, and emphasized the advantages of a method
that abolishes the use of starch-iodine paper and the consequent indicative
tests, and of ice, and, above all, allows the reaction to be carried out even
when the liquid is coloured or becomes coloured during the reaction.
The method is applicable to many pharmaceutical substances and not only
to normal primary amines, but also to other substances of which the NH2
group reacts with nitrite, for example, sulphonamides, novocaine and p-
aminobenzoic acid can be titrated by this method.

At almost the same time8‘1Q and later1l, other authors, mostly working
outside the pharmaceutical field, obtained equally good results, confirming
that the method could be used for titrating compounds such as derivatives
of aniline, naphthylamine, and amino-anthroquinone, amino-azo dyes
and diphenylamine. Each author gives working details of the methods
which are rapid, easyl? 13and of very wide application.
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Aliphatic amines. Aliphatic amines have also been titrated potentio-
metrically even in mixtures of amines13

Halogens. These form one of the groups of ions that most often have
to be assayed under widely differing conditions, so that the methods used
are very numerous. Some methods have been given of the titration of
traces of chlorine4d Bromide and thiocyanate in the presence of each
other may be determined in acetone at a concentration of 80 to 90 per
cent, as the reaction cannot take place in aqueous solutions1s lodides and
bromides present in the same solution in the proportion of 1:5000 may
be titrated argentjmetrically, using platinum electrodes in the presence of
barium.

lodides can be titrated with silver nitrate using a hydrogen electrode,
and the silver with potassium iodide, both in the presence of p-ethoxy-
chrysoidinel6

Even small quantities of chloride present in solutions of high ionic
strength17, or in organic compoundsi8can be titrated, so that it is possible
to combine Pregl’s technique with electrometric titration. Some methods
now simplify those previously used for chlorine and show that chlorine
and bromine can be titrated using amalgamated gold electrodesld Many
others are suitable for routine assaysA) for small quantities2, or for use
with automatic apparatusZ2 Even the dead stop end-point method can
be used for assaying bromine and iodine present in the same mixture23

Free or combined acids. Acids whose salts give an acid reaction on
hydrolysis such as aluminium sulphate can be titrated with alkali. Penta-
valent phosphoric acids and small quantities of oxalic acid can be titrated
using the dead stop method, a potential différence of 200 mV. being
applied to the electrodes. Acetic, formic, benzoic, cinnamic, tartaric
acids, as well as many alcohols are first oxidized and the excess of oxidizing
reagent is then titrated potentiometrically. Under certain conditions, the
sulphate ion may be directly titrated with the barium ion. Sodium
gentisate may be potentiometrically titrated with iodide solutions, using
platinum-calomel electrodes4

Alkaloids. Nicotine is titrated5with acetic acid and some of its deriva-
tives ; morphine and opium2 by oxidation and very many other alkaloids
by precipitation with picrolonic acidZ.

Miscellaneous substances. Vanillin, p-hydroxybenzaldehyde, benzalde-
hyde formaldehyde, furfurol, urea and many other similar products,
sulphonamides?8 hydrazine, Aonicotinic acid, hydroxylamineZ, hydro-
quinone, cardiotonic glycosides® and tri-(diethylaminoethyloxi-) 1:2:3-
benzene triethiodide3 have all been satisfactorily titrated.

Dead stop end-point

In view of the wide use of this method, many explanations®and clarifi-
cations of the principle have been reported33-3.

Antimony and Arsenic. The dead stop method has been used for the
assay, by oxidation with potassium bromate, of important products of
pharmaceutical interest, such as the arsenious acid in Fowler’s solution
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and the antimony in Seignette’s salt3. Even ascorbic acid has been
successfully assayed3.

Methods in Non-aqueous Media

In recent years, the great possibilities of electrometric methods have
been extended to the wide and extremely fruitful field of non-aqueous
titrimetry developed from Bransted’s theory; in fact, as has elsewhere been
stated, indicators often have only a limited use3/. Very many basic
compounds may be titrated with perchloric acid: sodium derivatives of
barbituric acids3 papaverine3 alkaline metal salts of aliphatic acids4)
sodium *-aminosalicylatedl'®, and caffeined3 44 A good indication of the
possibilities of the method is given in a paperdb reporting the results
obtained on 65 different compounds such as alkaline or alkaline earth
salts of organic acids, primary, secondary and tertiary amines, amino-
acids, amino alcohols, derivatives of pyridine hydrazine and hydrazide,
as well as hydrochlorides of various bases the titration of which is made
possible by addition of mercuric acetate.

Other investigators46 have titrated many of these, and other products,
such as urea, caffeine, antihistamines4 present in the form of hydro-
chlorides, stovaine and lignocaine&

Amidopyrine and barbituric acids in the same solution4d proguanidine3
isoniazidsl and certain antihistaminess, have all been satisfactorily
titrated and a general method for antihistamines has been evolveds3
Titration in non-aqueous media may also be applied to injections in
aqueous solution54, and are especially useful for the active principles of
suppositories®.

Excellent results®were obtained for p-aminosalicylic, perchloric, formic,
phenolicy and hydroxybenzoic acids® The possibility of utilizing a
wide range of basic solvents permits good differentiation of even extremely
weak acids® The effects of the substances being titrated on the slope of
the titration curve have been illustrated3®, by over 75 examples; even fatty
acids and many of their substitution products can be satisfactorily titra-
ted®

Oxidation-reduction titrations can also be performed in non-aqueous
media and have been described for various compounds ranging from
bromides to permanganate, and hypobromites to sulphonamides6l'&2

CONDUCTIMETRIC TITRATIONS

The application of this method does not seem to be spreading, never-
theless, it is very useful in certain cases: since all the ions present influence
the result, the reaction of an ion which produces no potential and without
a definite polarographic wave can be studied by conductimetry, and this
method often enables ions not taking part in the reaction to be used for
qualitative purposes.

Of the latest applications, mention should be made of acid-base titra-
tions in water-organic solvents mixtures63 the titration of weak organic
acids% and of weak bases® and of hydrochloric and sulphuric acids and
their mixtures, in non-aqueous solvents@ Barbituric acids (diethyl,
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butylethyl, methylphenyl and phenylethyl), their sodium salts and thio-
pentone, (even mixed with carbonate)67 as well as amidopyrine@—the
latter two substances together4—and, finally, thiouracil and some deriva-
tives@®, can be titrated conductimetrically.

POLAROGRAPHY

The importance of polarography in metallurgical analysis has long been
known. During the last few years, particularly after the Prague Congress
(1951), where the wide possibilities of this method were fully emphasized,
even organic polarography has been enormously extended.

The increased interest in this field is shown by the work dealing with its
theoretical principles and describing increasingly improved apparatus@and
the new techniques studied for special cases.

A good deal of this development is due, among other things, to studies
carried out with anhydrous or mixed solvents which sometimes allow
operation in more favourable conditions than those given by aqueous
solutions, and also permit the polarographic investigation of numerous
organic substances insoluble in water.

The progress of polarographic analysis has widened the horizons but
applications to pharmaceutical analysis, although numerous, appear to
have only touched the fringe of the subject, if the possibilities of the
method are considered.

Metals. First ofall, it is necessary to mention the many determinations
on metals, these being the most simple ones carried out by the polaro-
graphic method, that may be related to, or possibly connected with, some
pharmaceutical problems.

Traces of metals have been determined in commercial gelatin7Lbiological
material, and as heavy metal impurities in organic substances of pharma-
ceutical interest such as dried yeast, carboxymethylcellulose?2 and in the
glass of containers for injections.73 Polarographic methods have been
proposed even for arsenic and are based on the oxidation of the element
in alkaline solution, or its reduction in acid7 7

Organic substances containing metals. It is possible to assay polaro-
graphically metals present in an organic molecule, e.g., the mercury in
phenylmercuric nitrate7 the cobalt in vitamin B12 This subject has been
studied by various investigators, who have reached interesting conclusions
on the possibility of distinguishing the various forms of the vitamin778),
Renal elimination of cobalt administered as vitamin BR2or as the chloride&,
has also been followed.

Vitamins. The polarographic method continues to be successfully used
in assaying vitamins. Many studies have been carried out on the various
forms of vitamin K, even in non-aqueous solvents, and also on the
behaviour of other vitamins: vitamin D2 analysed in tablet form and in
solutions for injection, and whose photolytic decomposition has been
followed, with results agreeing with those obtained spectrophotometric-
ally& Vitamin C may be determined in the combined form in vegetable
extracts& even in the presence of similar substances accompanying it
during the vegetative period of the plant, and in the various parts of the
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latter. The behaviour of this vitamin in both reduced8l and oxidized&
forms has also been reported.

The polarographic behaviour of folic acid has been known for some
time, and a method has been put forward for its assay in whale liver 0il8,
where its presence has been detected by this same method. The existence
of the S-S form along with -SH in aneurine has been demonstrated, and
the relative amounts of the two determined87. This vitamin has even been
assayed in pharmaceutical preparations, within limits of £ 3 per cent&

Research on the behaviour of nicotinic acid and its isomers& is still in
progress; polarography preceded by separation using ion exchange
resins has been used to assay nicotinamide present in extremely small
quantities in pharmaceutical preparations and vitaminized powdered
milk0

Steroids.  Further studies have been carried out on the indirect analysis
of steroids, using Girard’s reagent9, in order to find a method for their
assay in biological fluids. An already known method of determination in
aqueous dispersion® has been used for directly reducible compounds.
The behaviour of some steroids has recently been studied® and the
polarographic results compared with the colorimetric ones%

Alkaloids. Very many analytical methods have been proposed for
alkaloids. A direct determination is based on measuring the catalytic
current produced by the heterocyclic rings present in the molecule or the
diffusion current due to possible reducible groups—as in the case of
nicotine® the alkaloids of veratrum viride%6'%, and many others. Of all
the direct determinations of non-reducible alkaloids, that of scopolamine
after nitration® and of morphine after treating with nitrous reagents,
are extremely interesting, as very small quantities can be assayed, the latter
even in the various parts of the plant during growth.

Proteins. The characteristic behaviour of the proteins in producing
catalytic waves in ammoniacal cobalt solutions continues to be studied,
in view of the importance of the assay and properties of proteins in
medicinelX For example, the catalytic wave method has been used to
assay proteins in wheyl0l Furthermore, the possibility of introducing a
polarographically reducible groupl® 13 into the molecule has been used
for assay, and other indirect methods of analysis have also been
applied104 107.  Substances of high molecule weight, such as proteins, may
also be distinguished by the anodic waves they form in suitable base
electrolytesiBand by the reduction or oxidation waves caused by particular
functional groups10-110

Antibiotics. The research carried out on penicillinlll is important,
especially for investigating the decomposition processes. New experi-
ments have been carried out on streptomycin, and the tautomerism
of its salts has been studied112 Analytical methods applicable even to
pharmaceutical preparations have been put forward for aureomycin and
terramycinli3115  Finally, chloramphenicol, which is easily reduced at
the electrode because of the presence of the nitro-group, can be assayed
polarographically in a series of widely varying pharmaceutical prepara-
tions in which it occurs either alone or mixed with various other active
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substances; both high and very low concentrations can be determined1l6
Still dealing with analytical control of antibiotic pharmaceutical prepara-
tions, mention must be made of the assay of citric acid present in the buffer
solution of sodium penicillin productsil7, this easily allows the citric
acid content of 5 per cent., to be controlled without separation.

Sulphonamides. Sulphonamides may sometimes be determined polaro-
graphically, not because of the sulphonamide group, but because of the
presence of some other functional group reducible at the electrode, or for
their properties as weak acids118119 while diaminodiphenylsulphone and
its derivatives are easily determined with the polarograph, because the
sulphone group is directly reduciblel

Barbiturates. The special properties of barbituric derivatives leading
to the formation of anodic waves have been utilized for the analysis of
even extremely low concentrations121-123 Thiobarbituric acid deriva-
tives12, as well of those of thiourea and of 2:3-dimercaptopropanolls
behave similarly, while the thioketones are reducible at the ketonic
grouping1®s

Isoniazid. Isoniazid is another much studied compound of great
pharmaceutical interest. It is reduced by the electrode reaction involving
four electrons that allow it to be quantitatively assayed, and also permit
its degradation by alkaline hydroylsis1Z to be followed.

lodides and bromides. Indirect methods applicable to the iodate and
bromate ions have been described for the halogens and are extremely
interesting as they enable traces of these elements contained as impurities
in various salts, water and plants to be assayed128-13L

Sulphur-containing acids. Of all the sulphur compounds, only the
sulphites can be directly determined, and it is of interest to report the
direct determination of S02in the atmosphere; sulphates may be indirectly
determined by a method based on precipitation in the form of lead sul-
phate and measurement of the diffusion current produced by the excess of
ionic lead1¥ 13

Aldehydes. New processes have been worked out for various alde-
hydes13f 1% e.g., acrolein in glycerol1®%and chloral hydrate in the presence
of chloro- and dichloro-acetaldehydel3r.

Peroxides. Even the study of the various oxidation products has
continued to attract attention; the most interesting of these is a study on
hydrogen peroxideIBand another on ether peroxides13®.

Miscellaneous compounds. Some investigators have studied human
saliva polarographically for diagnostic purposesld), and still others,
allergenic pollenl4. Methods for assaying saccharinl® and salicylic
acid13have been reported and a method for determining ethylenediamine-
tetra-acetic acid144, which is used as a diagnostic agent, in urine; the same
compound is also used as a complexing agent145146 in other polarographic
determinations.

Attempts have been made to solve the problem of assaying m-amino-
phenol in p-aminosalicylic acidl47. As the acetophenone group is easily
reducible, ephedrine, acetylsalicylic acid and atropine, which give aceto-
phenone derivatives on acetylation, can be quickly determined by this
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method148 It is of interest to mention some methods for assaying weak
acids which are sometimes linked with questions of a pharmaceutical
nature. The indirect oxalic acid method is based on the formation of an
acid salt of europium and polarographic determination of the excess
metall49. The anodic wave produced by gallic acid at a platinum electrode
is utilized for assayl®and a polarographic wave that appears to be caused
by kinetic current1s], is employed in the case of boric acid. Even citric
acid can be assayed sufficiently accurately, after being transformed into
pentabromoacetonel®

It can be seen that this method has already given great promise in

pharmaceutical studies and assays, and promises still further interesting
results.

Oscillographic polarography
The polarographic curves given by the oscillograph, represent the

current-voltage phenomena for a single drop of mercury, or the potential-
time phenomena seen at an electrode when periodic impulses are applied.

Numerous and detailed reports have been published by research-
workers specialized in this particular branch of polarography153*158; these
are mainly useful for the kinetic study of extremely fast reactions occuring
at mercury drop, jet or other electrodes1®.

One of these, designed by Heyrovsky, the founder of the method, is of
great importance because it deals with oscillographic polarography in
pharmacy 160

All the reactions causing passage of current at the electrode are trans-
lated into the characteristic step of the potential-time curve whose graphic
representation is known. Apart from the normal curve, by using differ-
ential circuits it is possible to obtain curves representing the derivative of
the potential in respect to the time, as a function of the time, and these
show the electrode reactions more sharply. An oscilloscope of this type
has recently been proposed by Heyrovsky for rapid qualitative polaro-
graphic analysis, approximately quantitative analysis, control of the
purity of organic compounds and the separation of isomers. He also
describes a method, carried out with the same apparatus, for determining
CS2 HZS, HCN and S02in industrial premiseslfland a study on the decom-
position of penicillinl® based on measuring the interval of time elapsing
between the first and last steps on the oscillographic curves.

Sometimes the oscillographic method solves problems that cannot be
tackled by the classical method, such as the determination of heterocyclic
substances of like formulae for instance when several wonicotinic acid
derivatives are contained in the same preparation183

Reports have also been published on substances of specific pharma-
ceutical interest such as vitamin Bjl&4 and so have some preliminary
communications promising greater development of oscillographic polaro-
graphy in quantitative analysis, for example the article putting forward
the possibility of using the oscillograph as a means of indicating the end-
point of a titration16
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Amperometric Titrations

The amperometric method, which is directly related to polarography,
may be applied in all cases where constant diffusion current and a given
voltage occur; it does not matter whether these are due to the reagent, to
the substance under examination, or to both, so that even non-depolar-
izable compounds may be titrated with a reagent producing a diffusion
current. In practice, the variations in current occurring at a rotating
metallic electrode to which a suitable constant voltage has been applied,
and due to the addition of an appropriate reagent, are carefully followed.
In special cases, two equal electrodes are used without a reference one and
this case is identical to the dead-stop end-point mentioned earlier.

The possibility of measuring extremely small diffusion currents extends
the application of amperometric technique to microanalysis—e.g.,
chlorine in concentrations as low as 5 x 10~5 normall6 halogens and
other elements in organic substances.

The assay of p-aminosalicylic acid with potassium bromatel67 can be
carried out using a rotating platinum electrode to which the constant
voltage of + 0-2 V. (S.C.E.) is applied.

p-Diazobenzenesulphonic acid, which is polarographically reducible,
may be used as the titrating agent for numerous substances such as
sulphonamides and alkaloids, present in quantities of only 2 to 50 mg.18
with an error of £ 3 per cent. Lead nitrate titration has been used
for assaying glycerophosphates in solutions for injection and even for
the assay of tartrates, while phenazone and irgapyrine can be titrated by
precipitation with mercuric perchlorate, measuring the current due to the
excess of reagent at a dropping mercury cathode without applied potential.

The titration of metallic ions in pharmaceutical preparations has been
carried out by methods based on the formation of complexes with ferri-
cyanide ions or on precipitation with dodecylmercaptan and titration of
the excess of reagent with silver nitrate; this second method has also been
used forassaying micrograms of heavy metals in pharmaceutical specialities.

The choice of reagents producing large diffusion currents is of import-
ance for amperometric titrations.  Silicotungstic acid has been used for
alkaloids (nicotine, nornicotine); sodium hypobromite has been utilized
in titrating even traces of ammonia, and the same method can be used for
determining organic nitrogen.

The property of ethylenediaminetetra-acetic acid to form anodic waves
has been utilized in assaying metals, giving good results for Mn++, Co++,
Ni++, Cd++, Hg++ and Zn++ and less satisfactory ones for the alkaline
earths1® In the case of calcium, still using the same reagent, it is advis-
able to apply a constant voltage of —1-7 V. to the electrode, the end-point
being when the diffusion current of the calcium finally disappears1/

Finally, the property of forming complexes with mercury, has been
utilized in the amperometric assay of barbiturates.

AN

COULOMETRIC METHOD

Of all the electrometric methods, coulometry is the best able to provide
results having an absolute value. It does not depend on the individual
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judgment of the operator, nor upon the accuracy with which the strength
of a reference sample has been determined because the measurement in
coulombs replaces the sample of known strength.

The method may be carried out in two ways: 1) the substance reacts at
the electrode, and the number of coulombs required for the electrolytic
reaction is measured; 2) a substance suitable for reacting with the one to
be assayed is produced at the electrode. In this case, the generating
electrode may be immersed in the same titration solution, or in another
from which the reagent is run into the solution being assayed.

When the current intensity is kept constant, it is sufficient to measure
the time for completion of the reaction, calculate the coulombs from the
product of time and the current and, hence the exact quantity of the sub-
stance under examination that has been electrolysed, or that of the
reagent produced reacting with that under assay.

The advantages of the coulometric method are most evident when the
whole operation is completely automatic, as when automatic current-
recording equipment is used.

This method gives accurate macro determinations, but the chief advan-
tage over other conventional methods lies in its application to micro-assay,
either by direct electrolysisi7l- 12 or where the reagent is electrolytically
prepared. It is possible, by choosing the right intensity of the current, to
prepare as little as 10 22and 10~17g. of reagent, as well as to determine the
end-point of titrations carried out with such small quantities, by means of
precise potentiometric1/3 or, better, amperometric measurements17, using
suitable circuits. As little as O-Ol/ag./ml. of ferrous iron17 and 0-001-
0-0005 /xg./ml. of manganese may be assayed in this manner.

Coulometric methods have been proposed for neutralization reac-
tions1/s 1/ with external or internal preparation of the reagentsir7.

A method for the assay of sodium thiosulphate has been proposed,
based on the electolytic preparation of iodine from potassium iodidel78;
the chlorine produced from hydrochloric acid by electrolysis has been used
in titrating «»nicotinic hydrazideI® and long chain unsaturated fatty
acids.  Similarly, salicylic acid1® and arsenious ions may be assayed by
producing the bromine reagent electrolytically.

The possibility of titrating iodide ions with electrolytic silver ions has
been reported, the end-point being determined by means of two silver
indicator electrodes, as for the dead-stop end-pointl8l; another useful
method for assaying chlorides, bromides, iodides, and, in general, all those
cases requiring silver ions, makes use of a potentiometric circuit for deter-
mining the equivalent point, allowing errors of only * 0-005mg. for
quantities ranging from 10to 0-2 mg.1®

By allowing thiourea to react with solutions of silver bromide and
potentiometrically titrating the bromine liberated with silver ions pro-
duced electrolytically, it is possible to assay microgram quantities of
thiourea, either alone or in mixtures with other sulphurated compounds18

The coulometric method has wide possibilities and numerous new
procedures are being proposed by investigators. A new indirect method
of analysing mixtures of halogens has been discovered, by combining
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coulometric measurement with the weighing of deposited mixtures of
silver chloride and bromide184

Other investigators have proposed following the course of coulometric
titrations by photometric measurements carried out in parallel with them.
A photoelectric cell for use with the Beckmann spectrophotometer has been
designed for this purposel® Automatic photoelectric apparatus for the
determination of the end-point has been suggestedi®and even a differential
photometric apparatus has been designed, to overcome the formation of
air bubbles at the generating electrodel%

High Frequency Titrations

Electrometric analysis has recently been extended by a new method
utilizing changes in the dielectric constant, the magnetic susceptibility and
conductivity at high frequency on altering the composition of the medium.
For measuring the dielectric constant, the vessels containing the solution
for assay are connected to two metallic surfaces, acting as condensers; the
magnetic susceptibility is measured by introducing the vessel with the
solution into a solenoid.

General, theoretical and critical articles have been published on this
subject188 18 as well as those describing the various types of instrument
in use and the theoretical principles on which they are based. Others
examine experimental data on various solutions, as a function of the
various factors19 18

Although this method is very recent, several applications have already
been described : neutralization19-198-1%9, oxidation19 and precipitation
titrations20‘2B have all been reported.

Dilute solutions of metallic ions have been titrated with oxime solu-
tions24 and even the most recent forms of titration, using non-agueous
solutions have been successfully carried out using high frequency
apparatus2b- 26

This method, which has already found some applications in medical
and pharmaceutical analysisZB has certain disadvantages since many
factors must be kept constant. Nevertheless, present experience has
shown its wide range of possible application, particularly in solving special
problems.

For reasons of space the paper as presented at the F.I.P. has been
abbreviated and the references have been reduced. The authors will be
pleased to give the full references to any who write for them.
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PHARMACOLOGICAL BLOCKING ACTIONS OF ATROPINE
AND CERTAIN ATROPINE-LIKE COMPOUNDS

By Jean D. Garven*|
Received October 27, 1955

Atropine IS known to antagonise the responses of the guinea-pig ileum
to 5-hydroxytryptamine (HT), when it is used in higher concentrations
than those which antagonise the responses to acetylcholine (ACh).
This has been explained by the theory that HT acts on nerve cells, and
that atropine counters this effect by blocking the ACh liberated by these
cells. An alternative theory is that atropine acts on both ACh and HT
receptors. If the latter were so, some other drug might have a more
specific action on ACh receptors than atropine itself; it was in the hope
of finding such a drug that these experiments were done.

The drugs studied were four synthetic compounds supplied through
the courtesy of Dr. A. C. White of the Wellcome Research Laboratories.
They had been shown to be similar to atropine by various tests. Some
notes of the comparative activities of each are given below.

Quantitative studies were made of the antagonism between atropine
and HT, and also between atropine and ACh, and atropine and histamine.
Similar experiments were made with the atropine-like compounds. In
each case the pAl10Q at equilibrium, of each drug/antagonist pair was
found.

The Atropine-like Compounds

3:3-Diphenyl propan-3-ol diethylamide methiodide (186C47). This is
“Compound 22” of White, Green and Hudsonl Comparisons by these
workers of 186C47 and atropine showed that both had very similar
activities against carbachol, pilocarpine and histamine. 186C47 was
0-7 to 1-0 times as active as atropine in tests on the same strip of isolated
rabbit ileum, stimulated by carbachol or pilocarpine. In various tests,
including one on mydriasis and another on histamine-induced asthma,
the activity of 186C47 was found to be not less than half of the activity of
atropine. (Information supplied by Dr. White.)

3-Pyrrolidino-1-phenyl-1cyclohexyl propan-I-ol hydrochloride. (54C50;
procyclidine, Kemadrin.)2 In the antagonism of ACh spasm in the
isolated guinea-pig ileum, 54C50 was about 0T4 times as active as
atropine. It was active also against carbachol in the guinea-pig ileum,
and against both these activating drugs in the rabbit ileum. In higher
concentrations, 54C50 could abolish contractions due to histamine and
to barium. In tests involving salivation and mydriasis, the activity of

_e#Present address Physiology Department, Bute Medical Buildings, St. Andrews,

Fife.
fWork which formed part of a thesis for Ph.D. degree at the University of Edin-
burgh done during the tenure of a grant from the Carnegie Trust for the Universities

of Scotland.
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54C50 was about 0-04 times that of atropine, and its effect was of shorter
duration. (Information supplied by Dr. White.)

3-Pyrrolidino-\-phenyl-\-cyc\ohexyl propan-I-ol methiodide (377C50,
methiodide of procyclidine). This methiodide, 377C50, had a somewhat
greater atropine-like activity than 54C50. It had about half the potency
of atropine against ACh on isolated guinea-pig ileum. Also, in a
mydriasis test in mice, it was about half as active as atropine. (Informa-
tion supplied by Dr. White.)

1:1-Diphenyl 3-piperidinopropan-i -carbonamide hydrobromide (182C52).
The atropine-like activity of 182C52, and of the base from which it is
derived, were equal, on a molar basis in a test of mydriasis in mice;
being about 0-7 times as active as atropine. The base was about T5
times as active as atropine in the antagonism of ACh on isolated guinea-
pig ileum. (Information supplied by Dr. White.)

Other investigations on this base were made by Schaumann and
Linder8; it is their “compound 9980.” They stated that it was about
0T6 times as effective as atropine in the reduction of the response of the
isolated guinea-pig colon to histamine, but in a test of salivation in
kittens, it was twice as active as atropine.

Experimental Method

Small guinea-pigs (150 g.), were fasted overnight, and killed by a
blow on the head. Portions (1-5 to 2 cm. long) of the ileum, were taken
from within 10cm. of the cecum, and were suspended in Tyrode’s
solution at 36° to 37° C. The organ bath was closely connected by a
two-way tap to either of two warming coils and reservoirs. Regular
responses were obtained to a sub-maximal dose of activator, while the
tissue was bathed by Tyrode’s solution. Then, without interruption of
the dosage regimen, Tyrode’s solution containing a certain concentration
of an antagonist was allowed to fill the bath, and a 10-fold dose of
activator was given at regular intervals. Responses were recorded with
a light frontal writing lever, having a magnification of 10 to 15 times.

When the pilot experiments were done for the measurement of the
pAl0of atropine and HT, the responses to the 10-fold dose in the presence
of atropine diminished rapidly. If the response at a particular time, say
10 minutes, after the introduction of the atropine was measured in
relation to the unantagonised response in each experiment, there were
inconsistencies in the results. It appeared that certain portions of the
ileum were especially liable to develop tachyphylaxis to stimulation by HT.
Tachyphylaxis of this tissue to this drug has been noted elsewhere4®.
If dosing with HT was continued, there was some recovery of the responses,
perhaps because the atropine had reached its full effect, and tachyphylaxis
was no longer having its influence. In later experiments with higher
concentrations of atropine, and in all the experiments with the atropine-
like compounds, the antagonist rapidly reached its full effect, and the
responses to HT rapidly reached an equilibrium level without tachy-
phylaxis.

The height of the steady response to the 10-fold dose was expressed as
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a percentage of the response to the single doses of activating drug before
the introduction of the antagonist. (See Fig. 1.) The regression line was
calculated, and the pA10 determined.

This index (pAlJ, was different from that of Schild6 only in that
Schild expressed the height of all responses in terms of the maximal
response obtainable in the absence of antagonist, whereas here responses
are measured in terms of a steady sub-maximal response (see Reuse7).

1~*10 10 10 i 100 100 100 100 100 100 100 20 20 20 20 1200 200 200 200 200
10- 5x 10~7
S4C50 S4C50

Fig. 1L Guinea-pig ileum in Tyrode’s solution at 37° C., 2 ml. bath. First tracing:
Responses to 10 ng. HT; from f, 10~754C50 present in Tyrode’s solution until the
end of the experiment and the doses of HT are 100 ng.

Second tracing:

Fresh portion of ileum in Tyrode’s solution. Responses to 20 mg. HT; from f,
5 x 10"754C50 present in Tyrode’s solution and the doses of HT are 200 ng.
Concentration corresponding to pA,0 lies between these two values.

Also, Schild’s index was always qualified by the length of contact of the
antagonist and the tissue, but here dosing was continued until the response
reached a steady level (equilibrium response in 20 to 25 minutes).

Despite the difference in method, the effective concentrations for
atropine/acetylcholine, and for atropine/histamine antagonism are of the
same order.

The effects of atropine and the'atropine-like compounds on the responses
to HT were compared in a short series of experiments with their effects
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on responses to nicotine. Doses of nicotine and HT, which caused

similar steady responses were found, and then given alternately through-

out the rest of the experiment, particular concentration of one of the

antagonists was.mtrod.uced, and TABLE |

allowed to remain until constant _ \ _
Comparison of author’s results with

responses to the constant doses THOSE OF SCHILDS
were obtained (8 to 20 minutes).
i - Author’ It
The antagonist was then re schild’s paie ODrXJBesu s
moved, and the doses of the I 'at 14 minutes  equilibrium
activating drugs were continued  Atropine/
acetylcholine 8-05 8-59

until recovery from the inhibition  Atropine/
was complete. histamine 460 488

Results of the Estimations on Atropine and the Atropine-like
Compounds

For each of the antagonists, the pAl0was found for HT, as well as for
acetylcholine and histamine.

The equilibrium response to the 10-fold dose in the presence of a given
concentration of antagonist, was compared with the response to the
single dose in the absence of the antagonist. All the estimates were
made on guinea-pig ileum.

Effect of Atropine

Under the experimental conditions which were used here, fairly high
concentrations of atropine (10-7), were necessary to cause inhibition of
the response of the isolated guinea-pig ileum to the 10-fold dose of HT.
In fact, the atropine concentration corresponding to pA10 for HT, was
more than 100 times greater than that for ACh. For histamine, the
atropine concentration was more than 10 times greater than that for HT.

Attempts to measure the effects of atropine, in concentrations less than
10-7, on the 10-fold dose of HT failed because of apparent tachyphylaxis,
(see method).

In a single experiment, where responses to HT and nicotine were
matched, atropine (10~6) was introduced into the Tyrode’s solution.
The responses to both nicotine and HT were similarly reduced and
recovered in parallel on removal of the atropine.

Effect of the atropine-like compounds

All the four atropine-like compounds were more active in the antagonism
of ACh responses than in the antagonism of HT responses. Their
activity against histamine was much less (see Table II).

If the dose ratio is calculated by dividing the dose in the presence of
the antagonist, by the dose having a similar effect in its absence, then in
the presence of 18