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ABSTRACT

The technigue of solution spectrofluorimetry
as a means of inorganic trace analysis has been
investigated and several analyt?cal applications are
suggested. Thallium (I) (1 to 8ug.) is determined by
measurement of its violet fluoregcence in a hydrochloric
acid - potassium chloride medium. Extraction as
thallium (III) chloride into ether effects its
quantitative separation from all major interferences
in this method.

Methods have besen devised for the determination
of submicrogram amounts of aluminium and beryllium
using their blus fluoresgent complexes with 2-hydroxy—
5-naphthoic acid at pH5.8 and 7.5, respectively.
Adaptation of standard optical methods indicates the
formation of_l:l complexes betwsen the reagent and
these metals. Aluminium and other metal ions are
prevented from interfering in the beryllium deter-
mination by masking with the complexone, CDTA. Several
reagents structurally similar to 2~hydroxy-3-naphthoic
acid have also been investigated qualitatively.

An investigation of carminic acid as a spectro-

fluorimetric reagent for molybdenum and tungsten,



(ii)

with Wbicp it forms red fluorescent complexes, is
described. By incorporation of a thiocyanate extrac-
tion procedure, this reaction has been applied_to

the determination of the molybdenum content (0.0l -
0.1%) of some B.C.S. mild steels. No spectro-
fluorimetr;c method has hitherto bsen evolved- for -
molybdenumn,

The spectrofluorimetric determination of microgram
amounts of scandium With salicylaldehyde semicarbazone
has been investigated. Scandium is separated from
interfering ions by removal of transition metal cup-
ferrates followed by extraction of scandium from acid
mediun into tri-n-butyl-orthophosphate and back-extraction
into water.

In the final chapter, some suggestions are made
of promising methods offextending the present limited
scope of solution spect%ofluorimetry in inorganic

analytical chemistry.
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Introduction.

The theoretical basis of the technique of spectro-~

fluorimetric analysis has been well described by Bowenl,

Pringsheime, BartholomewB, Porker and Reesqﬁi Wests,
and others.

Fluorescence differs from other emission phenomena,
viz, the Tyndall effect, Raman scattering, etc., in that
it involves the absorption and subsequent re-emission
of light, at the same or, more generally, at a 1onger
wavelength. When light is absorbed, a molecule is
raised to one of the electronically excited levels,
see Figure l. Almost all molecules then drop back
very quickly (ca 10712 seconds) into the lowest
vibrational level of the upper excited state, from
which a proportion of ﬁhe excited molecules may then
return to the ground state with the emission of
fluorescence. Others lose their excess energy in
other ways, e.g. by conversion to the triplet state,
by inter-molecular collisions or by photochemical
degradation. Although fluorescence ﬁay be exhibited
by solids, ligquids or gases, this discussion will be
limited tp a consideration of the fluorescence of

solutions.
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A distinction should be made between fluorescence
and phosphorescence:. The basi¢ dilference is in
the liietime of the emission after excitation has
ceased. Fluorescence is an almost. instantaneous pro-
cess, usually occurring within 10_8 seconds, while
phosphorescence may have a lifetime of up to several

seconds. Fluorescence occurs with the singlet-singlet
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transition from the first excited state to the
ground state. Although it is a spectroscopically
forbidden transition, a smell proportion of the
molecules may fall into the lowest triplet level
where their lifetime is increased by the lower
probability of inter-molecular collisions. The
triplet~singlet transition to the ground state
may then occur with the emission of phosphorescence.
- It should be noted, however, that because of their
relatively long lifetime in the triplet state, these
molecules are very susceptible to quenching processes
and that, for this reason, phosphorescence rarely
occurs at normal temperatures. It has been shown,
however, that many more substances exhibit phos-
phorescence at low temperaturss, €.g. 77°K, where
quenchipg by inter-molecular collisions is much
reduced, Much work remains to be done on this topic.
If all of the molecules excited by absorption
of light return to the ground state with the emission
_of fluorescence, then one gquantum of fluorescent
light is produced per gquantum of exciting light
absorbed and the process has a fluorescence or quantum
efficiency of unity. In practice, because of the

factors discussed above, this does not occur and a
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fraction of the excited molecules returns to the
ground state by other processes which do not involve
the emission of fluorescence. Thus the fluorescence
efficiency is invariably less than one. By definiﬁion,
the rate of emission of fluorsscence equals the rate
of light absorption (in quanta per unit time) multi-

plied by the quaentum efficiency of the system, i.e. 1~

Fo= [I,(1-10" *°%)].¢
where F = total fluorescence intensity (in quanta per
unit time).
I, = intensity of exciting light (in quanta per
unit time).

€ = molecular extinction coefficient of the
solute at the exciting wavelength.

¢ = molar concentration of the solute.
¢ = path-length of solution (in cm).

and @ = quantum efficiency of fluorescence.

For a very dilute solution in which only a small

fraction of the incident light is absorbed, this

simplifies to:-

P o= 10-2.3 2000‘506 .
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Thus if all other factors are kept constant,
the intensity of fluorescence produced is directly_
proportional to the concentration of solute present.
It can also be seen that the fluorescence intensity
varies directly with the intensity of the exciting
lighte. Therefore very low concentrations of
fluorescent solutes can be measured simply by using
a very high intensity of light to excite their
fluorescence. This point shows the basic difference
between spectrofluorimetry and absorption spectro-
photometry. In the latter technique the detection
limit or sensitivity is governed by the minimum
measurable difference between two light intensities
and the absolute intensity of the radiation has
(within limits) no effect on the sensitivity of the
measurement. For fluorescence, however, given a
high intensity of exciting light and very sensitive
amplification and detection system, there should be
no limit to the concentrations detectable by solution
spectrofluorimetry. In practice, of course, this
does not hold. The thermal noise of the photomultiplier
and circult is sometimes significant but the sensi-
tivity of any given method is most often limited by

the magnitude of the background (blank) fluorescence.
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This may be largely due to the intensity of fluorescence
of the organic reagent used under the conditions

of the deterunination, or, if the resgent shows no
fluorescence, it may arise from fluorescent impurities
in the reagents or solvent, first or second order
scattering of the exciting light and Raman scattering
by the solvent.

This last possibility has been discussed in
detail by Parker7 who investigated the effect for
several solvents. When light falls upon a substance,
some of it is scattered in all directions at. the
same frequency but a small proportion interacts with
the vibration and rotational modes of the molecule
and is therefore re~emitted with a slightly longer
wavaelength, The difference in wavelength between
the absorbed and emitted radiation correspopds to
the energy absorbed during this interaction. Since
- most of the cemission occurs at a longer wavelength
than the incident radiation, it may therefore interfere
significantly with the measurement of the fluorescence
of a solute 1f this is of very low intensity anq of
a wavelength near to that of the Raman emission.

Only the main Raman band need be considered, the

intensity of others being too low to cause interferense.
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Water, for example, shows its gost prominent band
at a frequency approximately O.3u-l lower than that
of the exciting light, e.g. excitation at 365mu
produces a Raman band at 4l6émpu. While other con-
tributions to the blank fluorescence can be minimisgd
or even eliminated by purification of reagents, etc.,
Raman emission from the sclvent cannot be overcome
in this way.

From the above discussion it may appear that
any ion or molecule which has absorbed a quantum
of light should be capable of yielding fluorescence,
but, in practice, only molecules with relatively
stable excited states can stabilize the absorbed
radiation sufficiently to permit ;e-radiation of
the excess cenergy as fluorescence. These include;~
a) Tons of transition elements or of rare earths
(§m, Eu, Dy, etc.) and inorganic compleXes,
- Pt(CN)§~, U022+, where the excited electron is
a 'd" or 'f' electron in the atomic shell and not
an outer valency electron.
b) Organic molecules with conjugated x electron
systems, where the excitation of a n electron to an
upper level has only a small influence on the structure

and stability of the molecule.
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The author's work has been concerned with the
applications of spectrofluorimetry only as applied
to ilnorganic analytical chemistry. The figld of
organic analysis has not been investigated.

Possibly the greatest limitation to the use éf
fluorescence as an analytical technique is the
phenomenon of '"'quenching' . This gencral tern
has been used above for convenience to describe any
factor which decreases the observed intensity of
fluorescence, although, more correctly, one should
clearly ‘distinguish between true ''quenching' and
"inner-filter " effects. True quenching may be
defined as any process which reduces the quantum
efficiency of a system. This may be caused by
inter-molecular collisions between excited molecules
(this is normally termed ''self-quenching ') or
between an.egcited molecule and other molecules
present, c.g. the solvent molecules, which remove
the excess celectronic energy of some of the excited
molecules and thus decrease or eliminate the emission
of fluorescence. Similarly, quenching may be caused
by the addition of another substance to the systen
which may either increase the collision frequency

of the fluorescent molecules, e.g. by decreasing
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the viscosity of the medium, or which may take part
in complex formation with them. This subject has

6 and his paper should

recently been treated by West
be consulted for a discussion of ths theoretical
aspects of this problem.

It has also been reported5 that dissolved oxygen
is a common quenching agent, particularly in orgamic
fluorimetric analysisg, presumably owing to inter-molecular
collisions with the fluorescent solute, but this effect
was not found to be significant in the systems inves-
tigated by the authpr and is therefore not considered
in more detall here. T% is advisable, however, to
check the effect of de~aerating solutions when a new
fluorimetric method is being developed.

Of much greater importance in the author's work
have been '"inner-filter ' effects, which arise when
a substance is present which absorbs at the wave-
length of either the excitation or the fluprescenoe
emission of the system under investigation, For
example; if a small amount of Fe(III) - EDTA solution
is added to a solution of salicylic acid which has
a fluorescence emission at about 430mu, although no
reaction will occur, a proportion of the fluorescence

emitted by the salicylic acid will be absorbed by
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the yellow solution added and hence the observed
fluorescence intensity will decrease. As most of

the fluorescence systems commonly used have excitation
and emission maxima invthe region 300 - 650my, any-
thing which absorbs in the near ultra-violet or
visible region will tend te produce inner-filter
quenching. Thus in the molybdenum~carminic acid
system described later, the reagent, which is highly
coloured, has an absorption meximum near the fluorescence
emlission peak of the molybdenum complex so that,
beyond a certain point, any further increase in
reagent concentration produces a significant Qe—
crease in the measured fluorescence intensity.

A further factor which may reduce fluorescence
and which may be regarded as a form of inner-filter
quenching, is so-called ''concentration quenching .
This occurs when the concentration of the fluorescent
solute is such that the solution may no longer be
regarded as ''very dilute " (above about lg/4 for
most fluorescent dyes). In such systems a further
increase in solute concentration will produpe a
decrease in observed fluorescence intensity. This
has been attributed to the formation of non~fluorescent

polymeric species, a process which may also be
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favoured by increase in the electrolyte concentration
of the medium,

One further cause of quenching of fluorescence
is increase of temperature which increases the
probability of inter-molecular collisions. This
has been extensively reported in the literature and
all of the systems investigated by the author have
shown a decrease of fluorescence of the order
of 1 - 2% per °¢ temperature rise. This is not a
great drawback where the variation in working temper-
ature is small (< + SOC) but it indicates that if
fluorescence measuremerts could be made at lower
temperatures, c.g. 77°K, quite spectacular improve-
ments in sensitivity would result.

At this stage it 1s desirable to consider the
instrumentation necessary for spectrofluorimetry
and this is probably best done by describing the
instrument used by the author, which is typical of
the instruments commercially availavle at presecnt.

The basic lay-out of the Farrand spectrofluorimeter
is shown in Figure 2, the optical diagranm in Figure 3
and the actual instrument used in Figure 4. Ultra-
viclet and visible energy from a xenon arc lamp is

focussed on the entrance slit of the excitation.
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monochromator. Light of the selected wavelength is
directed from this monochromator onto the sample
and the resultant fluorescent radiation enters the

"znalysing' monochromator at right angles to the
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To this monochromator is attached

a photomultiplier which produces a signal which is

amplified and displayed on a microammeter or transferred
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to a chart recorder. .
The light source is a high-pressure 150 watt D.C.
xenon zrc lamp which gives a continuous spectrum
from about 220mu, through the visible region and well
into the infra-red. The lamp power supply uses A.C.
meins input and rectifies this to D.C. When the
circuit is first switched on, a momentary potential
of 25 to 4OK volts strikes an arc across the electrodes
of the lamp and, after.a fraction of a second, the
operating voltage of 18-20 volts takes over. During
operation the lamp is cooled by air blown by a fan
situated in the top of the lamp-housing. The lamp
output is focussed onto the entrance slit of the
exclitation monochromator by means of an off-axis
ellipsoidal reflector (not by the quartz condensers
shown in Figure 3). A gquartz window is fitted in
the aperture tube of the lamp-housing to prevent
the entry of cold air currents Wpich could adversely
affect the stability of the lamp. Light entering the
nonochromator is collimated by the first sphericel
congave nirror, then dispcrsed by the diffraction
grating and focussed by the second spherical mirror.
It passes vig a diagonael mirror through the exit slit

to the sample compartment. The monochromators used
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each have a wavelengbh range of 220-650mu: and use
replicatg diffraction gratings with 14,400 lines
per inch. Metal slits with eqpivalent bandwidths
of 5, 10 and 20my are provided. It is normally
preferable to use the narrowest slits which will
provide enough energy for efficlient operation of
the photomultiplier.

The senple compartment is located between the
two monochromators. In all of the author's work,
fused quartz cells of size 10 x 20 x 50mm have been
used, although smaller cells (10 x 10 x 48mm and
2 X 3 x 40mm), which require less volume of solution,
are available. The ce;l—holder nay also be adepted
to take a solid sample. The fluorescent radietion,
taken at rightanglcs to the incident light to minimise
interference from recflecteda light and fluorescence
from the cell walls, passes through the 'anslysing '
monochromator, which is identical with the sxcitation
monochromator, and fal;s upon the photocathode of
an R.C.A. IP21 or IP28 photomultiplicer tube. These
tubes vary in thelr spectral response, current ampli-
fication and signal-to-noise ratio. 9-~stage IF28
tubes were used throughout the work described in

this thesis. The photomgltiplier power supply uses
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A.C. malns input and rectifies this to a stabilised
900 volts D.C. output. '

The R.C.A. micro-anueter used (Type WV—84C) has
six sensitivity renges which permit the direct measure-
ment of currents from 0.0002 to 1000 p amps. This
has becen used in conncction with a Minneapolis-~Honeywell-
Brown chart recorder, the motor of which is geared to
drive either of the monochromators; alternatively at
fixed waveclengths the effect of time may be studied
automatically. The chart width is 10 inches, the
response time is one second and paper passes at a
ratg of 10 inches for a coumplete spectrum scan,
i.6e 220-650mu. A choice of chart speeds (ranging
fron l% to 40 inches per minute) is available; it is
normally preferable to use the slowest possible speed
in order to obtain optimun resolution of spectra.

Figure 3 shows that there are two filter posi-
tions in the spectrofluorimeter. The first, at the
entrance to the excitation monochroaator is intended
for a filter which transnits ultra-violet but not
visible radiestion from the source, thus prsventing
the pick-up of stray light of longer wavelengths in
the second monochromator. In some experiments a

Corning 7-54 filter (transmittance > 7596 over the
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range 275 to 375wu) was used in this position. In
the second position, at the entrance to the analysing
monocnromator, a filter may be placed to eliminate
all stray ultra-violet light if the fluorcscence
being produced by the sample is in the visible region.
Corning filters 3-72 and 3-73 (transmittance > 75%
above 490mu and above 455mu respectively) are suitable
for this purpose.

This spceectrofluorimeter is a single-beam instru-
ment which measures the fluorescence intensity of
any sample solution under given conditions. This
neasured signal is clearly dependent not‘only upon
the sample being irradiated, but alsc upon the intensity
of the lamp emission at the wavelength used to excite
fluorescence, the transmission characteristics of
the two nonochromators and the sensitivity of the
photomultiplier-amplifier response at the wavelength
of the¢ fluorescence produced. Thus the fluorescence
intensity measured under any given set of instrumental
conditions is purely relative and has little absolute
significance. Parker and Rees8 have described nethods
for the ccrrection of excitation and fluorsescence
spectra for these factors in prder to obtain the

J

"Srue'' spectra for the system. The true excitation
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spectrun is obtained by correcting the observed
spectrum for the spectral distribution of the

sourcé and for the transmission characteristics

of the excitation nonochromator. Similarly, cor-
rection of the observed fluorescence spcctrum for
the cheracteristics of the analysing moncchromator
and for the variation in the detector sensitivity
gives the true fluorescence spectrum. Such pro-
ceduras infolve tedicus point~by-point corrections
and yield spectra of doubtful value to the analytical
cheitist. Although it is obviously valuable to khnow
the true positions of excitetion and fluorescence
peaks of a system, the ''apparent ' or observed
naxima are of more practical significances, i.e. the
nonochronator wavelength settings which will prodpce
maximum response on the operator's own instrument.
For practical purposes, therefore, it is preferable
to use the uncorrected spectra as obtained directly
from the instrument’'s chart recorder.

Ag discussed previously, in solution spectro-~
photonetry the nmeasurecent made is of a ratio between
the absorbances of two solutions. This should,
thersfore, be largely independent of instrumental

variables such as lamp intensity and detector
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sensitivity. In spectrofluorimetry, however, the
signal measured is a micro-ammeter reading which
depends not only upon the sample solution but also
upon the ;amp intensity, type of photomultiplier
used, etc. In the author's expsrience, using
identical conditions at different tiuwmes, the signal
received may vary by about a factor of three. This
has been attributed to the xXenon arc lamps used

which appear to strike different arcs from time %o
time, thus producing different intensities of light
for excitation of fluorescence. Consequently, the
intensity of the fluorescence produced by a given
solution'varies, leading to differences in the signal
necasured. This demonstrates the need for a fluorcescent
standard to which observed fluorescences intensitie;
may be rclated. A dilute solution of quinine in 0.1M
sulphuric acid heas been recomnended for this purpose6.
This solution has an exXclilbtation meximunm atABBOmu and
its fluorescencc enission maximun at 450mu. By
neasuring the response duc to a standard solution
(say 107% in quinine bisulphate) at these wavelcngtbhs,
the sensitivity of the instrument may be checked
before and after ceach experiment. Before it is

possiblc to compare the sensitivities of two
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analytical methods, account nust be taken of differ-
ences in instrumental parameters under the condi-
tions used. Thus if two methods for the determination
of, say, 1lOug. of aluminium give identical fluorescencs
intensities when measured at a wavelength of 500w
with excitation at 350mu for method A and at 400m
for uethod B, if the intensity of the lamp emission
is twice as great at 400mu as it is at 350mu, it is
obvious that the true sensitivity of method A is
twice that of method B. This may be allowed for by
correcting the observed fluorescence intensity for
this difference in lamp intensity (and also, if
appropriate, for variations in photomultiplier
response at different emission wavelengths), then
relating the result to the fluorescence intensity

of a standard gquinine bisulphate solution similarly
corrected. This has been done9 for some spectro-
fluorimetric procedures for the determination of
aluninium, beryllium and gallium. It should be
noted, however, that this type of correction nay be
misleading because it expresses the true sensitivity
of a method and not the relative size of the response
which will be observed with a given instrunent used

under its optimunm conditions, which is more ilmportant
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to an analytical chenist.

The biennial reviews of Whitelo give a cou-
prehensive sufvey of the field of fluorescencs
analysis and a useful summary has recently been
published by the sane authorll. Exanples of purely
inorganic fluorescent systens are limited and to date
there has been only a restricted number of applications
in analytical cheanistry. Of greater importance are
the nuncrous systcms in which an inorganic species
recacts with an organic compound to produce a compound
which exhibits a different fluorescence. Thesa
inorganic-organic systemns may be broadly divided
into four classes, viz:

(1) +those in which the fluorescence of the organic
reagent or of a coumplex is '"quenched ' by reaction
with a cation, e.g. the alurinium-~-Pontachrome Blue
Black R complex with Fe(III),12 ete:

(2) reaction of a cation with a non-fluorescent
organic reagent to produce a complex which exhibits
fluorescence, e.g. A¢ with 8-hydroxyquinolin613:
(3) rcaction of a metal ion with a fluorescent
reagent to produce a conmplex which fluoresces at a
different wavelength, e.g. Af or Be with
2-hydroxy-3-naphthoic acid;
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(4) intremolecular ensrgy transfer reactions in
which the fluorescence is excited by frequencies
absorbed by the organic part of the molecule and is
eunitted at wavelengths characteristic of the inorganic
ion present, ¢.g. Bu or Sm with thenoyltrifluoroacetonel4.
It is not proposed to give a complete survey of
the fluorescence reactions which have analytical
applications. To date thesg appear to have been
linited to inorganic ions which have either full or
enpty 'd' electron shells, Mention should perhaps
be made, however, of some of those which han'
become the classic fluorescence reactions, e.ge.
forin (2',4',3,5,7 - pentahydroxyflavone) ? which
gives fluorescent complexes with gluminium, berylliun,
gallium, indium, scandiun, etc.; 8-hydroxygquinoline
(’oxine)l3 which has been usced to determine a range
of netal ions; Pontachrome Bluec Black R (4-sulpho-2-
nydroxynaphthaleneazonaphthol) which forms a fluorescent
complex specifically with aluminiu;l6.
Boceﬁse sneetrofluoringtcrs, as opposed to
filter-fluorineters, have become available only
within the past decade, there is still considerable

scope for cxpansion in the epplications of this

nethod of analysis,
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The objectives of the work described in this
thesié were, firstly, to investigate the potentialities
of solution spectrofluorimetry as an inorganic analy-
tical technique and then to use this technique to
extend the rather limited range of metals which may
be determined by fluorescence reactions. This has
been carried out by developing procedures in_a manner
similar to that used for spectrophotometryl7, ethods
have been developed for the quantitative determination
of severnl metals, viz. aluminium, beryllium, thallium,
scandium, molybdenum and tungsten, based on previously
reported qualitative fluorescence tests for these
eélements. .

The method used for the determination of thalliuml8
is a purely inorganic system, the fluorescence being
attributed to the T&C&BQ-

chloride-hydrochloric acid medium. No other ion

an ion formed in a potassiunm

investigated reacted similarly, but several interfered
with the determination of thallium in other ways. A
solvent extraction system was, therefore, devised to
- separatve microgram amounts of thallium quantvitatively
from the more important interfering cations.

All of the other reactions investigated by the

author depended upon the formation of a fluorescent
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complex between the metal ion and an organic molecule
containing a conjugated m electron system., Alumipium
and beryllium were determined down to the 2 and 0.2
parts in 109 levels, respectively, by measurement of
their blue fluorescent complexes with 2-~hydroxy-3-
naphthoic acidlg. £luminium and other metal ions
were prevented from interfering in the beryllium
determination by masking with the calcium complex of
COTA (cyclohexanediaminetetra~acetic acid).

The reagent used for the determination of molybdenum

20, carminic acid, was selected for two

and tungsten
reasons; firstly, beceuse it contains adjacent hydroxyl
and carboxylic acid groups on one of the aromatic rings
(cf. 2-hydroxy-3-naphthoic acid), and secondly, because,
although its reaction with molybdenum had been noted,
no fluorimetric method for the determination of this
element had previously been described. Both metals
form red-fluorescent complexes, but their dete;minations
were subject to several cationic interferences. A
simple thiccyanate extraction proéedure was, therefore,
evolved which was then successfully applied to the
determination of 0.01 - 0.1% of molybdenum in some

21

B.CeS. mild stecls™. The simultaneous extraction of

tungsten was prevented by complexation with citric
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acid.

Salicylaldehyde semicarbazone, a Schiff's base
which forms blues fluorescent complexcs with several
metals, has been used for the spectrofluorimetric
determination of microgram amocunts of scandiumgg.
Again an extraction procedure was deviged to ssparate
scandium from relatively largce amounts of other

elements including yttrium and aluminium which behave

similarly with this reagent25.
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CHAPTER I.

The Spectrofluorimetric Determination of Thallium.

Several colorimetric methods are available for
the determination of small amounts of thallium in

solution; these utilise the reagents methyl violet24,

26 3ithizone2’, thionalide=o
29 .30

Onishi

Rhodamine B2, iodine

and 8-hydroxygquinoline has proposed a

fluorimetric method for the determination of 2-20ug.

of thallium in which the orange-yellow fluorescence

of Rhodamine B chlorothgllate in benzene solution

was measured at about 580mu. In this method the

thallium (III) was separated from other elements by

extractien into chloroform as thallium dithizonate

and then into benzene as Rhodamine B chlorothallate.
This chapter describes an investigation of the

fluorescence reaction between thallium (I) and chloride

ion and the development of a method for the deter—-

mination of microgram amounts of thallium using the

violet fluorescence produced. This fluoregcence was

31

first reported by Pringsheim and Vogels and

subsequently applied to the detection of thallium
in oYres and other minerals by Sill and Petersonag.

After completion of this investigation by the writer,
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a more recent paper by Bock and Zimmer was noted
which described the spectrofluorimetry of thallium (I)
in strong sodium chloride solution in the absence of
hydrochloric acid. Their note gave the excitation
and fluorescence spectra of the system but contained
no interference data and did not describe an analy-
tical procedure.

The violet fluorescsncs was attributed by
Pringsheim and Vogelsal to the existence of the
complex anionic Tzceaat'species, with neither HyT¢Cey
(formed in the presence of considerable acid) nor
thallium (I) ion showing any fluorescence. Their
experiments on the absorption spectra of thallium (I)
solutions ip various chloride media were not re-
peated here. This fluorescence could only be obtained
in a mediunm containing a vast excess of both alkali
chloride and hydrochloric acid. It was, therefors,
not possible to employ the mole-ratio, slope-ratio
and continuous variations procedurcs to elucidate
the nature of the fluorescent species. The fluorescence
emission was at 430mu with an excitation wavelength
of 250mu in a concentrated hydrochloric acid-potassium
chloride medium. Optimum conditions were established

for the determination and the effects of numerous ions

L)
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were investigated.

Several possible extraction systems were
examined for the separation of thallium from the
more important interfering ions. At pH5.8, in
the presence of EDTA to mask possible interferencss,
T¢(I)~oxinate was found to be extractable into
chloroform, which afforded a separation from
Cu(II), Fe(III), etc.; excess EDTA, which would
otherwise prevent formation of the Te(I)-oxinate, was
masked with calcium. The oxinate showed a yellow
colour and a weak bluse~green fluorsescence. Shaking
the chloroform extract with potassium chloride-
hydrochloric acid solution returned the thallium to
the agqueous laysr but eny resultant T60552— fluorescencs
was obscured by the light absorption at 43%30mu of the
deep yel;ow coloured solution caused by the presencs
of oxine.

Attempted removal of interfering ions by
extraction of their cupferrates into chloroform
resulted in a green organic phase probably caused by
an oxidation product of cupferron. The absence of
fluorescence in the remaining aqueous phase was
attributed to either, (a) extraction of the thallium

into the organic phase, or (b) absorption of the
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excitation light by non-extracted cupferron or its
decomposifion products. In either case the method
was unsatisfactory. Acetylacetone extraction of
interferences was zlso considered, but rejected
because acetylacetone dissolved in hydrochloric
acld to give a yellow solution, which reduced the
thallium (I)-fluorescence by an inner-filter effect.

The extraction system finally adopted gave an
efficient and selective separation of thallium and
depended upon oxidation of thallium (I) to thallium (IITI)
with hydrogen peroxide followed by extraction of
thallium (III)-chloride into diethyl ether from the
optimum concentration of hydrochloric acid. Thallium (I)
could not be extracted quantitetively from hy@rochloric
acid into diethyl ether, but extrsction from l.5M
hydrochloric acid separated thellium (III) almost
quantitatively from all foreign ions investigated
except Au, Bi, Pt (IV) and Sb (V) which also extracted
to varying extents. The efficiency of the separation
was fu;ther improved by washing the ether extract
with 1.5M hydrochloric acid to back extract small
amounts of Fe (III) which extract with the T& (IID)
to an extent of <. 1% . The ether phase was then

evaporated to dryness, redissolved in water and the
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thallium (III) reduced to the univalent state by
gaseous sulphur dioxide before the determination.
Although the extraction of thallium (III) chloride
into diethyl ether had previously been applied on

a macro scalé34, this lnvestigation showed that it
could also be used successfully for microgram amoun?s
of thallium, with an extraction efficiency of ca. 98%
in the range of 1 to 8ug. of thallium,

Experimental.

Reagents.
Standard Thallium (I) solution.

A 10721 thallium (I) solution was prepared by

dissolving 0.2525g. of AnalaR thallous sulphate (T&ESO

in water and diluting to 1 litre, using water from an
all-glass distillation apparatus . This stock solu-
tion was diluted to 10~ M as required.

Hydrochloric acid,

AnalaR grade was used. A 2M solution was
prepared by dilution of 45ml. of concentrated acild
to 250ml. with water.

Saturated potassium chloride solutions

This was prepared by dissolving ca. 150g. of
reagent grade potassium chloride in 500ml., of boiling

water, filtering the solution while warm and allowing

)
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it to crystallise on cooling. The saturated solution
was approximately 4.1M in potassium chloride and was
standardised by determining the chloride content by
Volhard's method.

Hydrogen peroxide.

6% (20-volume) general purpose reagent grade
solution was used.

Diethyl ether.

Solvent grade.

Sulphur dioxide.

Liguefied.

Foreign ions.

O.1M, 0.02M or 0.01M solutions of AnalaR salts

were used.,

Apparatus.

Fluorescence measure—~nts were made with the _
Farrand spectrofluorimeter (Farrand Optical Co. Cat.
No. 104244) described in '"'Introduction' . 20mu
bandwidth slits were used in both the exci+ntion and
analysing monochromators and no filters were used
during these éxperiments.

Spectral Characteristics.

Figure 5 shows the excitation and emission
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spectra for the thallium (I) ion in hydrochloric
acid-potassium chloride solution., The thallium (I)
concentration used was 2.5 X 10-4M and the_spectra
were plotted on the x 10 sensitivity scale. For
curve (A) the emission was measured at 430mu and for
curve (B) the excitation wavelength was set at 250mu.
These spectra are uncorrected for variations in the
emission characteristics of the lamp, the trans-
mission of the two monochrpmators and the rgsponse
characteristics of the IP28 photomulvipliere. The
relevant correction curves are given in Figure 6.
Curve (B) shows the relative sensitivity of the
photomultiplier against Wavelength and is the curve
supplied by the manufacturers. Curve (A), the spectral
characteristics of the lamp plus the excitation mono-
chromator, was obtained by arranging the instrument
for transmission measurements (see Figure 3) and
scanning the exitation monochromator over the range
220-650mts The '"total '' spectrum thus measured was
then corrected point-by-point for the photomultiplier
response to obtain curve (4)., Interchanging the
monochromators snowed that their transmission charac-

teristics were virtually identical.
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The excitation maximum occurs at 250my and the
fluorescence emission maximum at 430mu. Figure 7
shows the emission spectra of more dilute solutions
(uncorrected) at much increased sensitivity Withlwide
(bandwidth 20mp) slits and no protective filters.

For these spectra an excitation Wavelength of 250mu

was u;ed and measurements made on the x.,1 sensitivity
scale. Curve (A) was obtained with a thallium (I)
concentration of 4 x 10”7 and curve (B) with no
thallium present. The peak at approximétely 510mu

is attributed to second-order diffraction from the
analysing (grating) monochromator. The peak ab

about 360mp may have been caused by fluorescent
impurities in the solventg used, analogous to the
effects noted by ParkerBS. Some tests with optical-black
paper inside the excitation monochromator designed

to minimise internal reflections, howsever, suggested
that the cause was stray light of wavelengths other
than 250mu being reflected by the monochromator

walls, reaching_the sample cuvette and belng scattered
by the¢ solution. Using an excitation wavelength of
250mu, the main Raman band of water appears in the
reglion of 270mu and, therpfore, does not interfere with

the fluorescence spectrum.
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The ''tails " of the two peaks shown in Figure 7
made up the blank ''fluorescence " at 430mu. The
increase in signal at this wavelength was then
directly proportional to the thallium concentration.
For the reasons discussed above, calibration curves
prepared aﬁ thig level of concentration passed above
the origine.

Effect of hydrochloric acid and potassium chloride
concentrations.

The violet fluorescence of the thallium com~
plex anion is only obtained in the presence of
large amounts of hydrochloric acid and an alkali
chloride., The optimum amounts of sach component
Tor the determination were estab;ished by verying
their concentrations dependently. In a solution
205l in hydrochloric acid, the fluorescence intensity
increased with incrgase of potassium chloride con-~-
centration up to 0.8M. Above this level, the
fluorescence intensity remained constant and potassiun
chlori@e tended to precipitate by thg_common ion
geffects It was also shown that in 0.8l potassium
chloride, a %.3M hydrochloric acid concentration was
required to produce maximum fluorescence. Turther

increase in =2cid concentration had no effect on the
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observed fluorescewce intensity. Thus, for optimal
sensitivity, the solutipp should be ca. 3.3H in
hyd;ochloric acid and 0.8M in potassium chlpride,
iees 100ml. of solution should contain 30ml. of
concentrated hydrochloric agid and 20ml. of saturated
potassium chloride solution. .

A slight reduction in the fluorescence intensity
(< 10%) was observed when ammonium chloride or
sodium chloride was substituted for potassium chloride
in the recommended procedure. Replacement of the
potassium chloride by the bromide or iodide yielded
no measurable fluorescence; in the latter instgnce
the yellow solution absorbed strongly at 430mu.

Effect of time.

Thallium (I) in a strongly acid medium is
oxidised by air to thallium (III) and this process
is accelerated by ultraviolet radiation. Since
yhallium (III) chloride is non-fluorescent, an
8 x lO_7M solution of thallium (I) prepared by the
recommended procedure showed an average reduction
in fluorescence intensity of 10% gfter standing for
tﬁo hours in darkness (cf. Figure 8A) and a reduction
of 14% after standing for.two hours under normal

laboratory colmiitions, i.e. under fluorescent-tube
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lighting (cf. Figure 8B). However, continuous
irradiation of the solution at 250mu in the spectro-
fluorimeter completely destrpyed the fluorescence
within one hour (cf. Figure 8C). In practice this
is not a serious limitation becsuse the solution is
only irradiated for a short time during analytical
measurements,

Effect of temperature.

The effect of temperature on the intensity of
fluorescence was investigated by preparing three sets
of identical solutions and allowing their fluorescence
to develop while immersed in an ice-bath, at Toom
temperature and while immersed in water at ca. 50°¢,
respectively. Between the limits of the temperature
range studied, i.e. 5—430, a decrease of fluorescence
intensity with increase in temperature of development
was found whicn correspondeit;a temperature coefficient
of ca. 1% per °C (cf. Figure 8D). Under normal
leboratory conditions, all measurements of the thallium
fluorescence were made at 2§i§OC and the observed
fluorescent intensities were compared with standards prepared
simultaneously, so that the existence of this tem-
perature coefficient did not alter the validity of

the results obtained. It was necessary, however,
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to minimise the generation of heat of mixing between
concentrated hydrochloric acid and water during the
preparation of samples for measurement, by adding
the acid to as large a volume of water as possible
and mixing thoroughly immediately.

Precision.

The precision of the method at its maximum
sensitivity was found to be compounded of (a) the
chemical precision, i.e. the reproducibility in
fluorescence intensity of a series of identical
solutions and (b) the instrumental precision, i.ce.
the reproducibility obtainable in the scale reading
using the instrument on its most sensitive scale.
These two factors were estimated separately by
multiple determinations, (a) using sufficient

thallium (80ug) to give readings on a less sensitive

scale (x 0.1) where instrumental ''noise was neg-
ligible (See Table 1); and (b) using 8ug. of thallium
and measuring directly on the most sensitive scale

"" was appreciable,

(x 0.01) where instrumental ''noise
without treating the solution by the extraction

procedure (see Table 2).
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Sample Scale Net thallium

no. | reading (x.1l) response Deviation | Variance

1 79,0 72e"7 +0.4 0.16

2 79.2 72.-9 +0.6 Os 36

3 7‘705 71.2 "lp l l. 21

I-l- 78.3 72»0 "0-03 O.. 09

5 79#5 73;2 +0.09 O.- 81

7 79.5 73.2 +0.9 0.81
Blank Be3 -

Mean = 7243
. . .2 N v ‘
Stendard deviation s/=f- = (2222 = /0,85 = 0.92 units
Table 2.

Sample Scale Net thallium

noe - | reading (x.Q) reaponse. Deviation Variance

l 7:Lo5 56o 5 -0‘6 Oc 56

2 7440 59.0 +1.9 3,61

5 72.:0 57. O "Oc l Oo Ol

4 71.5 56.5 -0.6 0. 36

5 7105 56- 5 _0.6 O‘o 56

6 725 575 +0.4 0.16

7 72!0 57.0 "O.l OoOl

: Mean~=<57?l

Standard deviation

=_n_~'_;§f =J£§Z = J0.8L = 0.90 unitd




The results shown in Table 1 gave a thallium
response of 72.%3+0,9 units which indicated a chemical
precision of +1.3%, whilst Table 2 gave a response
of 57.1+0.9 units, corresponding to an instrumental
precision of il.69b. It should be pointed out,
however, that, strictly speaking, this was a com-
promise method of estimating the chemical precision,
because, in order to eliminate the instrumental
"noise", each sample contained ten times more thallium
than the maximum used for the actual determinations.
Accuracy.

The data given in Table 3 were obtained from
the results of the analysis of unknown thallium
solutions by the recommended procedure (see later).
Two standards were prepared and measured with each
group of samples, using O and 8.l6uge. of thallium,
respectively. In each case the result quoted in
Table 3 was the average of the results of two simul-
taneous determinations.

Effects of foreign ions.

The effects of 54 foreign ions on the thallium
fluorescence in pure solution were studied. None of
the cations investigated produced a fluorescence

similar to that of thallium, but several, when present
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pge Thallium | Error | Error Foreign ions present
Foreign ious present
Sample| Present | Found| (pg.)| (%) (pg. ) :
1 4.90 4,57 1 =0.33 | -6.6 |Fe(III) (5600)
2 6.92 6.72{ -0.20{ -2.9 |[Fe(III) (5600)
3 3.87 3.75 -0.12| -3.1 |Fe(III) (5600)
. 3.26 3,26 - - | Pe(III) (5600)
5 591 6413 | +0.22 | +3.7 |Cu(II)(630), Hg(II)(2000)
6 3.67 72,77 | +0.10 | +2.8 | Cu(II)(630), Hg(II)(2000)
7 3.87 4,04 | +0.17 | +4.4 {Cu(II)(6%0), Hg(II)(2000)
8 4,08 3.89 | =0.19 | -4,7 | 41(2700), zZn(6500)
9 7.14 6.72 | -0.42 | -5.9 | A41(2700), Zn(6500)
10 5.91 5.87 | -0.04 | ~0.6 |Be(900), Mg(2400)
11 7.95 7.78 | -0.17 | -2.1 |Be(900), Mg(2400)
12 3.87 3,75 | -0.12 | =3.1 | A1(2700), Ba(l3700)
13 6.31 611 | ~0.20 | =3,2 |A1(2700), Ba(l3700)
14 2.2k 2424 - - Be(900), Mg(2400)
15 4,28 4450 | +0.22 | +5.2 |Be(900), Mg(2400)
16 510 4,87 | 0423 | =4.5 {Co(5900), Fe(III)(5600)
17 Dell 6.68 | -0.46 | =6.5 {C0(5900), Fe(III)(5600)

in relatively large concentrations, showed fluorescence
at different wavelengths, e.g. lead (excitation

meximum 290wy / fluorescence maximum 480mu. ),

copper (I) (390/460m.), tin (II) (270/480m1) and

cerium (III) 250/350m1). After consideration of the
reproducibility of the determination of 8ug. of thalliunm

in pure solution, ions were considered to interfere at
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this level when they caused a variation of fluorescence
intensity of > + 5% . The investigation revealed
that the following ions did not interfere under the
above conditions; aluminium, ammonium, arsenic (III),
arsenic (V), barium, beryllium, cadmium, calcium,
chromium (III), cobalt, gallium, indium, lead, lithium,
magnesium, manganese (II), nickel, scandium, selenium (IV),
silver, sodium, strontium, thorium, tin (II), titanium (IV),
tungsten (VI), vanadium (IV), zinc, zirconium; bromide,
fluoride, thiocyanate, nitrate, sulphate and tartrate.
A 100-fold excess of the other ions investigateq caused
the error in the fluorescence intensity given in
Table 4,

The interfering cations listed in Table 4 were
then taken, normelly in large excesses (250-2500 fold)
over 8ug.‘of thallium, through the recommended extraction
procedure. The results were as shown in Table 5.

Because this method is likely to find application
in the determination of thallium in biological and
other materials which require dissolution or destruction
by wet digestion with nitric or sulphuric acids before
determination, the effects of the presence of a large
excess (ca. 106-fold) of sulphate and nitrate on the

extraction and determination were investigated.
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Variation in
Ton fluorescence Observations.
x intensity : ~ : :
antimony (V) ~49% solution absorbed at 250mu.
bismuth -69% solution absorbed at 250mu.
cerium (III) +900% "tail" of 250/350mi fluorescence
pee.k.
cerium (IV) ' +900% white cloudiness visible in °
solution.
copper (II) -21% solution absorbed at 250mu.
gold ~100%. yellow solution absorbing at
470my, .
iron (II) -25% solution absorbed at 250mu.
iron (III) -9296 solution absorbed at 250mp and
. : ' 4230my .«
mercury (II) -28% no visible effect. .
molybdenum (VI) ~100% fluorescence totally quenched.
platinum (TIV) -92% yellow solution absorbing at
. 430my »
tellurium (IV) ~-32% no visible effect.
tin (IV) -59% no visible effect.
uranium (VI) -18% yellow solution absorbing at
‘ 430mu .
vanadium (V) ~20% no visible effect.
iodide +13% no visible effect.
bromate ~100% caused oxidation Te(I)—> Te(III).
iodate ~100% caused oxidation Te(I)— Te(III).
sulphite | .-10096 fluorescence totally quenched.

The presence of sulphate .ions had no effect on the
method, but nitrate ions interfered at this level
by extraction into diethyl ether with the thallium (III).
Nitrate ions absorbed strongly at and below about

250m. and, therefore, absorbed energy at the wavelength




Table 5.

Variation in
Cation Molar excess fluorescence
SR - -+ -+ -} intensity. - -
Antimony (V) 2500 -10070
Bismuth 500 -20%
Gold 10 -6870
Platinum 200 1%
Cerium (III) 500 < + 5%
Cerium (IV) 500 <+ 5%
Copper (II) 2500 <+ 5%
Iron (II) 2500 <+ 5%
Iron (III) 2500 <+ 5%
Mercury (II) 250 <+ 5%
Telluriun (IV) 2500 <+ 5%
Tin (IV) 250 <+ 5%
Uranium (VI) 500 < * 5%
Venadium (V) 2500 <+ 5%

used for excitation.

the thallium (I) fluorescence.

This had the effect of preventing

Large excesses of

nitrate (> 100-fold molar excess over thallium) should,

therefore, be removed by fuming the solution with

hydrochloric acid before the determination.
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Calibration curve.,

To 20ml. of sabturated potassium chloride
solution, 30ml. of water and 30ml. of concentrated
hydrochloric acid_in a lOO-pl. volumetric ilask,
were gdded O0e5; 1.0, 145, 2.0, 245, 3.0, 3.5 and
4,0mle of standard thallium (I) solution
(10771 = = 2.04ug./ml. ) respectively. These solutions
were diluted to VOlume with water. After allowing
the solutions to stand for 15 minutes, the intensity
of the fluorescence was measured at 430mu with an
excltation wavelength of 250mp. The plot of fluores-
cence iptgnsity against thallium concentration
(0.01-0.,08ppu) was a straight ;ine and passed slightly
above the origin, see Figure 9, Linearity was shown
to extend beyond this upper llmlt to a flnal con-
centration of Z2ppm of thallium, i.e. 200pug. in lOOml.
of aqueous solution. Two standards were prepared
and.measured with each group of samples, gsing 0 and
4ml, of the thallium (I) solution (2.04ug./ml.),
respectively.

Extraction procedure.

An allquot of standard thallium (I) solution
(O 5-4,0ml. of 10 ﬁ[soluulon) was transferred to a

separating funnel containing 15ml. of 2M hydrochloric
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acld and 1lml. of 20-volume hydrogen peroxide,

This solution was extracted once into 25ml. of di-
ethyl ether and the agueous phase was discarqed;

The organic phase was washed with 10ml. of 1.5M
bydrochloric acid and the agqueous phase again dis-
carded. The ether phase was transferred to a 100-ml.
beakgr, the separating funnel rinsed with a further
10ml, of ether, the ether extracts combined and
evaporated to dryness on a water-bavhe. The residue

was dissolved in 50ml. of water and gaseous sulphur
dioxide was passed into the solution for five seconds.
After the addition of 1ml. of concentrated hydrochloric
acld to assist the removal of sulphur dioxi@e, the
solution was evaporated to a volume of 1O0ml. (It

was essential to ensure complete removal of sulphur
dioxide Becuése it had =2 strong quenching action on

the D6CeS

cooled, transferred to a 100-ml. standard flask con-

ion fluorescence). The solution was then

taining ?Oml. of saturated potassium chloride solution
and 30ml, cf concentrated hydrochloric acid was added.
This was diluted to volume with distilled water and |
the fluorescence measured after 15 minutes at 250/450mu.
The complete separation and determination of a set of

eight samples occupied about three hours.
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Discussion.

As a result of these investigations it became
apparent fhat this spectrofluorimeter is an extremely
sensitive instrument and, therefore, very suitable
for use in the dstermination of microgram and sub-
microgram amounts of metals by fluorescence rcactions.
In the system studied, the background ''fluorescence "
was low and constant and, by use of the simple solvent
extraction procedure described, the method was freed
from the more important interferences without loss of
sensitivity.

‘Bearing in mind that this work was done using a
xXenon arc lamp for excitation of the fluorescence, it
is possible that even grecater sensitivity could be
obtained by using a mercury discharge or mercury-xenon
arc lamp wiich would provide a much greater intensity
of radiation at 250mu,'one of the principal mercury
lines being at 253%.7mu. This would, at least, have the
effect of improving the precision of measurements limited
by instrumental ''noise "' by allowing measurements to
be made on a less sensitive micro-ammeter scale. It
does not necessarily follow, however, that the solvent
extraction procedure could be applied to lower amounts of
thallium; a ten-fold incrsase in sensi?ivity would
make the_ragge of determination O.l—O.&ug. of thallium
(0.001-~0.008ppm in the final solution).



Chapter 2.

The Spectrofluorimetric Determination of Submicrogranm
Amounts of Aluminium and Beryllium with 2-Hydroxy-3%-
naphtholc acild.

Most spectrophotometric methods for the deter~
mination of aluminium depend upon its reaction with
8~hydroxyquinoline and its derivativesa6 or the
formnation of lakes with recgents such as ""Aluminon "
(eurintricarboxylic acid) or Eriochrome Cyznine R57.
Whitelo has recently reviewed available fluorescence
methods. The résaction with Pontachrome Blue Black R
(4~sulpho-2-hydroxynaphthaleneazo naph’chol)l6 to form
a red-fluorescent complex has the advantage of condi-
tional specificity but the disadvantage that nost
readily availal.:z photomultiplier tubes are relatively
insensitive in the red region. Other sensitive fluori-
metric methods utilise Morin (3, 5, 7, 2', 4'-penta-

39

hydroxyflavone)aB, 8-hydroxyquinoline”” and various

salicylaldehyde condensation products4o. Colorimetric
and fluorimetric methods for the determination of trace

amounts of beryllium have been reviewed by Kolthoff and

Elvingql; The fluorimetric deteraination of beryllium

with Morin has been described by several workers,

42,43

including 811l et al In this procedure DTPA
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(diethylenetriaminepentaacetic acid) was used to
compleXx copper and other metallic ions capable of
catalysing the aerial oxidation of Morin in alkaline
solution and also to prevent the formation of
fluorescent complexes with scandium, yttrium and
lanthanum.

H - 46 has described the use of

Cherkesov
2-hydroxy-3~naphthoic acid (Figure 10) for the de-
tection of aluminium and beryllium,

Figure 10.

OH
COOH

2-HYDROXY-3-NAPHTHOIC ACID,

He reported that 0.0lpg. of 2luminium or berylliunm
could be detected by formation of blue fluorescent
complexes at pH3 and above; the reagent itself ex-
hibits a green fluorescencse under these conditions.,
This chapter reports the spesctrofluorimetric inves—
tigation of these reactic~s for the deteraination

of traces of aluminium and beryllium. The optimum
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conditions of pH, reagent concentration and devel-
oprnent time were established and the effects of a
large number of cations and anions were studied.
Aluminium and other metal ions were prevented fron
interfering in the beryllium determination by nas-
king with the calcium conplex of CDTA (cyclohexane-
diaminetetraacetic acid). Continuous variations,
nole-ratio and slope-~ratio studies indicated the
formation of a 1l:1 complex between the reagent and
aluniniun or berylliun and the conditional stability
constants for the complexes were evaluated.

Several reagents structurally similar to
2-hydroxy-3-naphthoic acid were selected and =
qualitative exaninetion of their fluorescence re-—
sctions with.metal ions was undertaken.

Experinental .

Spectral Characteristics.

Figure 11 shows the excitation and c¢mission
spectra for the reagent and its aluminium conplex
in aqueous solution buffercd at pH5.8. These spectra
are uncorrected for varlations in ths emission
characteristics of the lanmp, transmission of the
nonochronators and the response characteristics of

the photomultiplier. The relevant correction curves
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are given in Figure 6. Curves A and C show the
excitation and enission spectra, respectively, of
solutions containing equinolar amounts of aluminiun
and reagent. For curve A the enission was measured
at 460mu and for curve C the exXcitation wavelength
was set at 3/0mu. Curves B andD show the excitation
and epission spectra, respectively, of the rezsgent
alone. For curve B the enission was neasured at
510y and for curve D the excitation wavelength wes
set at 360mu. Figure 11 shows that 2~-hydroxy-3-naphthoic
acid, which has a green fluorescence, cexhibited its
excitatlon naxinum at 360w and its fluorescent
gnission nexiomum at 510mu. Its blue fluorescent
aluniniun complex showed its excitation maximun at
270 and exhibited maxinun fluorescence at 460my.
The spectra of the berylliunm complex at pH7.5
were alpost identical with those of the aluainiun
conplex. The uncorrected spectra (obtainedlwith the
7-54 filter onitted) are shown in Figure 12. Curves
A and C, respectively, show the excitation and
enission spectra for solutions containing cguinolar
amounts of beryllium end reagent. For curve A the
enission was measured at 460ty and for curve C the

excitation wavelength wes set at 380mu. Curves B end D
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show the excitation and emission spectra, respeetively,
of metal~free reagent at pH7.5. For curve B the emission
was measured at 510mp and for curve D the excitation
wavelength was set at %60mu. As Figure 12 shows, the
excitation meximum of the beryllium complexX occurred

at 380my and it exhibited maximum fluorescence at

460mu »

Influence of pH.

The intensity of the fluorescense of the
reagent and of its aluminium and beryllium complex
was measured over a range of pH values obtained by
adjusting the pH with ammonia or acetic acid. The
results are shown in Figure 13. Curve A shows the
variation of fluorescence intensity with pH of solu-
tions containing aluminium and a ten-fold excess of
reagent; the excitation wavelength used was 370mu
and the emission was measured at 460mu. TheAaluminium
complex showed maximum fluorescence at pHS.8. The
equivalent curve for solutions containing beryllium
and a twenty-fold excess of reagent 1s given 1in
curve DB; excitation at 380my, emission measured at
460mr. The pH curve for the beryllium complex showed
a broad meximum from ca. pH6.5 to 9. Curve C shows

the variation for 2-hydroxy-3-naphthoic acid (360/510m.).
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Reagent concentratiomn.

A varying excess of 107% sodium 2-hydroxy-
3-naphthoate solution was allowed to react for '

60 minutes with 1 ml. of 107 1 aluminium solution,
buffered at pH5.8. The intensity of the blue
fluorescence of the aluminium complex was then measured
as usual (excitation wavelength 3%70mu, emission
measured at 460mu). As shown in Figure 144, a

minimum ten~fold molar excess of reagent was re-

quired to develop maximum fluorescence. This graph

was corrected for the contributions to the fluorescence
of the varying amounts of reagent present. TFor

the determination of 0.2 to 2.5ug. amounts of aluminiumn,
10ml. of 10 M sodium 2-hydroxy-3-naphthoate solution
were used (an ll—fold'molar excess over the maximum
aluminium concentraticn).

As shown in Figure 14B, which was also corrected
for the reagent concentration, a 50-fold molar excess
of reagent was required to develop the maximum fluor-
escence of the béryllium complex, buffered at pH?.5
and fluorescence umeasured at 380/460mu. The contri-
bution of the reagent fluorescence measured at 460up
was congiderebly less at pH7.5 than at pH5.8 and it

was, therefore, possible to use a greater excess of
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reagent in the determination of beryllium than in

the detsrmih;tion of aluminium. PFor the determination
of 0.018-0.18ug. amounts of beryllium, 10ml. of 10 M
sodium Z2-hydroxy-3-naphthoate solution were used

(a2 50-fold molar excess over the maximum berylliunm
concentration).

Influence of Tims.

A 1077M aqueous solution of the reagent was
stable in darkness for o period of weeks, while a
similar solution of the aluminium complex showsd a
decreass in fluorescence intensity of ca. 5% in 18
hours. On exposure to radiation from a mercury
discharge lomp for 18 hours, the fluorescence intensity
of the reagent decreased by 20%, compared with ca. 60%
fer the aluminiunm complex. The intensity of the
fluorcscence of the couplex was reproducible when

neasured 60 minutes after nixing the solutions and this

2|

was the standing time used in 2ll experiments.

During the initial investigations it was noticed
thet test solutions prepered from the O.lug./ml.
aluminiun standard solution showed progressively lower
fluorescence intensities after the standard solution
had been cllowed to stand for long periods of time.

This was not observed when solutions werc preparcd
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immnedictely from mors concentrcted (lO'EM) stock
aluminium solution. This apparent gradual loss of
aluminium, which resulted in a decrcase of the slope
of the calibration curve when older standard solutions
were used, was attributed to the adsorption of alu-
minium ions onto the walls of the volumetric glassware
in a manner analogous to the absorption of berylliunm
observed by 811142’45. The opposite effect of ds-
sorption was also noted, i.e. flasks which had pre-
viously contained, say, lO-4M aluminiur solutions

gave erroncously high fluorescence readings when

next used for 10 /M solutions. In an atfempt to
eliminate these effects, before the beryllium studiecs
were beggn, all flesks were treated with silicqne
Repelcotss This produced a considerable improvement
without completely elininating the problem. 2 X 10~
solutions of the beryllium~conplex then showed a de-
crease of fluorescence intencgity of less than 10% when

left in darkness for 24 hours.s

Temperature of solutions.

In all experiments the temperature of the solution
was ZQfEOC. It was shown that, over the rangec 2—2500,
the fluorescence intensity increassd with decrease

of temperature by ca. 1% per OC, but the existence of
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this temperature coefficient did not alter the
validity of results because, in all cases, measured
fluorescence intensities were compared with those of
standards prepared simultaneously and under the sane
conditions.

Effects of foreign ions on the determination of aluminiun.

The effects of 39 cetions and of 22 anions on the
aluninium determination were investigated. 1lOug. of
aluninium were determined in the presence of a 100~fold
molar excess of the foreign ion under investigation.
Where the capacity of the ammonia-acetic acid buffer
was insufficient (e.g. when the foreign ion was dis-
solved in strong apid to prevent hydrolysis), the pH{
was adjusted to 5.8 using dilute ammonia and dilute
acetic acid, When an ion was found to interfere, it
was furthef investigated at a lower concentration,
viz. lug. of aluminium with 0.1 to l.0Omg. of foreign
ion.s The acceptable variation of fluorescence intensity
from that of standard solﬁ%ions-containing lug. of
aluniniun was taksn as < + 5%.

The only positive interferences observed (i.e.
ions which also gave a blue fluorescence with the re-
agent) were with beryllium, scendium and tetraborate,

while zirconium and gallium formed precipitates which
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themselves exhibited a blue fluorescence. The following
ions did not interfere when present in a 1l000-fold
rnolar excess over 1l0ug. of aluminium in 100ml. of
aqueous solution: anmnonium, arsenic (III), bariun,
cadmiunm, calcium, cerium (III), cobalt (II), iron (II),
lead, lithium, magnesiun, nanganese (II), mercury (II),
nickel, potassium, silver, sodium, strontiun,

vanadiun (Y), zinc, chloride, bromide, iodide,

cyanide, thiocyanate, nitrate, carbonate, perchlorate,
sulphate and thiosulphate. The effects of other ions
are shown in Table 6.

No iron (III) could be tolerated, but its inter-
ferenpe at the 1000-fold excess level could be reduced
to ca. =-10%, although not eliminated, by reduction
to iron (II) with the required amount of ascorbic
acid in the absence of chloride ion. When chloride
was present, the solution absorbed at the wavelength
of excitation and thus reduced the intensity of the
fluorescence obscrved by an inner-filter quenching
effects A 125-fold molar excess of copper (II) was
tolerable and the interference of greater amounts
could be removed by complexation with cyanide, the
large excess of cyanide (> 1000-fold) being prevented

fron interfering by the addition of zinc ions,



Table 6.

EBffects of 1000-fold molar excesses of ions on

aluninium determination.

67,

Variation in

Ion., fluorescence Observatilons
. . intensity- 1. e . e
antinony (ITTY -55% white precipitate
arsenic (V) -60% fluorescence greener and
weaker
bisouth -3596 white precipitate
ceriun (IV) -100% brown precipitate
chromium (III) ~-100% only gresen reagent fluor-
, escence remained
copper (II) ~245% solution slightly yellow
indiun -3096 no visible effect
iron (III) -100% brown precipitate
thalliun (I) -16% no visible effect
thoriun -50% solution cloudy
tin (IV) -100% white cloudiness, no blue
fluorescence
titaniun (IV) ~100% yellow-green precipitate, no
: blue fluorescence
uraniun (VI) -50%0 solution yellow
chromate ~100%0 solution yellow, no fluo-
rescence
fluoride -100% only green reagent fluo-
rescence remained
molybdate -100% "
nitrite —1096 1no visible effect
phosphate -10096 only green reagent fluor-
gscence renained
silicate -100% "
sulphite -8%0 no visible effect
tungstate -100% only green reagent fluor-
o escence recained
citrate -1007 "
oxalate ~100% "
_tartrate -100% "
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Anong complexing agents investigated, thiourea
did not interfere, but 1, 1l0-phenanthroline (1296),
thio-glycollic acid (15%), nitrilotriescetic acid (60%),
ininodiacetic acid (75%), acetylacetone (100%),
sulphosalicylic acid (100%) and tiron (100%) all
reduced the aluminiun complex fluorcscence when present
in a 1000-fold molar excess.

Effects of foreign ions on the determination of beryllium.

It was anticipated that EDTA would mesk a number
of interfering cations without affecting the berylliun-
2-hydroxy~3~-napthoic acid complex. At low concentrations
of beryllium, however, EDTA prevented the formation
of the berylliun-reagent complex, indicating the
possib}e formation of a weok berylliun-EDTA chelate
at pH7.5, see Figurc 15. The addition of an excess
of a2 non-interfering cation which formed a relatively
weak EDTA chelate (calcium) to mask the excess EDTA
proved effectives The relatively large amnounts of
IDTA needed to prevent the formaticn of the metel-
rcagent counplex indicatcd that any berylliun~EDTA
chelate formed was somewhat less stable than the
berylliumra-hydroxy~5—naphthoic acid complex under these

conditions.
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The interferences of 37 cations and 21 anions
were investigated using 0.18 puge. of beryllium in the
presence of 1000-fold molar excesses of the foreign
ion under investigation, with a 1250-fold excess of
IDTA and a 6000-fold excess of calcium ions to com-~
plex the excess EDTA. The pH of each solution was
adjusted to ca. 8 before buffering to 7.5. The
acceptable variation of fluorescence intensity from
that of standard solutions containing 0.1l8ug. of
beryllium was taken as < + 10%. The investigation
revealed that, under the conditions described above,
the following ions did not interfere; ammoniux,
antimony (III), arsenic (III), arsenic (V), barium,
cadmium, calcium, cerium (III), cobalt (II), copper (II),
gallium, indium, lead, lithium, magnesium, manganese (II),
mercury (II), nickel, potassium, silver, sodium, stron-
tium, thallium (I), uranium (VI), vanadium (IV), zinc,
zirconium, choride, bromide, iodide, cyanide, thio-
cyeanate, nitrite, nitrate, sulphit~, sulphate, thio-
sulphate, carbonate, perchlorate, méiybdate and tung-
state. Cationic interferences are¢ given in Table 7.
Citrate, tartréte, fluoride, phosphate and silicate
all prevented the formation of the beryllium-2-hydroxy-

%-naphthoic acid complex.
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Taﬂez

Effects of cations interfering with beryllium method.

Variation in

Ion fluorescence Observations
intensity |
bismuth (III) +155%% solutiom cloudy
cerium (IV) +75% " " .
chromium (III) -8076 solution cloudy, fluor- |
escence greener and '
weaker.
iron (II) -20% solution slightly yellow.
iron (III) -21% " " "
‘scandium (III) +650% much more intense blue
fluorescence.
thorium (IV) +37% no visible effect.
tin (IV) -100% only green fluorescence
remaining.
titanium (IV) -33% solution cloudy, fluor-

egscence bluer but weaker.

The interference of aluminium was reduced but

nét eliminated by the above method.

However, CDTA

(cyclohexanediamine-tetra~acetic acid) forums more

stable complexes than EDTA with most metals and re-

acts more rapidly with aluninim,

When its calcium

salt was used in place of calciun~-EDTA, aluminium

no longer interfered.
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Accuracy data.

The data_in Table 8 were obtained from the
results of the analysis of solutions for aluminium
by the recommended procedure. Similarly, the data
for solutions containiqg beryllium are shown in
Table 9. Fach of these results represents the
average of three simultaneous deteraminations obtained
by comparison with standards prepared simultaneously.

Precision data.

These were obtained by multiple analyses of a
series of solutions containing 2.47ug. of aluminium
(see Table 10) and another series containing 0.18ug.
of beryllium (see Table 11). The precision of the
fluorescence intensity measurements for aluminium was
i2.096, corresponding to +0.05ug. of aluminium; for
berylliun it was il.696, corresponding to 0.003ug.
of beryllium.

Possible extraction systeums.

2-hydroxy-3~narhthoic acid dissolved in benzene
and chloroform to produce a violet and lilac
fluorescence, respectively. In ethanol and after
extraction into higher-n-alcohols (butanol, amyl
alcohol and hexanol), it showed the same grecen

fluorescence as in aqueous medium. The biue fluorescent



Table 8.
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Analysis of Aluminiun solutions treated as unknown sanples.

Lge Aluminium | Error | Error | Foreign Ions present
Sample '
Present | Found | (ug.) (%) (Lg.)

1 2.00 1.90 | -0.10| - 5.0

2 1.20 1l.12 | -0.08] - 6.6

3 0.20 0.15 | =0.05] =25.0

4 0.70 0.72 | +0.02] + 2.9

5 0.50 10.54 ] +0.041 + 8.0

6 1.10 1.12 | +0.02| + 1.8

7 2.15 2.08 | -0.07| - 3.3

8 l.14 1.16 | +0.02| + 1.8 | ca(400) + Mg(243)

9 034 0.37 | +0.03 | + 8.8 | Pb(2070) + Zn(654)
10 1.20 1.12 | -0.08 | - 6.7 | Ba(1370) + Mn(II)(550)
11 1.20 1.18 | -0.02 | - 1.8} cu(318)

12 1.00 0.92 | -0.081| - 8.0 | cu(318)

13 2.00 1.94 | -0.06 | - 3,0 | cu(635) + CK~
14 2.00 1.90 | -0.10 | ~ 5.0 | Cu(635) + CN-
15 2,00 1.93 | -0.07 | - 3.5 | Cu(635) + CN—




Table 9.

e

Analysis of Beryllium solutions treated as unkown Samples

: uge Beryllium |{ Error | Erpor Foreign ions present
Sanple
Present| Found | (ng.) | (%) - (ug.)
1 0.078 | 04066 | =0.012| ~15.4 | Fe(III)(280), 46(135)
2 0.099 |0.097 | =0.002] - 2.1 | cu(318), Co(295)
3 0.040 | 0,040 - - A¢(135), cu(318)
4 0.059 [ 0.040 | ~0.019]| -32.2 | Fe(III)(280), Co(295)
5 0s146 ]0.158 | +0.012] + 8.2 | A£(135), Cu(31l7)
6 0.032 0,030 | -0.002| - 6.2 | Fe(ITI)(280), Co(295)
7 0.085 |0.072 | -0.013| -15.3 | Fe(III)(280), Cu(31?7)
8 0.102 | 0.08%3 | -0.019] -18.6 | Fe(III)(280), Cu(3l?)
9 0.018 | 0,022 | +0.004] +22.2 | Mg(122), Zn(325)
10 Ou.li44 ] 041%2{ -0.012| - 8.2 | Mn(II)(275), Pb(1035)
11 0.136 |[0.138 ] +0.002| + 1.5 | Mg(122), Mn(II)(275)
12 0.097 | 0,097 - - Zn(325), Pb(1035)
13 0.072 | 0.068! -0.004} - 5.5 | Mg(l22), Pb(1035)
14 0.072 |0.070] -0.002] - 2.8 | Mn(II)(275), Zn(325)

The berylliunm complex,

fluorescence in the organic

acetate nor di-n-octylmethylenine.

aluniniun complex was not extracted from aqueous

solution at pF5.8 into benzene, chloroform, anyl.

with the highsr alcohols resulted in some green-blue
phase, probably indicating
that the rcagent was Qreferentially extracted.

in contrast, was extracted

Attempted extraction
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Table 10.
| Scale reading 4' o .
Sanple no. | . — X 10'. | Deviation | Variance
- zQ.S._reading : -
1 856 0 0
2 856 0 .0
3 849 =7 49
4 875 +19 %61
5 842 =14 196
6 846 -10 100
7 838 -18 224
8 . 867 +11 121
9 890 +54 1156
10 838. -18 324
Mean = 856
Stenderd deviation = .g__‘.‘; = /2%.5—.1 = 16.8 = 2.0%

14
¥

Q.S. denotes Quininec Sulphate

from aqueous solution at pH7.5 into n-butanol, anmyl
alcohol and hexanol, but not into benzene, chjoroform
-nor amylAacetate. Aftef extraction into these | |
alcohols, the coaplex showed a blue fluorescence
similar to that in aqucous solution,

Lontbruction of Calibration Curves.

Aluniniun,.

2.0 to 25.0ml. aliquots of standard aluminium
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Table 11,

"1 Scale reading 4' o .
Sanple no. = : x 10". | Deviation | Variance
Q.3. reading
1 643 0] 0
2 628 -15 225
3 628 ~-15 225
4 652 +9 81
> 643 0 .0
6 660 +17 289
7 640 -3 9
8 640 -3 9
9 648 +5 25
10 652 +9 81
B Mean = 643 ' '
 Stundard deviation = /%._é; = /2‘5_4 = 10.2 = 1.6%

HE"Q.S. denotes Quinine Sulphate.

oy = O.lug. of aluminium per nl.)

solution (3.7 X .
were transferred accu;atély ip#o 100ml. volumetric
flasks contéiningIEml. of pH5.8 buffer solgtipn. Ten
ml. of 107™M sodiun 2~hydroxy-3-napathoate reagent
solution were added and the solution was dilutgd with
water from cn all-glass distillation epparatu™ The

intensity of the fluorescence of the solutions was

neasured after 60 ninutes 2t 460mu with an excitation
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wavelength of 370mu. The plot of fluorescence .
intensity against awmount of aluninium (0.20 to 2.50ug.)
was & straight line and passed slightly above the
origin, see Figure 16. The upper limit could, no
doubt, be extended beyond 2.5ug. of aluminiun, but

no special study was nade of this.

Beryllium.
1.0 to 10.0ml. aliquots of standard beryllium
solution (2x10_6M = 0.018ug. of beryllium per ml.)

were t;ansferred by pipette into 100ml., volumetric
flasks, Five ml. of calcium—CD?A‘solution were added
and the pH wes adjusted to ca. 8 with dilute anmonia
solution. Five ml. of pH?7.5 buffer solution and 10ul.

4'M reagent solution were added and the solution

of 10~
was diluted to 100nml. with water. The intensity of
the fluorsscence .f the solutions was measured after
BQ minutes at 460y with an excitation wavelength of
380mL. The plot of fluorgscenog intensity against
atount of beryllium (0.018 to 0,18.3.) was a straight
line and Passed slightly above the origin, see

Figurc 17. Again, linearity extended beyond the
upper lialt examined here, Two standards were pré-

pared and neasured with erch group of samples, using

1 and 10ml. of the standard berylliun solution,



FIGURE 16.
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respectively.

Structure of complexes.

Cherkesov44 proposed a l;3 inner~couplex
structure for the aluniniun-2-hydroxy-3-naphthoic
acid conplex, but the present author's evidence
showed oply o cooplex of 1:;1 nolar proportions.
Figure 18 shows the results of an investigation by
Job's nethod of continuous variations®’, which
indicate the formation of a 1:;1 conmplex. These
curves were corrected for the contribution of the
reaggnt fluorescence. Solutions werc buffered at
pH5.8, the fluorcscence intensity neasured at
370/460mu and then expressed as a ratio compared
with the intensity of a standard quinine sulphete
solution measured at 350/450mi. Measurement of
tpe fluorescence at different wovelengths between
450 and 470mu gave identically shaped curves and,
therefore, no indication of the forumation of conplexes
other then 1;1 betwecn aluuiniun end the reagent.
The totel zmount of aluninium and recagent solutions
was 20ml. of 10 per 100ml. for curve A and 15al.
of 107 per 100nl. for curve B. Yoe and Jones' 8
mole-retio studies (Figure 194) also showed evidence

of a 1;1 complex. x al. of 10™%u reagent werc added
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to Snl. of 107 M aluuiniun solution buffered at
pH5:8 and the fluorescence was neasured at 370/4600u.
Ideally the plot of fluorescence intensity should

lie parallel to the abscissa, following the break in
the curve. The continued slope of the curve, however,
could be attributed to increasing cssociation of the

relatively weak complex. A Harvey—Manning49

slope-
ratio study, Figure 20 (i), gaveo evidence of a 1.25:1
recagent to aluminiun conmplex. Curve A contained 1l0nl.
of lO_Bh aluniniun solution with varying anounts of

g reagent solutionj curve B contained 10ml. of

10™
lO-BM;reagent solution and varying amounts of 19'4M
aluniniun solution. Both were buffered at pH5.8.

There were also indications that the cownplex
formed was of the adsorption type. The aluminium
couplex weas apporently not formed below pH@. Now
aluminium begins to hydrolyse at pH4.,l1 and would,
therefore, be present in a suitable form for adsorption
couplex formation at pH5.8, Adsorption could be
denonstrated by egitating solid aluniniun oxide with
a EThydroxy—B—naphthoicvacid solution buffcered at
pH5.8. The white solid then showed the blue fluor-

escence characteristic of the conplex, conpared with

the green fluorescence of the excess reagent in
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solutionf This showed that some adsorption had
occurred.

An attenmpt to obtain a clear brezk in the
nole-ratio plot by moking the solutions 20% with
respect to acetone resulted in 2o quenching of all
blue fluorescence, i.e. prevention of the reaction.
Considered together with the observation that the
presence of 20% acetone doubled the intensity of
the green fluorescence of the reagent solution
(presuncbly owing to increased solubility, etc.),
this was strong evidence that aluniniumn formed an
adsorption complex with sodiuam Z2-hydroxy-3-naphthoate.
Fekﬂ?o has discussed the formction of similar cdsorp-
tion complexes between cluminium cnd vearious dye~
stuffs, e.g alizarin (1, 2-dihydroxyanthraquinone).

FPotentionetric titrations of solutions of
aluuiniun and aluminiun plus the sodium salt of the
reagent with sodiuz hydroxide solution showed the
presence of no titrateble ¥ ioms. In Figure 21,
curves A ond B, which coincide, were the results
of the titrection of aluminiuo alone and sluminiun
plus sodiun 2-hydroxy-3-naphthoate, respectively.
Curve C, the titration of aluminiun plus the free

reagent ocid, shows a displecement equivalent to



FIGURE 2.

L
2

y 6 . 8
ml. of 10'M NgOH.



87.

the one titratable H+ ion released from the carboxylic
acid group in the 2~hydroxy-3-naphthoic acid itself.
These observetions could be explained if the aluwminiun
were in the forn of a macromolscule above pH4.l. In
this instonce, any 4" ions liberated by conplexation
would be taken up as water and would not be available

for neutralization, zs in the reaction:-
+

H20 H 20

/ R TTL LN %L oH——HL + 44,0

HO—}!?LG-OH/‘HL—OH
H:0" on rﬁ,o

Attenpts were nade to confirm the proposed
cdsorption complex formetion by using the spectro-
fluorineter as a sensitive nephelonseter to measure
the relative zmounts of light (at 465mu) scattered
by solutions of (a) aluminium and (b) aluniniun with
an equal awount of reagent. If an adsorption species
were formed, the scattering observed would be expected
to increase. The results of these experinents, howaever,
were not reproducible end, therefore, inconclusive.

Cherkesov45 proposed the fornation pf a berylliun-
reagent conplex of 1;2 nolar proportions. Figure 22

(Job's method of continuous variations), however,
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indicates the formation of a 1;1 conplex. These

curves were obtained using 10”1 solutions of bery-
llium and reagent, buffered at pH7.5 and neasyring

the fluorescence intensity ot 380/460m. It was
unnecessary to correct for the blank rsagent fluores-
cence becausc this was very slight undsr these conditions.
The total anount of berylliuu plus reagent solutions
was 20al. of 10~ per 100ml. for curve A4 and 1521,

of 10~ per 100ml. for curve B. ' This result wewm
confirmed by a Yoe and Jones' nole-ratio plot (Figure
19B) obtained using 5ul. of 107N beryllium solution
end va;ying ac~unts of 10 5h reagent solution, buffered
at pH7.5. 4 Harvey-ilanning slope-ratio study, shownl
in Figure 20(ii), gave evidence ofa l.2:1l, reagent-
berylliun complex. Curve A contained 10ml. of 10721
berylliun soluti.n and varying.amounts of 1071 re-
agcnt solution and curve B 10ul., of 10 3M reagent

~% berylllu_

solutlon with v&rylng enounts of lO
solution. All solutlono were buffc“ed at pH? 5 and
the fluorescence was neasured at 380/460m.

The a&dition of acetone did not prevent the

bcryll1um—2—hjdroxy—5~naphtho1c acid reaction.

Furthernore, unlike the aluulnlum complex, the berylllum
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conplex could be extracted into higher alcohols. This
was taken og evidence for the formatisn of a true

couplex, pcssibly of the forn

o} l.?
z _&-oH , ~ ¢o O
7 2
@O” + Be(oH),. 24,0 WQ@O,BE\% « 24,0

since in beryllium solution ot pH7.5 the predominant
species is Be(OH)E 51.

Potentiometric titrations of berylliun solution
plus reagent with sodiun hydroxide were similar to
those of aluminiun previosusly described, in that
they showed the presence of no titratable H' ions.

o+ ion is extensively hydro-

In acid solution, the Be ‘
lysed and very strongly solvated by water molecules52.
Thus it is possible thot the H' ions liberated by
conplex formation are released as water nolecules and
are, therefore, not available for neutralisation by

the sodiun hydroxide.
Stability of comnplexes.

The apparent or conditional stability constants
of the aluminiun-reagent and berylliun-reagent 1:1
conplexes forned under the experimentel conditions
described above were évaluated. On the basis of the

previous experinents, if it was assuned that a
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nononuclear conplex, MR, was forued, it was possible
to write the conditional stability constant at a

stated pH as;-

[MR)

[M][HR]

and, hence the conditional constant as

K = (1-a)

a?C
where C represcnted the concentration of the complex
and o represented the degree of dissociation of
the conplex.

A continuous variations curve could then be
used to obtain a measure of the conditipnal stability
constant. This wes done using Figurc 18 for the
aluminipn conplex and Figure 22 for the berylliun
conplex. Using the same symbols for K as above, it
could be seid th.t at some point, x, on the curve,
which corresponded to o certain concentration of
the conplex,

X
(M-x)(R-x)

K =

where I and R would represent the total molar concen-
tration of I (metal) and R (reagent) if no reaction
hed taken placc between them. Now choosing another

point, x' (on the opposite side of the maximunm or,
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as was done herc, on a curve of differcnt concon-
tretions, such that the fluorcsccnco intonsitics

werc the samc), then

K = ——2X% = X
(M-x){R~-x) Gi'-x"Y(R'-x")
and, of coursec, X = X',

frou which,

MR - H'R'
(I+R) - (Li'+R")

Substitution of x in the sXprcssion for K, the
conditional stability constant, provided thc nuncrical
valucs shown in Table 12 for aluniniunm and in Table 13
for “erylliun. Two velucgs of K worc calculated, onc
for cach curve - i.¢. X and x', as shown in the
following oxanplo:

Fron Figurc 22, at fluorcsccence intensity = 0.4,

(MR - W'R'_
(I+R) - (ii'+EY

( 18.25x107% 1.9 7_§xlo‘4>_ (15.0::10"4 < 2.0x10‘4)
100 100 100 100
(20-15) x 10-6

1.20 x 102 .

f
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Table 12.

Values of Conditiohal Constant for Aluminium Complex from
Continuous Variations Curve.

Fluorescence Mé, of 10~“M solution |X calculated from -
Intensity :

(ratio). M D M! D' x x'

9 JL . ’ . )

0405 0.4 119.6 | 0.6 |14.4 3.56x10% | 2.63x10%

0.1 0.85 | 19.15] 1.28 |13.72 |2.33x10% | 1.46x10"

0.15 1.3 |[18.7 | 2.02 |{12.98 |2.09x10% | 1.72x10%

0.2 1.851 18.15] 3.07 {11.9% |2.88x10% | 2.24x10%

Table 13,

Values of Conditional Constant for Beryllium Complex from
Jontinuous Variations Curve.

Fluorescence| Mé. of 10~4M solution. K

Intensity

(ratio). .M D M D' '
0otk 18,25| 1.75] 13.0] 2.0 | 1.28 x 10°
0.5 17.8 | 2.2 | 12¢4) 2.6 | 0.98 x 10°
0.6 17.% | 2.7 | 1149| 3.1 {1.72 x 10°
0.7 116.9 | 3.1 | 11.2] 3.8 |1.18 x 10°
0.8 16,5 | 3.5 | 10.5] #.5 | 1.04 x 10°
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_ X.
(M-x)(R-x)

Il

o fron x, K

1.20 x 107° . _1.28x10°
' 6

(18:25-1.20)%10 Cx(1:75-1:20)x10"

and frov x', » ‘
1.20 x 107°  1.29x%10”

(13.00-1,20)x10 Ox( 2. 00~1.20 yx1070

K =

The average values for K were: for the aluminium
complex 2.37 x 10% and for the beryllium complex
1.44 X 105. The accuracy of these calculations was
severly limited by the relative imprecision in read-
ing the values of M and R from the Job plot curves,
Small errors in these would lead to a large error in
the value of x for each value of the fluorescence
intensity used.

Discussion,

It is fair to say that the reagent 2-hydroxy-3-
naphthoic acid provides a better method for the deter-
mination of beryllium than of aluminium on the grounds
of both sensitivity and relative freedom from interw
ference. A comparison was made between thiéagiihod

and the other spectrofluorimetric method for beryllium
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which uses Morin as reagent42!43. The present
worker was unable to reproduce the sensitivity
reported by Sill, probably dWiﬁg to unfamiliarity
with the method which is experimentally much more
complicated than that described aboves In both
methods the limiting‘factor in the sensitivity is
the contribution of the reagent "blankéi fluores~
cence and every effort mist be made to minimise this,
The minimum concentration range for the determination
of.bepyllium by either method, as published; is
ca. 0.2 to 2 parts per 109.

It was noted that one of the few positive inter-
ferences in the reaction of aluminium with 2—hydrOXyb3—-
naphthoic acid was that of the tetraborate ion. This
reaction was considered to be wath further investi-
gation because probably the best fluorimetric method
at present available for the determination of traces

53

of boron is by reaction with benzoin””, which is a
delicabe procedure requiring de-oxygenation of solu-~-
tions before measurement. It was found, however,

that the blue fluorescence of the borate-Z-hydroxy—gfl
naphthoic acid complex, in solutions buffered at pH5.8,
only began to predominate over the green reagent

blank fluorescence when a considerable excess of borate

was present. This reaction d4id not, therefore, seem

suitable for analytical application.
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Apparatus.

Farrand spectrofluorimeter. To obtain the
maximum sensitivity compatible with good definition
of maxima, 5~ and 20-mu bandwidth slits were used in
the eXCitgtion and analysing monochromators, res-
pectively. A Corning 7-54 filter (transmittance
> 75% over the range 275 to 375mu) was used for
the excitation radiation and a 3-73% filter (trans-
mittance > 75% above 455mp) for the emission during
the aluminium determination. To increase the sens—
itivity for beryllium, the 7-54 filter was omitted.

pH measurements were made with a Vibron pH meter,
Model 3%9A. |

Reagents.
Standard aluminium solution:; O.4744g. of AnalaR

potassium aluminium sulphate, Al2(SO4)3.K2SO4.24H2O,
was disgsolved in 4istilled water and diluted to one
litre. This stock Solution was 10 °M in aluminium

and was diluted as required to yie’d a solutidon con-

taining O.lug. of aluminium per ml. (3.7 x 107 °w).

Standard beryllium solutiony 0.1772g. of AnalaR
beryllium sulphate, Besod;4H20, was dissolved in water,
10ml. of AnalaR perchloric acid, H0604 (8.G. 1l.54),

were addsd and the solution was diluted to one litre.
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This stock solution was 10™°M in beryllium and was
diluted as required.

A1l volumetric flasks used were treagted with
Repe” cote, 2%6 dimethyldichlorosilane in carbon
tetrachloride, to minimise adsorption of aluminium
and beryllium onto the glass. Water from an all-glass
distillation apparatus was used throughout to mini-
mise contamination by traces of hesvy metals.

Reagent solution: a 1072M solution of the

sodium salt of 2-hydroxy-3-naphthoic acid (used as
supplied by Hopkin and Williams, Ltd., without
further purification) was prepared by dissolving
0.2102g. in one litre of water.

Buffer solutions. pHS5.8;: 4le. of AnalaR glacial

acetic acid were diluted to ca. 800ml. with water.
Sufrficient AnalaR ammonia solution (S.G.  0.88) was
added to adjust vane pH to 5.8 (ca. 40ml. required)
and the solution was diluted to one litre with water.
BH.7.5: 50ml. of ammonia solution were diluted
to ca. 800ml. with water. Sufficient glacial acetic
acid was added to adjust the pH to 7.5 (ca. 42ml.
negded) ond the solution was diluted to one litre

with water.
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4 buffer, pH 5.8, prepared from hydrated sodium
acetate, CHBCOOONa.BHZO, and acetic acid was also
satisfactory for use in the determination of aluminium.

Calcivm ~ CDTA masking solution: 25ml. of lO-IM calcium

solution and 6ml. of 10 TM CDTA (34.6g. per litre
aqueous solution dissolved in the minimum amount of
sodium hydroxide) were measured into a 100ml. flask
and diluted to volume with wgter. This solution
contained enough calcium (a four-fold molar excess)
to prchibit the existence of free CDTA in solution.

Diverse _ions: 0.1lM or 0.01M solutions of AnalaR selts

were used.

Qualitative studies of reagents related to 2-hydroxy-3-
naphthoic acid.

After the completion of the work described sabove,
the fluorescernce pmoperties and reactions of a number
of organic mole- "es related to 2-hydroxy-3~naphthoic
acid were investigated. These were (see Figure 23)

(a) l-hydroxy-2-naphthoic acid, (b) salicyclic acid,
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Figure 23.

OH - COOH COOH
Illlllllll'cOOH [:j::Tcn4 . "
a ' b NH2
c
COO COOH OH
H3 IUO?
f

(¢) 4-amino-salicylic acid, (d) 3-methyl-salicylic
acid, (e) 3,5-dinitro- salicylic acid and (f) 2-mercapto-
benzoic acid.

(a) l-hydroxy-2-naphthoic acid.

A lo-z‘isolution was prepared by dissolving 0.188g.
of the free acid in a.minimum of sodium hydroxide and
neutralising with dilute acetic acid. This gave a
yellow solution showing a purple fluorescence. The
reagent fluorescence was pH dependent, becoming blue
at high pH, presumably owing to ionisation of the

hydroxyl group. This change was from excitation maximun
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360mu/flucrescence maximum 410my (purple) at low pH

to 370/460m. (blue) at high pH. This contrasted

with 2~-hydroxy-3-naphthoic acid which showed a
fluorescence change from 360/510m. (green) to

370/480m. (blue-green) at high pH. 1-hydroxy-2-
naphtholic acid was tested at pH2, 5.8, 9.2 and 13

with 41 cations, but no potentially useful fluorescence
reactions were found.

(b) Selicylic acid.

An aqueous solution of salicylic acid showed a
purple fluorescence (excitation maximum 340m¢/flgor-
escence maximum 410mp) over the pH range 2 to 13.

The veariation of the intensity of fluorescence with
PH is shown in Figure 24A. The reactions pf salicylic
ac;d with 40 cations were tested at pH2, 5.8, 9.2 and
13, The addition of equimolar amounts of aluminiun,
beryllium and zirconium produced marked increases 1n
the intensity of the purple fluorescence at pH2.

The reactlon with zirconium was irvestigated further,
but proved to be inapplicable to the determination

of traces of the metal because at the optimum pH for
zirconium fluorescence developuent (2.2), the overall
intensity was very low. At higher pH's (ca. 5), the

contribution of the reagsnt blank fluorescence was
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too large in proportion to the fludrescence due
to zirconium and; furthermore; the zirconium under-
went slow hydrolysis.

(¢) 4-zmino-salicylic acid.

An aqueous solution of 4-agmino-salicylic acid
showed a purple fluorescence (340/400mp) over the
pH range 2 to 13, The variation of the intensity of
the fluorescence with pH is shown in Figure 24B;
Investigations of this reagent's behaviour with 40
cations at the same pH's as above failed to reveal
any analytically interesting reactions.

(d) 3-methyl-salicylic acid.

The variation of the intensity of the purple
(530/420mu) fluorescence of this reagent with pH
is shown in Figure 24C. A brief gualitative exan-
ination of its reactions revealed the formation of
complexes showing increased purple fluorescence with
aluminium, beryllium and zirconium. The reaction with
zirconium, in particular, warrantei further study, but
this proved to be difficult because zirconium tended
to precipitate as the hydroxide above pH l.5 and the
free reocgent precipitated below this pH.

(e) 3,5-dinitrosaslicylic acid.

An aqueous solution of this reégeht‘was yellow
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and non-fluorescent. No fluorescence recactions
were observed.

(f) Z2-mercapto-benzoic acid.

2-mercapto~benzoic acid was dissolved in
ethanol to give a purple fluorescent solution
(excitabtion maximum 375ru/fluorescence meximum 425mL).
No fluorescenceé reactions were observed with alu-
niniun, berylliun, zirconium nor several other

cations,
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CHAPTER 3,

Carminic Acid as a reagent for the spectrofluorimetric
determination of molybdenum and tungsten.

The two most common methods for the colorimetric
determination of microgram emounts of molybdenum
depend upon measuring the absorbances of organic
extracts of (a) the yellow molybdenum (V)-thiocyanate
complex54 and (b) the green complex formed with
f-methyl-1,2-dimercaptobenzens (dithiol)??.

Many of the most satisfectory methods for the
determination of traces of metal ions by solution
spectrofluorimetry depend on the formation of fluo-
rescent metal complexes with reagents which are either
non-fluorescent or which excite or emit at a different
wavelength under the same .conditions. However, the range
of elements which may be determined in this way is
still rather limited and one of the objectives of
this studj of the utility of spectrofluorimetry in
trace analysis was to extend the range of elements
which could be determined in this way. To ths best
of the present author's knowledge, no spectrofluori-
metric procedure has yet been reported for the de-

termination of molybdenum, although the reaction of
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molybdenun salts with tincture of cochineal to
produce a "fiery-red" fluorescence has been noted56;

This chapter describes the use of carminic acid

(Figure 25), which is a constituent of cochineal,

Pigure 25

- CARMINIC ACID

as a reagent for the spectrofluorimetric determination
of nicrogram amounts of molybdenum. The nolybdenum~
carninic¢ acid complex exhibits a red fluorescence in
aqueous solution at pH5. Optinunm conditions were
established for the deternination and the effects of
many other ions were investigated.

During the developuent of the procedure for
nolybdenun (VI), tungsten (VI) was found to produce
a sinilar red fluorescence with the reagent. A
systematic investigation of this reaction was,

thersfore, also undertaken. Carninic acid formed 1l:1
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conplexcs with both molybdcnum and tungsten and
tho conditional stability constants were evaluatcds

In orde¢r to demonstretc the applicability of
solution spectrofluorimetry to the analysis of
technical matcrials, thc molybdenun~carminic acid system
was used to deternine molybdenum in certain mild
steel down to 0.01%. The reaction of molybdenunm (VI)
with carninic acid was subject to numerous intsr—
ferences from other cations, so that a scparation of
molybdcnun from other constituents was nscessary be—
fore this rcagent could bc applied. This was effccted
by separation of molybdenum frou the bulk of iron
by iso-anyl acctate extraction of molybdenunm (V)-

thiocyanate.

Part l. Developnsnt of Procedures.

Spectral Charactcristics.

Figure 26 shows the excitation and enission
spectra of the rcagent and its molybdenun conplex
in aquecous solution at pH5.2, The ce spaectra are
uncorrccted for the charactecristics of lamp‘emission
and photomultiplier response, see Chapter l. Curve A
shows the excitation spectrua of a solution containing
1:1 nolaer proportions of molybdenun and carninic

acid, neasuring the fluoresccnce emission at 590mu.
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The excitation spectrua of the reagent a;one is
shown in curve B, enission neasured at 580w,
Curves C and D show the fluorescence cnission of
the nmolybdenum complex and the reagent &lonec,
respectively; in each instance the excitation wave-
length was set at 560mp. Carninic acid had an
excitation maximun at‘470mu and a fluorescence
cilission mexiomun at 580mp with other excitation and
enission mexima (not shown in Figure 26) at 355mu
and 440mu respectively. The nolybdenun complex
showed two excitation naxinma, at 530 and §60mu,
and exhibited maximunr fluorescence at 590mw. For
quantitative nmeasurenents of the fluorescence of the
conplex, the excitation and cenission wavelengths
were set at 560mp and 590mu, respectively, to uini-
nise the contribution of the '"'blank "' reagent
fluorescencs.

The excitation and enission spectra of the
reagent and its tungsten conplgx in aqueous solu-
tion at pH4.6 are shown in Figure 27. Curve A
shows the excitation spsctrum of 2 solution containing
equinolar zuounts of tungsten and carmipic acid with
the fluorescence enission neasured at 585tu. The

gxcitation spectrum of the reagent alone is shown in
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curve B which was obtained with the enission neasured
at 580mp. Curves C and D show the enission spectra
of the tungsten complex and the reagent alone,
respectively, with the excitation wavelength set

at 515mu. The excitation and enission maxima for
caruinic acid at pH4.6 were the same as those at
pH5.2, i.c. 470/580mu. The tungsten complex had

its cexcitation maximum.at 515ty and exhibited nax-
imum fluorescence at 585mu. At thesc wavelengths

the '"'blenk " reagent fluorcschnsce was minimal,

Influcnce of pH.

Figure 28 shows the results of studies of the
variation of fluorcescence intensity with pH for
carninic acid alone and also for its nolybdenun and
tungsten conplexes. The intensity of the reagent
fluorescence, measurcd at 560/59OQJ, graduelly fell
over the range pHA to 6.5, ses curve A. The fluor-
géscence of the nolybdenua conplex was ncasured at
560/590m with a ten-fold molar excess of reagont
present. Curve B shows the broad peak at pH5 which
was obtaingd. The ratio of complex fluorescencg to
reagent fluorescence was nost favourable at pHS.Z2
and zeasuredents were carried‘out at this pH using

an aomonia-acetic acid buffer.
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Curves C and D, rsspectively, show the variation
in the intensity of the fluorescence of the reagent
and of its tungsten conplex, both neasured at
515/585mu. The tungsten complex showed a broad
neximun at pH4.6. When measured under these con-
ditions, the contribution of the reagent ''blenk "
fluorcscence, curve C, was greater than in the de-~
ternination of nmolybdsnun.

Reagent Concentration.

Figure 29A shows the oeffect on the fluoresccnce
intensity of varying ths rcagent concentration for
the wolybdenun systen. These expsriments were carried
out at pHS5.2 using lul. of 10”2y molybdenun (VI) solu-
tion with a varying excess of rcagent, neasuring the
fluorescence at 560/590mu and corrccting the curve
for the contribution of the rcagent fluorescence. A
ten-fold nolar excess of reagent was recquired for
nexinuo fluorascence of the molybdenun complexs When
a learger cxcess of reagent was used, the intensity of
the fluorcscence decrezsed owing to an innsr-filter
quonching effect froa the reagent which was highly
colourced undcer thess conditions. Changes in the con-

centretion of the buffer produced little veriation
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in the observed fluorescence intensity and variation
in the order of addition of the reagents was shown to
have no e¢ffect on the intensity of the fluorescence.
The effect of veriation in resgent concentration
on the tungsten conplex fluorescence is shown in
Figure 29B, which was obtained at pH4.6 using 2nl.
of 10 tungsten (VI) solution with a varying excess
of reagent and neasuring the fluorescence at 515/585mu.
At.the tpngsten concentration used in this experinent
(0.%6ppn. ), the optineal reagent concentration was a
nine-fold nolar excess. At a higher tungsten (VI)
concentration (l.83ppn.), the e¢ffect of inner-filter
queénching by the reagent was such that naximun con-
plex fluorescence was developed by a five-fold re-
egent cxcess., Variation in the order of addition of
the reagents had no effect on the fluorescence in-
tensity, but the signal due to tungsten dscrcased
with increasc in huffer concentration while the
recagent ''blank "' fluoresccence was unaffected. In
Figure 30 the fluoresccence intensity at 515/585mu is
plotted wgainst the molar buffer concentration in
the final solution, at pH4.6 using a solution
2 x 107%u in tungsten with a suitable reagent excess,

When the overall electrolyte concentration was 0.1,
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the observed fluorescence intensity was 40% 1less
than that produced by the sane amount of tungsten in
the absence of buffer.

Influence of Tine. \

A 10" 2y aqueous solution of carminic acid at
pH4.6 or 5.2 was stable for a period of weeks. Max-
imun fluorescence for both the molybdenun and tungsten
complexes was developed immediately and was then con-
stant for severzl hours. Neither systen showsd any
neasurable decay when subjected to normal irradiation
in the spectrofluorimeter during analytical exanination.

Effcct of Tenperature.

This was investigated by developing the fluores-
cence of otherwise identical solutions at a range of
different tenperatures. Betwecn 2 and 4200, a de-
creéase of fluorescence intensity with incrcase in
tenperature of developoent was found for the molyb-
denun conplex, corresponding to a tenperature co-
efficient of ca. 2% per °C. TFor tue tungsten copplex,
over the range 2 to 53°C, this coefficient was S8
15296 per °G. All other fluorescence measurements
were nade at 22i300 and the observed intensities
were conpared with those of standards prepared
simultancously, So that these temperature coefficients

did not significantly alter the validity of the results
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obtained.

Precision Data.

The results of measuring the fluorescence inten-
sities of ten separate solutions each containing

0.96ppm of molybdenum are given in Table 14,

Table 14

Precision data for determination of 96ug. of molybdenum

Sagg}e readiggl?x.Ol) gggpgg;e Deviation Variénce
1 84,0 64,0 -2.2 4,84
2 83.0 63.0 3,2 10.24
3 8640 66.0 0.2 0. 04
4 8640 66.0 -0.2 0.04
5 870 67.0 +0.8 0.64
6 8645 66.5 +0.3 0.09
7 87.0 67.0 +0.8 | 0.64
8 88.5 68.5 | +2.3 5.29
9 88.0 68.0 +1.8 Z, 24
10 86.0 | 66.0 -0.2 0.04
Blank 20.0 -
llean=66.2 I
P
Standard deviation = %%; = /2%510 = l.66 units = 2.59’.

The results gave a standard deviation equivalent

to 2.596 of the molybdenum response.
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The results of similar experiments on solutions

containing 0,36ppm of tungsten are shown in Table 15

Table 15

Precision data for determination of 236ug. of tungsten.

Sanple Scale Net W

no. |reading (x.,0l)]| response Deviatiou. Variance

1 76,2 46,2 +1.3 1.69

2 7540 45.0 | +0.1 0.01

3 7547 45.7 |  +0.8 0.64

4 T4y 5 44,5 | -o.n 0.16

5 75.8 1 5.8 | +0.9 | o.81

6 94,2 a2 | =047 0449

7 76.0 | se.0 | 411 | 1.21

8 Va2 | osa2 | -0.7 | 0.49

9 73.5 43.5 | <la4 | 1.96

10 . 74,0 I asa.0 | -0.9 | o.81
Blank - 30.0 P -
| Mean=44.9

:Standard deviaticon i/%%; =K/§%221 = 0.96 units = 2119E

These experiments gave a standard -deviation of
2.1% of the tungsten response.

Effect of Foreign Ions..

The effects of 41 cations. and 17 anions on the

molybdenum determination were investigated at the one
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hundred-fold molar excess level over 96ug. of molybdenum.
An acceptable variation of fluorescence intenSity from
that of standard solutions was taken as < + 570 .

Under these conditions, ammonium, arsenic V, cadmium,
lithium, manganese II, potassium, seleniumn IV, sodium,
thallium I, fluoride, chloride, bromide, iodide,

nitrate, sulphate, phosphate, silicate, cyanide,
thiocyanate, pefchlorate, sulphite, acetate, hydroxyl-
amine or ascorbic acid did not interfere. Citrate,
oxalate, tartrate, EDTA and o-phenanthroline totally

extinguished the fluorescence of the complex by reaction

with the wmolybdenum. The other interferences observed

are detailed in Table 16.

Table 16.
Variation iné
Jon fluorescence { Observations.
intensity

aluminium +10070 | purple solution, incr-

] ees~d red fluorescencs
antimony (III) - ~100% white precipitate
barium | +10070 | increased red fluo-
' | rescence
beryliium -10070 - purple solution
bismuth -100% | white precipitate
borate +400% orange fluorescence
calcium +2207% | increased red fluo-

| rescence
cerium (IV) -—]OO?O 1 purple precipitate
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Teble 16 continuead.

Variation 1in

Observations.,

Ion fluorescences
intensity
Zhromium (VI) -56% no visible effect
cobalt (II) -37% no visible effect
copper (II) ~-100% purple solution
gallium -55% red solution
gold ((IIT) -100% yellow solution
indium ~12% purple solution
iron (II) -50% green solution
iron (III) ~100% green solution
lecad (II) -100% purple solution
magnesiun +7096 increased red flua-
rescence
mercury (II) -16% yellow solution
nickel —7096 red solution
scandium -60% purple solution
silver (I) +50% no visible effect
strontium +130% increased red fluo-
rescence
tellurium (IV) ~100% white precipitate
thoriunm -100% purple solution
tin (IV) -100% red precipitate
titanium (IV) -100% purple precipitate
tungsten (VI) +900% similar red fluores-
cence
uraniunm -100% green solution
vanadium (V) ~100% red solution
yttrium ~5596 purple solution
zinc +280% increased rsd fluores-
cence
zirconium +16% purple solution
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It can be seen that most of these interferences
were caused by the‘formation of coloured conplexes
with carninic acid. Many of the interferences could
be reduced by the addition of a large excess of
ascorbic acid (e.g. iron III), cyanide (e.g, copper II,
cobalt II, nickel), or fluoride (aluminiun). Even
after addition of these nasking agents, however,
several ions still interfered seriously. This indi-
cated that a separation fron other constituents would
be necessary before this reagent could be applied to
the deteruination of wolybdenun in technical uaterials.
The study of relevant separation procedures and the
evolution of a successful method is described later.

No systenatic study of possible interferences
in the tungsten systen was nade because this would
have been virtually a repetition of the previous
investigation undertaken for the nolybdenum-carninic
acid system. It was assuned, however, that a separation
fron other constituents would be nebessary before
application of this reagent to the determination of
tungsten in practical sanples. It was previously
found, however, that the fluorescence of the tungsten
conplex was reduced by increasing electrolyte concen-
tration and in view of the fact that a nore sensitive

spectrofluorinetric method for the determination of



122,

tungsten has been reported57, it was not considered
worthwhile to investigate this reaction further.

Structure of Complexes.

Arplication of the standard optical methods
indicated the formation of a relatively Weakll:l
comnplex between molybdenun and carminic acid. dJob's
nethod of continuous variations47 (see Figure 31)
showed a neximun fluorescence intensity for solutions
containing equal amounts of uwolybdenum and reagent.
These curves, which were corrscted for the contri-
bution.of the reagent fluorescence, were obtained
at pHS5.2, measuring the fluorescence intensity at
560/5900u. The total concentration of molybdenun and
reagent solutions was 10—4M for curve A and 8 x lO-5M
for curve B. The results of an investigation by Yoe

48

and Jones' mole-ratio method -~ are shown in Figure 32(1i),

for which 10ml. of IO—QMnmlybdenum solution were
allowed to react with varying anounts of 10—%&reagent
solution., A Harvey—Manning49 slope-ratio study gave
a raetio of 1.2:1 for reagent: wmolybdenun, see
Figure 32(ii). Ourve 4 contained 10ml. of 107 M

m

nolypdenum solution with a varying amount of 10 M

reagent solution and curve B, 10ml. of 10™%u reagent

solution with a varying amount of 10—4M zolybdenun
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solution., 411 solutions were buffersd to pHS.2
and the fluorescence intensity measured at 560/590mu.
Organic micro-analytical results for the re-

agent as supplied and used were:-

% calculated Lab. No.l Lab. No.2. Dried Sample
c 53.6 44,38 44,28 45,28
H 4,07 4,79 5.39 4,43

Overnight drying of the reagent at 100°C pro-
duced ca. 2% weight loss and gave the analytical
results shown in the last column, indicating that
at least a part of the icpurity present nust heve
been water. The methods described above were alcost
certainly affected by self-absorption by the reagent
which was orange-coloured at this pH and this effect
would distort the ehape of the curves obtained.
However, it was possible to draw the conclusions
fron the above analytical results that the reagent hed
ca. 8596 purity and that the molybdenun; carninic
acid was of 1l:1 wolar proportions.

Figure 33 shows the Job plots obtained for the

tungsten cowuplex at pH4.6, measuring the fluorescence
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intensity &t 515/585mu. For curve 4, the total con-
centration of tungsten and rcagent was 8 x 1077u
and for curve B, 5 x lO_BM. Figure 34 shows the
results of (i) wmole-ratio and (ii) slope-ratio
studics which both indicated the formation of &
l:1 couplex,

Wnen the solutions were nade 20% with respect
to acetone, the fluorcscence of the tungsten conplex
was increased by ca. 50% while the reagent fluo-
resccnce was little affectecd. When this experiment
was rcepeated for the molybdenun sysvem, the couplex
fluorescence increased as bcfore but, at this higher
pH, the reagent fluorescence also increascd so that
therelwas no increase in the conplex signal to blank
ratio. While no conclusions could be drawn as far
as the rnolybdenunm conplex was concerned, these results
suggested that the complex formed betwesn tungsten
and carminic acid was a true chelate rather than soue
form of adsorption complex. Both the tungstemecarninic
acld conplex and the reagent alone were extracted
fron aqueous solution at pH4.6 into mono- or di-nonyl-
acine dissolved in either benzene or iso-amyl acctate.
This indicated that they existsd as anionic species

wnich associated with the protonated amine to foram
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a neutral extractable species. The molybdenun~carminic
acid conplex at pHS5.2 extracted similarly. .

Potentionetric titrations of carminic acid with
standard alkali showsd several inflsxions which could
be attributed to dissociation of the carboxylic acid
and hydroxyl groups, but gave no information as to the
nature of the couplexes formed with molybdenun and
tungsten.

Stability of Complex.

The conditional equilibriuic: constant of the 1:1
nolybdenun complex formed in hese experinents was
evalueted from the Job plots by the method described

in Chapter 2. The results are given in Table 17.

Tablse 17.

Fluorescence Ml. of lO'BM solutions
Intensity M o] W D' K
20 9.55 | 0.47 | 7.41 | 0.59 | 1.5x10°
25 9.39 | o.61| 7.24 | 0.76 | 2.4x107
20 1 9.23! 0.9 7.07 | 0.93 | 6.0x107
35 9.051 0.95| 6.84 | 1.16 | 6.1x10°
40 8.88 | 1.12 ] 6.60 | 1.40 | 5.3x10°
50 | 85| 1.55} 6.00 [ 2.00 | 7.0x10°

Celculation from dissocilation data obtained by
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neasurenent of the intensity of fluorescence of

solutions containing (a) 1;1 wolar proportions of
molybdenun to reagent and (b) o large excess of re-
agent, gave a value of XK = 6 x lO4 but this was prob-
ably higher than the true value owing to the inner-filter
effect of the excess reagent similar to that nentioned
above,

The asymmetry of the Job plot (Figure 33) did not
pernit a calculation to be made for tungsten by the
first method, but the second method gave a value
of K= 5x 105, which was also probably higher than

the true value.
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Experinental.

ApgaratuSa

Fluorescence nmgasurenents were made with the
Farrand spectrofluorimeter using 1O0mu slits in
both monochromators and the usual fused quartz
cells (10mm x 20ma x 50mm). All the rcagents were
of AnalaR grade except where noted and water fron
an all-glass distillation apparatus was used through-

out.

Reagents.
Standard molybdenum (VI) solution.

0.1766g. of AnalaR anmonium molybdate,

JU4H.0, were dissolved in one litre cof

nlg Mon Opye
water. This solution was 10-5M in molybdenun (VI)

(NH, ). Mo

end was diluted to 10 7M as required.

Standard tungsten (VI) solution.

3.2993g, of AnalaR sodiun tungstate, Na2W04.2H20,
were dissolved in one litre of water. This solution was
10-2M in tungsten (VI) and was diluted as required.

Reagent solution.

0.4924g. of carminic acid ( "purified™”', B.D.H., Ltd.,
used without further pupification) were dissolved in

600nl. of water containing 2 ninimum of sodium hydroxide.
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Acetic acid was added to pH4.6 or 5.2 as required

and Tthe solution was diluted to one litre witn water,
Assuuing 10096 purity, tinis solution was lO-BM in
carninic acid. The .actuel constitution of the reagent
used is given on: page 125.

Buffer solution, pHS.2.

50ml. of glacial acetic acid were diluted to
ca. 800al. with water. Sufrlficient amﬁonia solution
was added to adjust the pH to 5.2 (approx. 42ul. nccded)
and the solution was diluted to one litre with water.

Buffer solution, pH4.6. prepared as above.

Diverse ions. 1074 and 10”2 solutions.

Hydrogchloric acid (sp.gr. 1.18).

Nitric acid (sp.gr. l.42). ..

Anponia solution (sp.gr. 0.88).

Anponiu® thiocyanate solution. Agueous saturated solution.

Citric acid. 1M solution. Dissolved 21.0g. in 100nl.
of water.

Ascorbic acid (G.P.R. grade).

Acetic acid, glacial.

Iso-anyl acetats (G.P.R. grade).

Ferric chloride. 1M solution. Dissolved 27.0g. of

the hexahydrate in 100ml. of water containing a few
drops of hydrochloric acid.

Construction of Calibration Curves.

(a) Molybdenun.

Between 1 and 9ml. of 10-4M nolybdate solution
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Were‘transferred accurately to 100ml. calibrated
flasks containing 5ul. of pHS5.2 buffer solution.
Ten ml, of 10'5M carmiiic aclid solution were added
and the solution was diluted to volume with water.
The intensity of the fluorescence of the solutions
was neasured after 15 ainutes at 580mu =2t an ex-
citation wavelength of 560mu. The plot of fluores-
cence intensity against the awmount of molybdenun
present (9.6 to 86.4ug.) was 2 straight lins and,
after subtraction of the ''blank " reagent fluores-—
cence, passed through the origin, see Figure 35.

By suitable reductions in the volumes of recgents
added and .dilution .to a 25nl. volune, nolybdenun
could be determined sinmilarly in the range 2.4 to 2l.6ug.
(b) Tungsten.

Between 0.2 and 2nl. of 10 M tungstate solution
were transferred accurately to 100nl. calibrated
flasks containing lml. of pH4.6 buffer solution.
1.60l. of 107 2M carminic acid solution were added
and the solution was diluted to voluwme with water.
The intensity of the fluorescence Qf the solutions
was neasured after 15 minutes at 585mp with an exci-
tation wavelength of 515uu. The plot of fluorescence

intensity against the emount of tungsten present
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(3.6 to 36ug.) was z straight line and, after sub-
traction of the ''blank ' reagent fluorescence,
passcd through the origin, see Figure 36.

Discussion.

There were several factors which limited the
sensitivity of these determinations, the first being
the relative insensitivity of the IP 28 photomultiplier
to radiation at 590mu. The intensity of the reagent
"blank "' fluorescence obviously also controlled ths
deternination limit. PFurthermore, complex organic
nolecules such as carminic acid tend to showta ruch
lower fluoresccgnce efficiency themselves and in their
couplexes than siwmpler nolecules, e.g. 2-hydroxy-3-
nephthoic acid. In an attempt to reduce this dis-
advantage by rcuoving the sugar side-chain from the
nolecule, an alkaline hydrolysis wes carried out by
ro fluxing carninic acid for several hours in a strong
anmonia solution. A purple solid was obtalined which
was shown by thin-laycr chromatography, using a nethanol-
weter solvent, to differ froa the starting naterial.
This product, however, gavé no fluorescsence rcaction
with wmolybdenun and was, therefore, not investigated

further.

Given & more sensitive photomultiplier and a
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complex with a higher fluoresccnce efficiency, with a
similar reagent it would be possible to use lower
concentrations of both reagent and molybdenun. Under
these conditions, the problem of inner-filter quenching
caused by the intensely coloured reagent would be much
reduced, if not eliminated.

Part 2. Determination of Molybdenur in Mild Stecl.

Preliminary investigations were made of several
extraction systems, e.g. chloride extraction into
diethyl ether and 8-hydroxyquinolate extraction into
chloroform, in order to find the most convenient
nethod of separation of wolybdenun from large amounts
of iron. It was found that an efficient separation
could be effected by reduction to Mo(V) and Fe(II)
respectively with ascorbic acid, followed by solvent
extraction of the molybdenum (V)-thiocyanate complex.
Iso-anyl accetate was preferred to diethyl ether as the
organic solvent because of its lower miscibility with
hydrochloric acid and its lower volatility. For a
2 solution of amnonium thiocyanate, molybdenun was
found to extract equally well over the hydrochloric
acid concentrationrange 0.1 - 0.8M, giving molybdenun
recoveries of > 90%. Ascorbic acid reduction of

Fe(III) to Fe(II) was more efficient at the lower
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concentration and, as this also produced a lower
electrolyte concentration in the final solution,
extraction from 0.1M hydrochloric acid was used.

After extraction, the anyl acetate phase was back-
washed with a solution containing hydrochloric acid,
amiaoniun thiccyanate and ascorbic acid to reuove traces
of unreduced Fe(III) which extracted as the red ferric
thiocyanate cooplex. Thé organic phase then contained
the molybdenun and showed a yellow colour which has besn atiri-
vutmd® to the presence of FeII[MoVO(SCN;s_} with
MOVC(SCN);}' acting as the chromophore. The molybdenun
was beck-extracted into anwonia solution, to neutralise
hydrochloric acid dissolved in the organic solvent,
buffered at pH5.2 and determined with carninic acid

as previously described.

Tungsten co-extracted with nolybdenum in this
procedure and, therefore, produced a positive iﬁter—
ferencé in ths deteriination of ﬁolybdenuu. This,
however, cculd be prevented59 by the addition of citric
acid es a couplexing agent for tungsten before the thio-
cyanate extraction. Tin, which also interfered positively,
was renoved by previous voletilization és SnCl4.

By_this nethod, anounts of molybdenun in the range

10-70ug. (which corresponds to 0.01 - 0.0796 in O.lg.
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of stoo}) could bc scparztced ond determinced spccetro-
fluorimctricelly cs the carnminic ccid complox.

Experimental Proccdurc,

A suitoble weight of semple (containing 10 to
70uge of molybdenum) was dissolved in 15ml. of con-~
contrated hydrochloric ceid in a 50ml. beaker,
heating on & hot-platc to assist solution. After the
steecl had dissolved coaplstely, heating was continucd
to eveaporote the solution to -dryness. The bockor was
rcuoved from the hot-plate whilc the residuc was still
yellow (Note 1), allowed to cool slightly ond the
residue was then redissolved in 5ml. of wator con-~
toilning 4-5 drops of concentratecd hydrochloric acid.
The solution was transferred gquantitatively to a
250nl. separatory funnel. Approximately lg. of solid
ascorbic ccid and O.5ml. of M citric acid were added
and the solution was made 3M in thiocyanate znd 0.1M
in hydrochloric acid (Note 2)« After adding 25nl.
of iso-amyl acetate, the funnel was sheken for two
minutes cond the aqueous phase was discarded. 4 fur-
ther 25ml. of amnonium thiocyanate-hydrochloric acid

solution and lg. of ascorbic acid were added and my oxtracted

Fe(IITI) was bockwashed by shcking for twe minutes

before discarding the aqueous phase. The molybdenun
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was finally back-extracted by shaking the organic

rhase for l% ninutes with 25nl. of water containing
Qel4n1l, of concentrated amuonia solution. The agqueous
phase was run into a 100ml. volumetric flask, containing
5ml. of pH5.2 buffer. Eight nl. of 1079M carminic

acid solution were added (Note %) and the solution

was diluted to volume with water. The intensity of

the fluorescsnce was ucasured after 15 uninutes at

590w with an excitation weavelength of 560mu.

All deterninations were checked against standards
prepared simultaneously by teking O and 76.8ug. of
nolybdenum (8nl. of 10” "M solution) through the ex-
traction procedure described above. The solution,
separation and analysis of two steel samples, each in

duplicate, could be conmpleted in less than three hours.

Notes on Procedure.

Note l. If heating was further prolonged, the residue
becane brown and redissolution was difficult. This
tended to cause low rscoveries of molybdenua.

Note 2. This was conveniently done by diluting 100tl.
of saturated amuonium thiocyanate solution and 4nl,

of concentrated hydrochloric acid to 500ml. with water
and adding 25nl. of this solution to each separetory

flask. The solution was prepared lmmediately befors
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use bwvcause the thiocyanate tended to decompose on
standing, forming sulphide and giving low results

for nolybdenun.,

Note 3., 4Although the buffering system used was

alnost always effective, 1t was a worthwhile pre-
caution before dilution to check that the pH of the
finel solution was in the rangs 5.2+0.1l. If necessary
the pH was adjusted by dropwise addition of acctic

acid or aomonia.

Results and Discussion.

The results obteained by application of the
proposed procedure to a seleption of certificated
British Chemical‘Standard (B« C.S.) mild steels are
shown in Table 18. Tach result gquoted therein was
the average value for two analyses run simultancously.

During the evolution of this procedure, the ori-
ginal aecthod used was to dissolve the stsel in con-
centrated hydrochloric acid containing a few drops
of concentrated nitric acid to oxidise the iron
pregsent to Fe(III). After cooling, the solution
was neutralised by the addition of.anmonia'solution
untilFe(OH)5 began to precipitate and the precipitate
was redissolved with 1-2 drops of concentrated hydro-

chloric acid before proceeding to the solvent
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Table 18.

Analysis of molybdenum in B.C.S. certificated steels.

' Molybdenum found™ Average Range in
Sanple. No« o certificate o
70 value Yo certificate b
B.C.S. 273 O. 042,0 040,0,043 0.045 0.041-0,046
275 0. 09 0.10,,0. lO 0.09 0.092-0.100
0. 088 5 S0
321 O 06 3O 07 0.067 0.068 0.064-0.072
O 066’0 06l
323 0.09.,0. ll yO. 108, 0.100 0.095-0,105
0. 103,0 102, 0. 09, -
325 O. 165 y 0. 17 0. 17 ’ 0.16_ 0.15-0.16
0.16, 0. 155 >

x
Average of two wvalues.

extracticn stage. When applied to B.C.S. nild steels,
tHis methdd gave satisfadtory r&sults for nos. 277,
321, 323 and 325, but nos. 273 and 275 gave consis-
tently high results (ca. 0.075% and 0.13% respec-
tively). This discrepancy was attributed to the
presence of a relatively large amount of tin

(0.065% and 0.04% respectively in these samples)
which was not separated from molybdenum by the

extraction procedure used and whicii interfered by
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forming a fluorescent complex with carminic acid.
Atteupts were, therefore, made to remove tin, firstly
by precipitation as metastannic acid and then, when
this proved unsuccessful, by volafilization of

either Snceq.or Snqu. The practice finally adopted,
i.es. of evaporation to the point of dryness without
furthser baking, removed tin satisfactorily as Sn064
without significant loss of molybdenum.

It should be pointed out that, using this sep-
aration procedure, the nolybdenun content of the
steels could have been determined conveniently and
noxre rapildly by measuring the yellow colour of the
amyl acetate extracts of molybdenum (V)-thiocyanate.
This was not done because this work was undertaken to
deumonstrate that molybdenum could be separated and
deternined satisfactorily spectrofluorimetrically.

Although, in the absence of citrate, tungsten
gave a considerable positive interference in the
deternination of wmolybdenum, it was not possible to
devise a similar procedure for tungsten because, as
already noted, an increase in the ammonium acetate
buffer concentration resulted in a decrease in the
fluorescence response due to tungsten. As the final

solution after extraction would contain large awmounts
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of ammonium chloride and thiocyanate as well as

buffer, it seemed that this, rather then incomplete
extraction of tungsten, was the reason for the re-
duction in fluorescence. It was found that up to

10Cug. of molybdenun produced no interference in

the deternination of 26ug. of tungsten so that, if

tiis difficulty could be overcome, it should be rossible
to deternine the tungsten content of steel sauples

without prior removal of molybdenum.
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CHAPTER 4.

The Spectrofluorimetric Determination of Scandium
using Salicylaldehyde Semicarbazone.

Several colorimetric reagents have been des-
c¢ribed for the determination of small amounts of
scandium in solution, es.g. alizarin red 8,60 8-hydroxy-

el and anthrarufin- 2, 6-disulphonic acid.62

quinoline
Morin (5,5,'7,2',4',-pentahydroxyflavone)G3 has been
used as a fluorimetric reagent for scandium. Con-
centrations down to O.lug./ml. could be determined
by measuring the intensity of fluorescence of an
ethyl acetate extract from a neutral solution.
Several Schiff's base reagents have been shown
to form fluorescent complexes with scandium and other
metals of group 111%% = 7, 4 prief examination was
made of some of these reagents, including salicylaldshyde
o-aminophenol, Salicylaldehyde'phenylhydrazone and
salicylaldazine. Several'attempts to synthesise
salicylaldehyde acetylhydrazone by condensation of
salicylaldehyde with hydr;zine hydrochloride, followed
by,acety;ation, all yielded the symmetrical salicyl-

aldazine,

This chapter describes the investigation of the
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fluorescence resaction of salicylaldehyde semicarbazone
(Figure 37) with scandium. It was originally hoped

“to apply this reagent to the spectrofluorimetric

Figure 37.

h*
H AN /NHg

O &J\Hg

SALICYLALDEHYDE SEMICARBAZONE ,

determination of zinc, but the sensitivity possible
(lower limit 0.1-0.6 ppm. of zinc) was insufficient

to merit a detailed investigation. The reagent was
prepared by condensation of salicylaldehyde with
semicarbazide hydrochloride, followed by recystallization
from ethanol. Its scandium complex showed an intense
blue fluorescence (excitation maximum 370mu, fluor-
escence maximum 455my ), whereas the reagent itself

showed & less intense blue—greep fluoresoence_(525/
470my ) under similar conditions. Continuous vari-

ations, mole-ratio and slope-ratio studies indicated
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the formation of a 13l complex between scandium and
the reagent, with a conditional stability constant

of 105. The probable nature of this complex has been
considered.

The effects of time, continuous irradiation at
270mu and variatioh of temperature on the fluorescence
of the complex were examined and optimum conditions
Were‘established for an analytical procedure. A4t
pH 6.0, salicylaldehyde semicarbazone could be applied
to the. spectrofluorimetric determination.of_scandium
in pure solutions in the range 0.2 to l.8ug. (0.002-
0,02 ppm.). The effects of 42 cations and 21 anions
oh the system were examined, This method was subject
to several interferences wnich could not be eliminated
by the use of cowmmon masking agents. It was, therefore,
necessary to devise a procedure to separate scandiun
from the more important of these interfering ions and
supply it in a state sultable for determination by the
proposed method. Separation procedures based on
co-precipitation of scandium hydroxide on cadmium
hydroxide or extraction of scandium thiocyanate into
ether were investigated, but found to be unsatisfactory.
The double extraction procedure finally adopted was

60

based on the work of Eberle and Lerner and could
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be'used for microgram amounts with a recovery of
ca. 9096 in the range 4.5 to 2Z2.5ug. of scandium,
Removal of iron (III), vanadium (V), etc. by extraction
of their cupferrates from 10% hydrochloric acid into
chloroform was followed by extraction of scandium
from concentrated hydrochloric acid into tri-n-butyl
orthophosphate and back-extraction into water. This
procedure provided an efficient separation from alu-
minium and yttrium which, like scendium formed blue
fluorescent complexes wivh salicylaldehyde semicarbazone.
Chromium (III), titanium (IV) and zirconium produced
low results.while tellurium (IV) and tin (IV) completely
suppressed the fluorescence of the scandium conmplex.
The reesgent was used in ethanolic solution and deter-
minatipns were consequently carried out in 7596 agueous
mediume

4ilthough the sensitivity of this method could
not be compared directly with that of other methods
unless similar instrumentation were used, the deter-
mination of scandium using this reagent appeared to

63

be as sensitive as with morin and considerably

more sensitive than available colorimetric methods.6o - 62
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Experimental.

Reagengg.
Standard scandium solution,

0.0690g. of high purity grade scandium oxids,
50205; was boiled with 30ml. of concentrated iAnalaR
hydrochloric acid until fully dissolved. The solution
was cooled and diluted to one litre with water. This
stock solution was lO-§M in scandium and was diluted
to 10~ when required. Solutions could be standar-
dised by EDTa. titration at pH3-5 with Xylenol Orange
68

as indicator .

Reagent solution.

Salicylaldehyde semicarbazone was prepared by
dissolving 1l5g. of semicarbazide hydrochloride in
40ml., of water and slowly stirring in 12g. (cz. 10.5al.)
of salicylaldehyde. Stirring was continued for 15
minutes and the solid product filtered off and washsd
with water followed by ethanol. The white product
wes dried at 100°C and recrystallised twice from
inalaR ethanol. TIts melting-point was 222°C (uncor-
rscted).' Final yield was 25%.

inalysis of saliicylaldehyde seuicarbazone prepared

by the avove method gave the results shown below;-

c H N 0
Theoretical, %. 53,70 5,06 23,46 17.86

Found, %. 53,47 4,96 23,50 17,77
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A 107°M solution was prepared by dissolving
0.1788g. in one litre of AnalaR ethanol.

Buffer solution, pHG.O.

100g. of G.P.R. grade hexamine (hexamethylene-
tetramine) were dissolved in 800ml. of water and hydro-
chloric acid was added until the pH reacehd 6.0+ The
solution was diluted to one litre with water.

Diverse ions.
2

10 “M solutions of AnalaR salts.

Cupferron (inalaR).

Freshly prepared 1% w/v aqueous solution.

Hydrochloric acid. (inzlaR). S.G. 1.18.
Chloroforu (4nalaR) -

Tri-n-butyl orthophosphate. (G.P.R. grade).

Ammonia solution. (4nalaR). S.G. 0.88.

Apparatus.
Farraind spectrofluorimeter. 10mu and 20my band-

width slits were used in the.excitation and analysing
monochromators, respectively. The 7-54 filter was used
for the excitation radiation. .

Vibron pH meter, model 3QA.

A1l calibrated flasks wiich were to contain solu-
tions < 10™2u in scandium were treated with Repelcote

to minimise possible losses by surface adsorption.



151.

Spedtral Characteristics.

‘Figure 38 shows the excitation and fluorescence
emission spédtra for the reagent and its scandium
complex in aqueous solutioh at pH6:0:! These spectra
are uncorrected for the characteristics of lamp emission;
monochromator transmission and phofomultiplier respopsea
The relevant correction curves are given in Figure 6.
Curve A shows the excitation spectrum of the complex
(obtained with equimolar amounts of scandium and re-
agent present), measuring the emission at 455mu and
curve C shows its fluorsescence emission spectrum measured
with the excitation wavelength set at 370mp. Curve B
shows the excitation spectrum of the reagent alone
(emission measured at 470mu) and curve D, its fluor-
escence emission spectrum (excitation at 325mu). AS
can be seen;.salicylaldehyde semicarbazone had its
exciltation maximum at %25mp and its fluorescence
euission maximum at 470mu¢ Ibts scandium complex showed
its excitation maximum at 370me and exhibited maximun
fluorescence at 455mu.

Influence of pHe.

The intensities of the fluorescence of the Teagent
and of its scandium complex wers measured at 455w

with an excitatlon wavelength of %70my over a range
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of pH values obtained by adjustument with acetic acid
and ammonia. Figure 39 shows the results of these
investigationss Curve 4 was obtained with salicyl-
aldehyde semicarbazone alone and curve B with scandium
+ reagent, using a 50-fold molar excess of reagent.
The fluorescence of salicylaldehyde semicarbezone
increased rapidly above pHS, whereas in the presence
of scandium the incrcase occurred at ca. one pH unit
lowers Thus, by buffering the solution to pHE, it
was possible to obtain a favourable ratio for conplex
fluorescence to reagent fluorescence (this ratio is
plotted in curve C). This pH was rgadily obtained
with hexeamine and hydrochloric acid. Owing to the
very large rate of change of complex fluorescenpe.
with pH, it was necessary to buffer to 6.00 + 0.05.

Reagent Concentration.

It was shown that a fifty-fold molar excess of
reagent was needed to develop fully the complex fluor-
escence, c¢f. Figure 40(a) in which the fluorescencg
intensity (corrected for the fluoréscence of the
reagent) measured at 370/455my is plotted against
molar 8XCess of reagent. The solutionslwera buffered
at pH6,0 and contained lml. of 107 'M scandium solution

with a varying excess of 10-4M ethanolic salicylaldehyde
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semicarbazone solution. Increase in ethanol con-
centration in the finzl solutions had no marked effect
on the intensity of the fluorescence. When umeasured
at the wavelengths of maximum complex fluorsscence
(570/455mu), the contribution of the ''blank'' re-
agent fluorescence was relatively small, sven when the
reagent was present 1ln a large excesse.

Influence of Tims,

4 1072M ethanolic solution of salicylaldehyde
semicarbazone was stable for a period of days.in
darkness and under normal lzboratory lighting. Maxi-
mun complex fluorescence was developed within a few
ninutes and was then constent for more than 24 hours.

A period of thirty minutes was selected as a convenient

" before measurement. It was found

""standing time
that deliberate continuous irradiation of the solution
at 370mu in the spectrofluorimeter produced a 5096 de-
crease in complex fluorsscence intensity within one
hour, but the systen showed no measurable decay when
subject to normal analytical examiaations over a period

of several hours.

Effect of Teuperature.

Between the limits of the temperature range

investigated, viz. 20—420C, a decrease of fluorescence
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intensity with increase in temperature of developnment

was found, which corresponded to a temperature coeffi-
cient of ca. 0.496 per °C: Under normal laboratory
conditions, however, all measurecments were made at 23i500
and the observed intensities were compared with those

of standards prepared siumultaneously, so that the
existence of this temperature coefficient did not
significantly alter the wvalidity of the results ob-
tained.

Precision data.

These were obtained by measuring-the fluorescence
inpensities of ten separate solutions each containing
1.80ng. of scandium per 100ml. The results are sbown_
in Table 19. Thesse experiments.shOWed the standard
deviation to be equivalent to 1.796 of the response
due to the scandium complex, corresponding to + 0.03ug.
of scandiumn.

Effects of foreign ions.

The effects of 42 cations and 21 anions on the
scandiun determination were invgstigated at the hundred-
fold molar excess level over 1l.8ug. of scandium. Under
thess conditions, awmmonium, barium, beryllium, cadmiun,
calcium, cerium (II1), lead, lithium, magnesium,

manganese (II), mercury (II), platinum (IV), potassium,
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Precision dsta for determination of Ll.80ug. of scandiunl.

n=1

PoPL | orenolescRety | TOE,5ooatinn | peviation | Veriance
1 92,0 7640 0 0
2 91.0 7540 ~-1.0 1.0
5 9245 7645 +0.5 0025
4 94,0 78.0 +2.0 440
5 91l.0 7540 -1.0 ls 0
6 91.0 75.0 ~-1.0 1.0
7 93,0 770 +1.0 1.0
8 89.5 7%+5 -2.5 6.25
9 93.0 77.0 +1.0 1.0
10 92.5 7645 +045 0.25
Blank 16,0 C—
Mean=76.0
/;5;7= 1/15_;__75” 1.3 units = 1.7%

Standard deviation =~/ah—~

sodiun, strontium, thellium (I), chloride, bronide,

iodide, nitrate, sulphate, cyanide, thiocyanate,

nitrite, perchlorats, thiosulphate, acetate and

tetreborate did not interfere.

observed arse detailed in Tgble 20,

The interferences
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Effect of foreign ions interfering with scandium

deternmination.
Variation in
Ion fluorescence Observationa
intensity
aluniniun +2809b similar blue fluor851
cence.
antimony (III) + 25% solution cloudy.
arsenic (V) -100% fluorescence totally
guenched.
bismuth +124% white precipitate.
ceriun (IV) -100% fluorescence totally
' quenched.,
‘chromium (III) ~100% fluorescencs totally
Quenched.
cobalt (II) - 14% no visible effect.
copper (II) -100% fluorescence totally
Co quenched.
gallium - 16% probably a pH effect,
gold (III) - 41% solution slightly
: yellow.
indium - 22% probably a pH effect.
iron (II) - 30% solution slightly
. ' ‘ yellow,
iron (III) -100% solution yellow.
lanthanun + 54% similar blue fluores-
‘ ' . cence.
nickel - 23% | no visible effect.
seleniun (IV) - 29% { probably a pH effect.
silver (I) + 5996 white precipitate

r
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Table 20. continued.

Variation in
Ion fluarescence Observations
intensity 1
tellurium (IV) ~-100% fluorescence totally
_ guenched.
thorium (IV) = 45% solution cloudy.
tin (IV) -100% fluorescence totelly
, guenched.
uranium (VI) ~100% solution yellow.
vanadiun (IV) -100% fluorescence totally.
guenched.
vanadiun (V) -~ 31% solution yellow.
yttriun +1000% similar blue fluores-
cGnce.
zinc +l209b similar blue fluoresd
) cence.
zirconium - 5896 probably a pH effect,
fluorids -100% fluorescence totally
gqucnched.
sulphite - 159b no visible effscte. 1
gilicate ~100% fluorescence totally
guenched.
' phosphate ~100% fluorescencs totally
gqucnched.
nolybdate ' - 5096 no visible effecte.
tungstate ~-100% fluorescence totally
gucnched.
oxaleate ~100% fluorescence totally
gquenched.
citrate ~100% fluorescence totally
_ _ quenched.
tartrate ~100% fluorescencu totally
quenched.
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The interfercences of copper (II), nickel and
silver could be eliainated by masking with cyanide
and that of zinc with o~phenanthroline. The ions
wirilch interfered could be sunmarised as those which
(a) produced a fluorescence similar to that of scandiun,
8.g. aluminium, yttrium and zinc, (b) precipitated and
therefore increased the signel by scattering, c.ge.
bismuth and antimony, (c) decrcassd the signeal by
filter effects, e.g. iron (III) and vanadiuwm (V) and
(@) decrsased the signal by complexation, e«ge. fluoride

and tartrate.

Calibration curvc.

0.5 to 4.0ml. aliquots of standard 10774 scandiun
solution were transferred to 100-ml. celibrated flasks
containing 2nl. of pH6.0 buffer solution. Two al.
of lO‘BM cthanolic salicylaldehyde semicarbazone were
added and the solution was diluted to 100ml. with
water from an all-glass distillation apparatus. The
intensity of the fluorescence of the solutions was
nmeasured after 30 ninutes at 455mp with an excitation
wavelength of 370mu. The plot of fluorescence intgnsity
against the amount of scandiun present (0.22 to 1.8ug.)
was a straight line and passed slightly above the

origin, see Figure 4l.
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The fluorescence of the reagent blank was equivalent
to a scéndium content of about 0.2ug: per 100ml,
Linearity extended beyohd the upper limit examined
here. The volume of reagents added was only 4ml.,

so logically one may deduce that the above procedure
could bc applied without modificetion to test solu-
tions with scandiun concentretions as low as 0.002ppu.

otructurc of Conplex.

Figure 40(b) shows the results of two investi-
gations by Job's wmethod of c.ontinuous variations47
at pH6.0, measured at 370/455mu and correctéd for

the reagent fluorescence. The total concentration of
scandiunm + reagent solutions was 1077 for curve i

6

and 7.5 x 10 "M for curve B. Both clearly indicate

the formation of a 1:;1 complex. This. was confirmed

by a Yoe and Jones' mole-ratio study48, Figure 40(c),.
in which x nl. of 107 °M reagent solution were added

to 1ml. of 10°2M scandiun solution ab pH6.0 and meas-—
ured at 370/455wu. The results of a Harvey-Manning
slope-ratio study49 are shoﬁn in Figure 40(d). Curve 4
was obtained with 10ml. of lO_BM scandium solution

plus x ml. of 10_4M reaegent solution and curve B with
10ul. of 10°2M reagent solution plus x mls of 10 M

scandiua solution.
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Measurements of fluorescence intensity against
pH indicated that salicylaldehyde semicarbazone was
unionised at pH6.0 and this was confirmed by studying
the variations in the absorption and fluorescence
excitation spectra which showed different peaks above
and below ca. pH?7. At pHS5 the principal absorption
maxima occurred at 255 and 310mu, whereas at pH1O the
peaks were at 275 and 355mu.

Scandium (co-ordination number, 6) tends to
hydrolyse to polymeric species so that the complex

formation may be postulated as:-
n RH + [SC(OHB]H —_——> [RSc(OH)E]n + n Hy0

where RH represents the salicylaldehyde semicarbazone.
This agreed with the results of potentiometric

titrations with standard alkali which did not show

the liberation of titratable hydrogen ions on complex

formation., This could be explained if the hydrogen

ions liberated by complexation were converted to water

as indicated above.

Stability of Complex.

The apparent or conditional stability constant

of the 1;1 scandium-reagent.couplex formed umicr the counditions
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of these experiments was evaluated by the method
described in Chapter 2. The results are given in
Table 21,

Table 2l.

Values of Conditional Constant for Scandium Complex from
Continuous Variations Curves.

Fluorescence | ML. of 10™7M solutions X
Intensity i D i D'
12,5 9.20 | 0.80 | 6.40 | 1.10 | 2.10x10"
15 9.00 | 1.00 | 6.15 | 1.25 | #4.45x10%
17.5 8.80 | 1.20 | 5.85 | 1.65 | 5.1zx10”
20. 8.58 | 1.42 | 5.55 | 1.95 | 7.70x10%
22.5 8.25 | 1.65 | 5.20 | 2.30 | 10.42x10%

Because of the difficulty of reading M and D
accurgtely'from the Job plots, the highest value,
K = 1.04x107, is probably the most reliable of bhese
results.

Another calculation of the stability constant
was made from dissocilation data obtained by measure-
ment of the intensity of fluorescence of solutions
containing (a) 14l molar proportions of scandium and
reagent and (b) a large excess of reagent. Experiments

using 5ml. of 10™°M solutions of scandium and reagent



166.

diluted to 100ml. gave a fluorescence intensity (after
subtraction of the reagent blank) of 24.4 x .1, while
the same amount of scandium with a hundred-fold excess
of reagent gave an intensity of 47.1 x 1., Assuming
that the scandium was fully complexed under these
conditlions, the degree of dissoclation in the solutions

containing l:l molar proportions was, therefore,

42.1 = 2.4 _ g, os.
47.1

Now in these solutions the concentration of
the complex (assuming total association) would be
5 x 10°/M and the stability constant could be

written asi:-

K = LI-e _ 1=0.95
a2 (0.95)2x5x10™ 7
_ 1.1 x 107

It will be seen that this value is in close
agrecment with that obtained by calculation from the
continuous variabtions curvess

Possible extraction systems.

The blue fluorescent scandium complex was not

extracted from aqueous solution at pH6.0 into diethyl
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ether, iso-butyl methyl ketone, iso-amyl acetate,
benzene, chloroform, carbon tetrachloride nor higher
n-alcohols.

The number of cationic interfsrences which could
not be eliminated by the use of masking agents neces-
sitated the development of a method for the isolation
of microgram amounts of scandium. The first systemn
investigated used a diethyl ether extraction of scan-
dium thiocyanate from dilute hydrochloric acid®?.

This metnod gave a good signal: blank ratio for
relatively large amounts of scandium (50ug.), but the
determination of Zug. was rendered impossible by high
and non-reproducible blank values. These were attri-
buted tp a positive interfersnce from metallic impuri-
ties (e.g. aluminium, zinc, yttrium, etce.) in one or
more of the reagents used during the separation procedure,
viz. ammonium thiocyanate, diethyl ether, hydrochloric
acid and nitric acid. After evaporation to dryness,
all three of the above ligquids showed a positive
fluorescence with salicylaldehyde semicarbazone, that
of the nitric acid peing most pronounced. The hydro-
chloric acid interference ¢ould be minimised by using
only lml, of solution and that of diethyl ether was

removed by distillation. Redistillation did not remove
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the impurity in the nitric acid, however, and this was
indispensable in the extraction procedure, being used
to destrpy the thiocyanate present in the organic
extractss The fluorasscence of the impurity was not
removed by o-phenanthroline but was prevented by the
addition of fluoride which suggested that the probable
cause was the presence of agluminium. Owing to this
difficulty and the need to destroy thiocyanate, this
method was abandoned in favour of a separation of
scandium by a co-precipitation procedure.

2e5ug. of scandium could be co-precipitated with
caduoium by addition of a sodium tetraborate solution,
PH9.2. This procedure gave a quantitative recovery of
scandium but was valucless as & means of separation
because alpminium also co-preecipitated under these

conditions,

60 have described a comprehensive,

Eberle and Lerner
but extremely lengthy, separation scheme for scandium
using both solvent extraction and precipitation pro-
cessscs. An abbre&iated, two-stage form of this method
was investigated which it was hoped would separate
scandium from the more important interferences and

supply it in a suitable state for determination by the

proposed method. The first stage employed a chloroform
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extraction to remove the cupferrates of a number of
interferences, viz. antimony (III), iron (III),
vanadium (V), etc. Difficulties were encountered in
this owlng to inner-filter effects caused by decom-
position products of cupferron which were not removed
by washing with chloroform and/or iso—~amyl acetate.
These could be destroyed by boiling with a perchloric
acid-sulphuric acid mixture and then, after wmaking
allowances for the high blank values probably caused
by impurities in the reagents, it was shown that scan-
diun was retailned quantitatively through this extraction
procedure.

In the second stage, scandium was scparated from
aluminium, chromium, yttrium, etc. by extraction from
concentrated hydrochloric acid into tri-n-butyl
orthophogphate and back extraction into water. This
step also gave rise to a relatively large blank value,
which is discussed in more detail later. The final
aqueous solution was a2lso shown, by a phosphomolybdate
eauplification procedure using Z2-anmino-4-~chlorobenzene-
thiol hydrochloride70, to contein a small amount of
phoSphate ion, probebly from hydrolysis of the solvent
during the extraction procedure. The amount present,

hoviever, was not enough to produce significant inter-
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ference in the determination of scandiumn.
Frocedure.

To an aliquot of solution containing 4.5 to 22.5ug.
of scandium in a 250ml. separating funnel wsre added
2.5ml. of concentrated hydrochloric acid and 5ul. of
196 agueoug cupferron solution. After dilution to 25ml.
with weter, the solution wes extracted twice by shaking
for one winute with 25ml. of chloroform and the organic
(lower phase) extracts were discarded. The aqueous
phase was transferred to a 100ml. beaker, the funnal
rinsed with water, the weshings added to the beaker
and the solution then evaporated to a volume of
ca. 5 ml. The solution was cooled and added to a
250ml. separating funnel containing 25ml. of tri-n-
butyl orthophosphate. The beaker was rinsed with
25ml. of concentrated hydrochloric acid and the wash~
ings were &dded to the separating funnel., The funnel
was shaken for one minute, the phases allowed to sep—
arate and the lower, ageeous layer was discarded. The
organic phase was washed twicce with 25ml., of concen-
trated hydrochloric acid and these washings were dis-
carded. The scandium was back-sxtracted into 25ml. of
water containing lml. of emmonia sclution (the aqueous

extract was still acid to litmus at this stage). The
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phases were separated and the aqueous phase was

shaken twice with 25ml. of chloroform to rewmove any
tri-n-butyl orthophospnate which remained; the chloro-
form extracts were discardeds. The aqueous laysr was
transferred to a 100-pl. beaker and the washings

ffom the funnel and lOml. of ammonia were added to

the beaker which was covered with a watchglass and
evaporated to ca. 20ml. After cooling and redissolving
the crystalline ammonium chloride in water, the solu-~
tion was added to a 1l00ml. calibrated flask containing
2ml. of 10% hexamine buffer. (pH adjustment was
extremely critvical in this method, the tolerance as
established previously being # 0.05 units. This com-

. bination of ammonium chloride apd hexamine consistently
produced pH 6.00 + 0.02). 25ml. of 10™2M reagent
solution were added, the solution diluted to the mark
with water and the fluorescence intensity measured
after 30 minutes at 455mu, with an excitation wave-
length of 370mu.

The graph of fluorsscence intensity against the
amount of scandium was linear from 4.5 to 22.5ug. of
scandium and passed slightly above the origin (see
Figure 42). Two standards were prepared and measured

with each group of samples, by taking 0 and 22.5ug.
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(5ml. of 10™%u solution) of scandium through the above

procedurc.

The complete separation and determinetion of a
set of eight samples required 6-7 hours.

Interferences.

The more important interfering cations found
previously were taken, norwmally in 100-fold wmolar
excess over 22.5ug. of scandium, through the recommended
extraction procedure. The results are given in Table
22,

This investigation showed that the following ions
did not interfere appreciably under the above conditions:
aluminium, biswuth, cerium (IV), copper (II), gall?um,
iron (III), uranium (VI), vanadium (V) and yttrium.
The only ions investigated which still interfered were
chromium (III), tellurium (IV), tin (IV), titanium (IV)
and zirconium. It had already been shown thet a num-
ber of cations did not interfere while the interference
of others could be eliminated by masking with cyanide
or o-phenanthroline.

Precision data.

The standard deviation of the cowmbined separation
and determination procedures was determined by taking

eight solutions, each containing 22.5ug. of scandiun
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Table 22.

Determination of 22.5ug. of scandium after separation
Irom various 1lonhS.

Foreign ions present Scandium| Error
found o
LB L /o

F—

Iron (III)(2,790) 2l.4 -4,8
Iron (III)(2,790)+0ce(IV)(7,000) | 2%.1 | +2.7
Yttriun (890) 2341 +24 7
Yttrium (890) 22.8 +1.3
Aluniniun (270) 21l.4 ~5.0
Aluniniun (270) 22.7 +1.1
Bismuth (10,400) 21.7 -3.5
Copper (II)(3,170) 22.1 -1.8
Uranium (VI)(11,900) 21.7 -3,5
Vanadiun (V)(2,550) 1 21.8 ~3,0
Gallium (3,500) 22.2 -1.3
Chromiun (III)(2,600) 18.2 | -19
Titanium (IV)(2,400) 19.1 -15
Zirconium (4,500) 12.6 i
Telluriun (IV)(6,400) 0 - =100
Tin (IV)(5,900) | 0 -100

Without any foreign ions, through the proposed
method. The results are given in Table 23.

These experiments showed the standard deviation to
be equivalent to 6.2% of the response due to the
scandium.complex, corresponding fo + l.dug. of

scandiurl.
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Table 23.

Precision data for determination of 22.5ug. of scandiun
alter extraction procedure.

Sanple Fluoresgcence Net scandium | Deviation | Variance
no. Intensity (x 1) response
1 22,1 19. 4 +0,.6 0.3%6
2 2345 20.8 +2.0 4,00
3 21l.1 18.4 ~Qa4 0.16
4 2l.2 18.5 -0.3 0.09
5 22+ 0 19.3 +0.5 0.25
6 1945 16.8 ~2.0 4,00
7 22.0 19,3 +0.5 0.25
8 21.0 1843 -0.5 0.25
Blank 2.7 -
Mean = 18.8 ]
2‘ L ‘ ’
Standard deviation = [22- = /2235 . 1,16 units = 6.2%
n-1 7

The standard deviation calculated from the first
eleven results in Table 22 was %.1%. However, all
of these determinations were carried out in duplicate
and cowupared with standards prepared simultaneously
and in some instances an obvipusly discrepant result
was rejected. The value of 6.2% was, therefore,

probably a wmore rcalistic estimate of the precision
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of this method.

Magnitude and Origin of Blank Fluorescsnce.

It may be ssen from Figure 42 that the fluor-
escence of the blank was approximately equivalent
to that of dug. of scandium. This value was caused
by the pick-up of some unidentified material during
the extraction procedure, which produced a purple
fluorescence on addition of the reagent (excitetion
naximuno 350mu, fluorescence meximum 440mu) which
was unlike that produced by any metal ion investi-
gated. The magnitude of tzis blank fluorescence
governed the range of concentrations over which
scandium could be determined with a satisfactory
signal to blank fluorescence ratio. The most
likely source of this iumpurity was the tri-n-butyl
orthophosphate used, which could not be obtained in
analytical grade purity. A prior washing of the TBP
with water or concentrated hydrochloric acid effected
no improvement. Atteupts were made to purify the
IBP by redistillation at reduced pressure, but, with-
out a very high vacuum, TBP decomposed at its boiling
point to a yellow liquid. More‘satisfactory results
might have been obtained using steam distillation in
the bresence of sodium Kydroxide aé a means of puri-

71

fication’™.
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CHAPTER 5

Discussion and Suggestions for PFuture Work.

In the author's opinion, solution spectro-
fluorimetry as an inorganic analytical technique
has now reached a crossroads. It has the basic
advantage of considerably greater sensitivity than
many other readily available instrumental methods,
e.8. solution spectrophotonetry and atomic absorption
spectroscopy and this, to some extent, compensates for
the relatively large number of interferences usually
gncountered in the spectrofluorimetric methods at
present available. Because of its generally superior
sensitivity, 1f the technique can now be applied to a
much wider range of elements than hitherto, there is
no reason why it should not soon rival spectrophotometry
in scope and selectivity. If the technique continues
to rest chiefly on the usually unselective reactions
of organic reagents with inorganic ions, however, it
is likely that its status will decline so that it will
gradually be discarded as an interesting but, in
general, inapplicable method of analysis. Ifs future
course will obviously be decided by the ingenuity of

efforts made (1) to improve the selectivity of the
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technique and (2) to extend its scope.

(1) At least two paths may be taken in attempts
to lmprove the selectivity of spectrofluorimetric
methods:

(a) a search for ''selective" reagents which form
fluorescenct complexes with a particular inorganic
specles and which eliminate the need for prior sep-
aration of the element to be determined,

(b) a reappraisal of the technique and improveuent
of its_selectivity by the use of different instrumen-
tation.

Of these two approaches, it seems likely thatb
(b) will be the more rewarding. To follow (a) would
be to pursue, f::m the viewpoint of spectrofluorimetry,
the search for functional groupings which react select-
ively with cations or anions. The results of this
approach in spectrophotometry may be taken as a guide
for forecasting what may occur in spectrofluorimetry.
The search will be made eten more complex by the fund-
amental need for the organic molecule to absorb radia-
tion (as in spectrophotometry) before re-emission.
Thus, all the factors which contribute to lack of
selectivity of light absorption will be present, as

well as factors whic. affect the emission process.



179;

A rewarding approach under (b) may be to atbtempt
to employ discrete radiation sources and to ensure
that the saumple irradiated absorbs only at discrete
wavelengths. Any wmethods by which absorption bands
in solution can bée made narrower will contribute to
this end, It is possible that low temperature fluor-
gscence and phosphorescence will be inherently moré
selective because of considerations of this type.
Furthermore, the increase in fluorescence intensity
of a system with decrease in temperature is well-known.
Recent work in the U.8.85.R.72 has shown that, at 77°K,
many inorganic systems, non-fluorescent under normal
conditions, emit a characteristic fluorescences
Altboﬁgh, at its present stage of development, this
phenomenon is probably of more interest to a physical
chemist, if suitable modifications can be made to
existing apparatus relatively easily, there is no
reason why this work should not have analytical
applications.

(2) The determination of metals such as
aluminium, beryllium and zinc which readily form
fluorescent complexes with organic reagents has
already been investigated fairly thoroughly and

there is linited room for further improvements in
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this field. The present need is for straightforward
methods of destermination of those elements which do
not fall into this category, the transition metals
being an obvious examble. Since these cannot be
done directly by existing methods, it would seem
sensible to look for some simple indirect methods of
overcoming this difficulty. The present author has
undertaken some preliminary work on two such umethods
and these are described in the following pages.

(1) 4in indirect spectrofluorimetric determination of

thorium.,

Previous Workers75 have described the indirect
fluorimetric determination of microgram amounts of
cyanide using a selective replacement reaction. Ad-
dition of cyanide removed palladium (II) from its
8~hydroxy-5-quinoline sulphonicemid chelate and the
reagent thereby released combined with magnesium ions
to form a fluorescent complex. The intensity of
fluorescence then measured was directly proportional
to the amount of cyanide added. This type of indirect
method seemed likely to have applications for the
determination of other ions not normally possible by
spectrofluorimetry. As a trial, the technique was,

therefore, applied to the determination of thorium,
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although this has previously been done spectro-
fluorimetrically using Morin as reagent74.

Qhe thorium~EDTA conplex has a stability constant
of 23.2lcompared with 15.5 for the aluminium-EDTA
chelate. Therefore, if thorium is added to a solu~-
tion containing equimolar amounts of aluminium and
EDTA, a2luminium will be reléased quantitatively and
thus will be available to combine with a suitable
reagent to form a fluorescent complex. This was
carried out by allowing up to 6ml. of 10™°M thorium
solution (1l-l4ug. of thorium) to stand for 60 minutgs
with lml. of 107°M aluninium-EDTA solution nnd 50ml. of
water. The solution was then buffered to pH5.8 and
the aluminium liberated was determined by measurement
of its blue fluorescent complex formed with 2~hydroxy-
3-naphthoic acid, see Chapter 2., These experiments
gave a straight line calibration curve, see Figure 43.
Optimum conditions for the method were established,
viz. a 20-fold molar excess of aluminium-EDTA solution
over the maximum amount of thorium with 60 ninutes
allowed Tor the'replacement reaction, then addition
of lml. of pH5.8 acetate buffer, a 20-fold wmolar
excess of Z2-hydroxy-3-nasphthoic acid over the naximun

amount of thorium and dilution to 100ml. with water.
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The fluorescgnce intensity was neasured after 30
minutes at 380/460ru.. |

In the experiments described above, the replece-
mens reaction took place at an unbuffered pH of ca. 4.7,
the exact pH depending upon the amount of thorium
presgnt. If the solution was previously buffsered to
pH5.8, however, using elther ammonium acetate or
hexamine, no replacement occurred. Furthermore, when
the pH was lowered (to 1.0, 3.6 or 4.l1) in attenpts
to accelerate thse replacement reaction, little re-
placement occurred. Therefore, the replacement of
aluniniun in its EDTA chelate by thorium was nuch
retarded if not prevented by an increase in the
ionic strength of the nedium.

Although the system described above did not
appear to be readily epplicable, this method of in-
direct determiﬁation by replaceunent and subseguent
fornetion of a fluorescent complex has considesrable
pronise if the replacement reactions can be carriéd out
in the presence of foreign ions. Thus the deternin--
ation of thorium would be iuproved by cyanide mnasking
of interferences. These investigations were made in
detail using tkorium, but it was élso shown that the

cbove procedure could be applied similarly to the
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deternination of iron (III), which hes an EDTA stability
constant of 25.1 and for which no direct spectrofluori-
netric methods exist.

Cations which form stable EDTA chelates could also
be deteruined by the release of zinc from its EDTA
complex, followed by formation of a fluorescent com-
plex wivh, for example, salicylaldehyde acetylhydrazone75.
Substitut’ m of another complexing;q§nt, €.8e. Cyanide,
in place of EDTA should lead to further extensions of
the scope of this technique to the determination of
other ions which do not themselves form fluorescent
conplexes.

(2) An indirect spectrofluorimetric determination
of arsenic (III).

Cerium (IIT) ions in dilute sulphuric acid ex-
hibit 2 characteristic fluorescence76, which, using
the Farreand spectrofluorimeter, shows ifs eXcitation
maximun at 260mu (with a secondary peak at 295mu)
and fluorgscence enission nmaxinum at 350mw, see
Figure 44. This provides a method of determination
of cerium (IIT) at concentrations down to ca. O.lppm.
The system was shown to be unaffected by change in
acid concentration between Of02 and 1M and by a high

concentration of electrolyte.



60

FLUORESCENCE INTENSITY

@)

EXCITATION

FIGURE 44.

I
I
|
I
I
I
I
I
I
I
I
I
I
I

 EMISSION

220

300
WAVELENGTH (mp).

350

]
400

'S8



186,
By using the redox reaction;-—-

2 Ce(IV) + As(III) —> 2 Ce(III) + as(V)

which is cetalysed by osmium tetroxide77, arsenic (III)
can be determnined indirectly by measurement of the
cerium (III) fluorescence produced, It will be

noted that there is a two-~fold molar amplification

of arsenic (III) in this reaction. The variation in
the fluorescence intensity produced by a varying
amount of cerium (IV) with a constant amount of

arsenic (III) is shown in Figure 45.

In 0.05M sulphuric acid and using a two-fold
equivalent excess of cerium (IV), the measured fluor-
escence intensity at 260/350m. is directly proportional
to the amount of arsenic (III) present (0~0.38pph.),
sec Figure 46. One drop of 0.0596 osmium tetroxide
solution 1s sufficient to promote arapid reaction and
fluorescence measuremehts are conveniently made 15
ninutes after mixing the solutions. Many cations,
including the other rare ecrths, do not interfere
with this system at room temperature, but interference
is ceused by ions which have oxidising or reducing

propertics under these conditions and by ions which
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ehsorb ab either 260mu or 350mi, o.g: nitrate, ivon (III),
etc. The presence of complgxing agents (Qit:ate, tar-
trate, ZDT4, gtc:) causes high results by favouring
the réduotion of cerium (I‘\[)t

If this system were to bg appligd to the deter-
mina?ion of arsenic in teohnical materials, a prior
separation would probably be necessary. Yowever, the
systgm has considerable intg:gst as an examp}e of a
spectrofluorimetric determination of an element which
shows no known fluorescence reactions. Furthermore,
it may be possible to apply tanis particular reaction
to the determination of trace amounts of osmium in a
similar way to the kinetic spectrophotometric method
already available78.

The system should also be epplicable to the de-
ternination of cerium, either directly as cerium (III)
or indirectly as cerium (IV). If an excess of afsenic
(III) solution were added to an unknown cerium (IV]
solution, the intensity of the cerium (III) fluorescence
generated would be proportionsl to the cerium content.

It is possible to make several suggestions for
future investigations in the field of organic spectro-
fluorimetric reagents. Holzbecher’”? has described

investigations of several salicylaldehyde condensation
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products &% reagents for zinc. Salicylaldehyde
aceS5ylhydrazone was particularly recommended and a
tk*“apgh investigatioﬁ of this system would be worth-
while.

Hydroxyanthraquinone derivatives should be inves-
tigated as possible fluorimetric reagents. Some pre-
liminary studies were made by the author with 1,5~dihy-
droxy-, l,8-dihydroxy-, 1,2,4-trihydroxy-, 1,2,5-tri-
nydroxy-, 1l,2,6~trihydroxy and 1,2,5,8-tetrahydroxy-
anthraquinone, but all of this work was handicapped
by the lack of a red-sensitive photomultiplier. The
metal-complexes formed by these reagents are usually
yellow or red so that any fluorescence emitted would
be expected to be of wavelength >600mt.

‘ 8-aminoquinoline can be prepared by autoclaving
8-hydroxyquinoline with ammonia aﬁd sulphur dioxide

2t high temperature and pressure79. The preparation

end investigation of a range of Schiff's base derivatives
of this reagent might be a fruitful field of study.

Many examples have been described of titrations
wnich use a fluorescent indication of the end-point.
For example, Stolyarov80 has described micro-titravions
of aluminium with salicylate or oxalate, following the

course of the titration by measurement of the fluorescence
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of the aluminium-Morin complex. Now, photometric
titration methods are inherently more accurate than
corresponding direct methods, an accuracy and precision
of <1% being easily attainabie. Therefore, by em-
ploying titrations of a metal ion ageinst a suitable
fluorimetric reagent, or vice versa, and following
the change in fluorescence intensity with titre, it
sahould be possible to combine the advantages of
spectrofluorimetry (sensitivity) and titrimetry
(precision and accuracy). The design of suitable

- apparatus for this work should present little diffi-
culty and the technigue could find wide application
in the determination of metals which form fluorgscent
complexes instantaneously with organic reagents.

An aprlicetion of spectrofluorimetry in organic
caenlstry may be found in the study of the kinetics
of reactions which either have fluorescent reactants
or a fluorescent product. For example, if salicylalde-
hyde 1s allowed to react with semicarbazide hydro-
chloride ip an aqueous-~ethanol medium, the formabtion
of the condensation product, salicylaldehyde semi-
carbazone, may be followed by measuring the intensity
of the blue fluorescence of the product. The range

of reactions to which this technique could be applied
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is obviously limited, but some valuable results could
probably be obtained.

The need to extend the scope of spectrofluorimetry
has already been discussed. In the course of the
author's work on thallium, described in Chapter 1,
the fluorescence of lead (II) in chloride mediunm
was observed. A short further examination was made
of this and it was shown to be possible to construct
a calibration curve for lead in the range 10-6 to
lO-BM, measuring the fluorescence at 270/480mu. The
fluorescence of tin (II) in chloride medium (260/470mui)
has also been observed, but this has much lower sen-
sitivity then those of thallium (I), lead and cerium
(I11).

Several workers have studied examples of energy
vransfer fluorescence reactions in which an organic
molecule is caused to react with an inorganic ion
which has a characteristic fluorescence. Incident
radiation is then absorbed by the organic part of
the qonplcx molecule, treansferred to the inorganic
part and flubrescence is emitted at the wavelength
characteristic of the inorganic ion. This method
affords a considerable increase in sensitivity, but

1s obvi~usly restricted to inorganic ions which emit
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a characteristic fluorescence in solution. Work to
date has largely been restricted to the determination
of the rare earths.

A more rewarding field may be found in the study
of terpary complexes as a means of determination of
metals. Some of the author's colleagues81 have
studied complexes of the type; transition metaly
nitrogenous base: anionic dyestuff, e.g. copper (II):
o-phenanthroline; Rose Bengal [tetrachloro(P)tetraiodo-
(R)fluorescein]. Another well-known example of a
ternary system uses the extraction into benzene of the
complex between a metal which fprms a singly-charged
chloroanion (gallium, gold, etc.,) and an organic re—
gent such as Rhodamine B (Colour Index 45170). This
type of system was used, for example, by Onishiao for
the determination of thallium.(III) and is probably
capable of wider applications.

The determination of small amounts of phosphorus
has been the subject of intensive study. The basis of
a sensitive spectrofluorimetric method may be found
in the formation of the quinimephosphomolybdate com-
plex, which can be precipitated from acid medium82785.
If this complex can be separated from the excess

quinine present, preferably by solvent extraction,
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it will be possible to bresk the complex and sub-
sequently measure the fluorescence of the guinine
released, which should be directly proportional to

the amount of phosphate in the original solution.



1.
2e

S
5
6.
7
8'I
90
10.
11,
12.
13,
14,

le

16.

17

195.

References.

E.J. Bowen, Quarterly Reviews, 1947, 1, l.

P. Pringsheim, ''Fluorescence and Phosphorescence '’,

Interscience, New York, (1949).

Re.J. Bartholomew, '''Reviews of Pure and Applied
Cbemlstry", 1958, 8, 26b>.

C.A. Parker and W.T. Rees, Analyst, 1962, _2, 83.

idem., chapter in J.P. Cali, ""Trace Analysis of
Seuiconductor Materials ", PeTrgamon, OXiord,

(1964), pp. 226ff.
T.S. West, Laboratory Practice, 1965, 14, 922.

C A, Parker, Analxst, 1959, 84, 4n6,
Ce A. Parker and W.T. Rees, ibid., 1960, _2, 587

R.M. Dagnall, G.F, Kirkbright, R. Smith and T.S. West,
unpubllshed work.,

C.E., White and A. Weissler, Ana;yts Ghem., 1962,
2&, 81lRy 1964, 36, 116R.

idem., in L., Meites', ''Handbook of Analytical -
Chemistry ', Magraw Hill, New York, (196%), Db. 6- l76f£'

J. Block and E. Morgan, Analyt. Chem., 1962, 34, le47.

J.W. Collat and L.B. Rogers, ibid., 1955, 27, 9%61.

R.E. Ballard and J. W. Edwards, ''Proceedings of
tthe SAC Conference, Nottingham ", W. Heffer and
bons Litd., Cambridge, (1965), p.328.

F. Will, Analyt. Chem., 1961, 33, 1360.

A. Weisslér and C.E. Whlte, Ind. Eng. ChemJ.Anal. Bd.,
1946, 18, 530.

T.S. West, Analyst, 1962, _z, 650.




184
19.
20.
21.

22

23,
24.
25,

26..

27

28..

29.
BOf
Elf
32

534

34-

196.

G¢F. Kirkbright, T.S. West and C. Woodward,
Talanta, 1965, 12, 517.

idem., Analyt., Chem., 1965, 37, 137.
idem., Talanta, 1966, 13, submitted for publication.

idem., ibid., 1966, 13, submitted for publication.

idem., "Proceedlngs of the SAC Conference,

T Nottingham ©, W. Heffer and sSons Ltd., Cambridge,
(1965, p.474.

idem., Analyst, 1966, 91, 23.

S D. Gur'ev, Analyt. Abs., 1956, 3, 3301

H. Onishi, Bull. Chem. Soc. Jspan, 1957, 320, 567.

L.A. Haddock, Analzst, 1935, 60, 394.

R.S. Clarke, Jr. and F. Cuttitta, Analzt. Chim,.
Acta, 1958, 19, 555.

R. Berg, E.S. Fahrenkamp and W. Roebling, C. A.,
1937, 31, 4234.

K. Motojima and H. Hashitani, Japan Analyst, 1960,
9, 15L.

H. Onishi, Bull. Chem. Soc. Japan, 1957, 50, 827.

P. Pringsheim and H. Vogels, Physica, 1940, Z, 225.

C.W. S8ill and H.E. Peterson, Analyt. Chem., 1949,
21 1266.

R. Bock and E. Zimmer, Z. analyt. Chem., 1963,
198, 170

I. Wada and Re Ishii, C. A., 1934, 28, 3334.

C.A. Parker, "Proceedlnvs ‘of the SAC Conference,
Nottingham ', W. HeTfer and SOns Ltd., Cambridge,

?.'1965) s Do 208.




6.
37
8.
39.
40,

41.

4z,

43,

45,
46,

474
48.

49.

50.

197,

C.H.R. Gentry and L.0. Sherrington, Anslyst, 1946,
71, 432; 1950, 75, 17.

E.B. Sandell, ''Colorimetric Determination of
Traces of Metals ', 2rd Ed., Interscience,
New York, (1S59), p.238.

C.E. white and C.S. Lowe, Ind. Eng. Chem., inal.
Ed., 1940, 12, 229.

E. Goon, J.E. Retley, W.H. McMullen and S.E. Wiberley,
4Analyt. Chem., 1953, 25, 608.

%4, Holzbecher, Coll. Czech. Chem. Comm., 1959, 24,
._C_.'..‘é"9 19599 259 198280

B.R.¥. Kjellgren, C.W. Schwenzfeier, Jr. and
E.S. Melick, chapter in I.M. Kolthoff and ,
P.J. Elving, ''Treatise on Analytical Chemistry ',
Part II, Vol. 6, Interscience, New York, (1964),
pp44LT.

C.W. Sill and C.P. Willis, Analyt. Chem., 1959,
21, 598.

C.W. Sill, C.P. Willis and J.K. Flygare, ibid.,
1961, 33, 1671.

A.TI, Cherkesov, Dokl. Akad. Nauk., SSSR, 1958, 118,
3093 C.k., 1958, 52, 8840c, -

A.I. Cherkesov and T.S. Zhigalkina, Analyt. ibstr.,
1l, 2096.

idem, Zavods, TLab., 1961, 27, 658; C.A., 1962
56, 408%h.

P. Job, Ann. Chim. France, 1928, 9, 113.

J.H. Yoe and A.L. Jones, Ind. Eng. Chem., Anal., Ed.,
1944, 16, 11l.

A.E. Harvey and D.L. Manning, J. Am. Chem. S0Ca.,
1950, 72, 4488; 1952, 74, 4744,

F. Feigl, ''Specific, Selective and Sensitive
Reactions ", scademic Press, New York, (19049),
pPp. 5301i.




198.

51. I. Erdey, ''Gravimetric Analysis "', Part 2,
Pergamon, OxIord, ( s DeOLl7s

52 E. Cartmel and G.W.A. Fowles, ''Valency and
Molecular Structure ', Butterworth, London,

(1956), p.l44.

53. C.A. Parker and W.J. Barnes, aAnalyst, 1960, 85,
828.

54, L.C. Hurd and H.O. allen, Ind. Eng. Chem., Anal. Ed.,
1955, 7, 596.

554 J.H. Hamence, Analyst, 1940, &5, 152.

56« J.A., Radley and J. Grant, ''Fluorescence Analysis
in Ultraviolet Light ', Chapman and Hall, Ltde,
London, 1936, p. 206.

57. R.S, Bottei and B.A. Prusk, Analyt. Chem., 1963,
25, 1910.

58. E.B. Sandell, “Colorimetric Determination of
Traces of Metals '™, Ard Bd., Interscience,
New York, (1959), p 646.

59. N. Launamaa, Analjt. Chim. Acta, 1965, 35, 21.

60. A+ R. Eberle and M.W. Lerner, Analyt. Chem. 1955,
' 27, 1551.

6l. F. Umland and H. Puchelt, Analzt Chim. Acta,
1957, 16, 334.

62 J C. Macdonald and J.H. Yoe, ibid., 1963, 28, 264.

6%. E.B. Sandell, Colorlmetrlc'Ietermlnatlon of -
Traces of Metals ", srd Bd., Inferscience,

New York, (1959), p 800.

64, 2. Holzbecher, Coll, Czecn. Chem. Comm., 1963,

28, 716,
65, I.M. Korenman and V.S. Efimychev, C.4., 1961, 55,
27158b. . T

66. 1dem, C.A., 1962, 57, 15799a.



67.
68.

69..

70

71

72

-
.
75«
76;
7.
75.
79;

8%,

199:

idem, Analyt. Abstr., 1964, 11, 6.

J. K8rbl and R. Pribil, Chemist Analyst, 1956,

45, 102.

W, Fischer and R. Bock, Z. &NOTE. Chem., 1942,
249, 146,

V. Djurkin, G.F. Kirkbright and T.S. West, Analyst,

1966, 91, 89.

G. Phillips and G.N Ce Milner, "Proceedings of
the S,A.C. Crnferencs, Nottingham -, W. Helfer

and Sons, Ltd. , Cambrldge, (1965), p.240.

F.4i. Bozhevolnov, E.A., Solovyov and S.U. Kreingold,
YXth IUPAC Congress, Moscow (1965), E75.

JoS« Hanker, A. Gelberg and B. Witten, Analyt. Chem. ,
1958, 30, 93.

C.W. 8ill and C.P. Willis, ibid., 1962, 34, 954.

Z. Holzbecher, Coll. Czech. Chem. Comm, , 1955, 20,

125%.
Analy_t. .A.bS‘bI‘., 19565 é, 16450

W.A, Armstrong, D.W. Grant and W.G. Humphreys,
Analyt. Chem., 1963, 35, 1300.

R. Belcher and Acd. Nutten, ''Quantitative Inorganic
‘Inorganic Analysis'', 2nd Ed., Butterworth,
London, (1960), p.270.

R.D. Sauerbrunn and E.B. Sandell, Mikrochim. Acta,
11953, 22.

N.L. Drake, ''Organic Reactions ', 1942, 1, 105

K.Ps Stolyarov and N.N., Grigor'ev, Analyt. Abstr.,
‘1963, 10, 3131.

BeVWi. Bailey, R.M. Dagnall and T Se West, unpublished
Work.

J. Pouget and D. Chouchak, Bull. Soc. chim. France,
1909, 5, 104.

J.A. Street, Australian Chem. Inst. J. and Proc.,
1939, &, 395,




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204

