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ABSTRACT

The introduction gives a brief resumé of the general theory
of fluorescence, phosphorescence and delayed fluorescence
mechanisms together with the associated lifetimes of these
processes. Factors effecting luminescence intensity are also
discussed in some detail Available apparatus and the
specific instrumentation used for the work described in this
thesis is alsc mentioned and finally observations on useful
available literature are made.

Chapter II deals with the determination of antimony in
hydrobromic acid and also discusses several observations made
on related work concerning the interferences of iron(III) and
copper(II) together with the low temperature absorption spectra
of these two ionms.

The third chapter deals with the determination of trace
lead impurities in concentrated acid. This work was carried
out after interest had been expressed by the manufacturers of
the pure acids supplied concerning the suitability of this
method as means of quality control.

In order to try to correlaté a pattern to the results
obtained previously for the hydrobromic and hydrochloric matrices
the work described in Chapter IV shows the results obtained for
the hydrofluoric acid matrix. However from the results obtained

to date no definite conclusions could be drawn.



Chapter V describes the determination of niobium by a
spectrophosphorimetric technique. This method shows that
niobium can be determined in microgram quantities in the |
presence of large excesses of over 50 foreign ions. The
fact that the interference of iron can be easily removed shows
the potential that this method may have for the determination
of niobium in séeel samples.

A second introduction discusses the relevant theory and
instrumentation required for the measurement of the lifetimes
gf several species, the results of which are to be found in
the penultimate chapter. Finally, the implications of these
results and suggestions for future work in his field are

discussed in the last section.
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INTRODUCTION

The general theoretical treatment of fluorescence and
phosphorescence phenomena in solution has been reviewed by
Bowen [1] [2], Pringsheim [3], Bartholomew [L], White [5],
West [6], Hercules [7] and Parker [8] and will be outlined

only briefly here.

Fluorescence

Electronié transitions may be stimulated in molecules
at room temperature by the absorption of light and usually
take place from the lowest vibrational level of the ground
state Eo’ to vibrational levels of higher electronic states
E, E and E. This is illustrated in the absorption spectra
of simple molecules by the presence of several well defined
maxima, each of which incorporates the corresponding rotational
lines which are too close to be separated spectroscopically.
However the vibrational levels of some molecules are so complex
that transitions to the different vibrational levels of the
first excited state give rise to one single broad band,
sometimes together with a second band at higher frequency due

to excitation to the second electronic excited level.



Once the molecule has been excited to the vibrational
levels of the first excited state it rapidly loses its
vibrational energy by collisions with neighbouring ﬁolecules..
This is shown by transitions (b) in Figure]«l-‘lf the molecule
has been excited to an even higher electronic excited state,
E, and K, then it may undergo radiationless transition known
as internal conversion whereby transition to a high virbational
level of the first excited state, of the same energy as the
_low vibrational level of the higher electronic excited state
just vacated, occurs. Collisional deactivation again causes
loss of the resulting vibrational energy back to the E, VO
. state. From this level the molecule can returh to any of
the vibrational-rotational levels of the ground state by the
emission of light of the corresponding frequency. These are
transitions (c) iﬁ.Figﬁrel.l_It is this emission process which
is knowr as fluorescence.

If all the molecules which originally absorbed light
underwent this complete mechanism then the solution would be
said to have a quantum.efficiency of unity. ~ (The quantum
efficiency is defined as the ratio of the number of guanta éf
energy emitted to the number of quanta absorbed). Other
mechanisms, however, compete with the fluorescenhce process;
these are internal conversion, collisional deactivation,

convers ion to lower triplet levels, and photochemical reactions
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such as dissociation. These processes may reduce the
Tluorescence efficiency markedly.

Absorption bands of equal intensity and emission maxima
of equal intensity would be expected if tke position of the
energy bands as indicated in Figure 1.1 wzs the only facfor
to be considered. In fact the intensities of the different
absorption bands varies greatly, as do the fluorescence
emission bands. In order to explain thkis the Frank-Condon
Principle must be considered. This states that absorption,
and hence excitation, takes place‘within 10"15 seconds.

During this time the heavy nuclei of the atoms do not appreciably
change their position or momentum, therefore, the nuclear
configuration in the excited state is the same as that of the
ground state prior to absérption. On the potential energy
diagram Figure 1.2 the simple case of a diatomic molecule is
considered.

The lower curve AB represents the potential energy of
the ground state, and the upper curve XY the potential energy
of the first electronic excited state. The small horizontal
lines within each of these curves represent the vibrational\
levels of each of these electronic states.

As no nuclear positional or momentum change occurs the

transition can be represented by a vertical line between the

two electronic states. For molecules which possess no vibrational
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FIGURE 1.2
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eﬁergy the point from which transition is most likely to occur
is the centre point of the line EF, or the line NO if emission
is considered. Other transitions, however, can occur from
other positions towards the ends of the line EF and from other
vibrational levels, though the probability is much lower.
Therefore one intense absorption band, together with several

of lower intensity can be expected; this may be represented
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by the dotted lines drawn vertically from either end of the line
EF. Following excitation and subsequemt loss of vibrational
energy the most probable transition will lbe from the mid-point
of the line NO back to the ground state att D. This will be
the most intense band though other weaker bands will be oﬁserved
for transitions to other vibrational leveils of the ground state.
The molecule will finally lose its vibrattional energy by
collisions with other molecules in solutiion.

1t should be noted that the emisssion spectra is frequently
a mirror image of the primary absorptiom band. This is due %o
the fact that the distribution of vibrational levels in the first
excited state, which determine the shape ©of the first absorption
band, is approximately the same as those #in the ground state which

are responsible for the shape of the emission spectrum.

Phosphorescence

Electrons in atomic and molecular orbitals are spin
coupled, Eo and E,, Figure 1.3, represem%ting the singlet states
which correspond to these spin coupled states. Spin reversal
of an electron may occur though accordimg to the Pauli Exclusion
Principle a new orbital must be formed for the uncoupled electron.
. This new configuration will show spectroscopically as a triplet
because of the interaction of the spins and orbitals. Hund's

Rule states that spin multiplicity favours the ground state, as
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a result the excited triplet state T, is less energetic than
the siﬁglet E, from which it was derived. However, the
energy difference separating the two states is normally -small
and exchange between the two can readily occur. This exchange
process is known as inter-system crossing.

Procésses in competitioﬁ with normal fluorescence have
similar rate constants, i.e. ‘lcrs seconds, one such process
is inter.system crossing. The lowest vibrational level of
the T, state is situated somewhere below the lowest excited
singlet state but its higher vibrational levels reach the level
of the lowest excited singlet state and transition between the
‘two can occur. This mechanism is known as inter.system
crossing where a molecule crosses over from the excited singlet
to one of the upper vibrational levels of the lowest triplet

state.

From this point the molecule rapidly loses its

vibrational energy and falls to the lowest vibratiornal level

of the triplet state. Consideration of the process is clarified

if a potential energy diagram is studied, Figure 1.L. This

diagram refers only to a diatomic molecule, consideration of

a polyatomic molecule, however, would involve the same principle.
Light absorption is represented by the vertical line CD.

The molecule now in the excited singlet state rapidly loses its

excess vibrational energy passing down the curve XY to the

point M. At this point the positioné and momenta of the atomic



Figure 1l.4. Potential Energy Diagram Iliustrating Inter—
System Crossing
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nuclel are identical to those co¥responding to a molecule in
the lowest triplet state, and at this point the molecule caﬁ
transfer to the corresponding vibrational level of this
triplét state. As a consequence the molecule adopts the
relatively long lived triplet state during the lifetime of

the B, state.
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Normal fluorescence occurs when the electron returns
to the ground state EO from E,, and the first excitéd state
E, has a finite lifetime of 10—7 - 10_9 s=conds. If the
molecule possesses a triplet state T; below the E, state then
phosphorescence may occur. The molecule passes from the E
state to T, and phosphorescence emission eccurs when the
electron returns to the ground state EO. Transitions between
states of different multiplicity, however, are}Torbidden" and
consequently the direct promotion of an electron Ifrom EO to I,
is "forbidden" as it would require siﬁultaneous spin de-
coupling. Once the triplet state has been achieved
indirectly, re.radiation will be difficult as spin ce.coupling
must occur S0 the lifetime of the triplet state is relatively
long - 10"1f - 10 seconds.

The difference between fluorescence and phosphorescence
is that whilst the former involves a singliet_singlet transition
the latter involves a triplet.singlet mechanism. As a result
fluorescence appears to be an instantaneous process (EE 10°
seconds), whereas phosphorescence is a great deal slower (EE
lCrh~ 10 seconds). An important consequence of this time \
factor is seen when the process of collisional deactivation is
considered. Though collisions between solute and solvent
molecules can be an important factor in decreasing the intensity
of fluorescence, phosphorescence has been noted only rarely at

room temperature [9] where collisions occur readily, and most
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samples have to be frgzen to form a glass so that the collision
rate is drastically reduced.

Phosphorescence emission occurs at a longer wavelength
than the fluorescence emission for the same molecule because of
the small loss in energy in the transition from the E; to T, state.
It will, however, have a similar spectral shape to the fluorescence
band because the same vibratiénal levels of the ground state are
involved for both mechanisms.

Delayed fluorescence can occur by several mechanisms, the
two most important of which will be discussed briefly here.
Firstly, B-type or thermally assisted delayed fluorescence [10] [11].
This occurs by a mechanism similar to normal phosphorescence.
However, when the triplet staté has been attained, thermal energy
excites the molecule back to the first excited singlet state from
where its transition back to the ground state gives risé to
fluorescence emission.

P_type delayed fluorescence is the second of the more
common mechanisms, and this occurs by the collision of two excited
triplet molecules, with the production of ground state molecule
and one excited singlet molecule [12] [13]. The subsequeﬁt
emission of delayed .fluorescence occurs when the electron falls
back from the excited singlet to the ground state.

Both these mechanisms give rise to emission of the same

spectral characteristics as direct fluorescence though the
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intensity is much lower, and the lifetime is characteristic
of that of the triplet state.

For normal fluorescence the fluorescence intensity F
. . tedigkion
is defined as the intensity of absorbed\measured in quanta

per second multiplied by the quantum efficiency QF.

Therefore F = IA éF
= (IO - IT) @F

Beer Iamberts Law states however that
~ke'l?
e

hq -
O =3

where ¢' is the concentration of material (molecules/mlJ and k

is the effective cross-sectional area of one molecule in sq.cm.
. 1]

Therefore F =Io(l - e"kC l) QF

Expansionrof this equation gives :-

2 3 n
N F = Io[kc'l - (kec'l) + (ke'l) = ....(kec'l) ] 3
2 6 n! F

Changing concentration to more practical units of moles/litre
and calculating the molar extinction coefficient

F= I, [2.3 ecl:! [1 - 2é3 gcl + (2.36@1)2_ ] o

Therefore for solutions which absorb only weakly (that is the
value ecl is smallj, the above equation simplifies to :-

F=1,[2.3gcl] &
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_ Therefore the intensity of fluorescence is directly
proportional to the concentration of the solute present,
providing all other factors are kept conétant. Also, for
constant concentration, the fluorescence intensity varies
directiy with the incident radiation intensity. Therefore
if a very high intensity source is used very low concentrations
of fluorescent solute can be readily measured, and it is this
point that illustrates the basic difference between molecular
spectrofluorimetry and ab;orption spectrophotometry. In the
latter technique the detection limit or semsitivity is governed
by the minimum measurable difference between two signals of
high intensity (IO and IT) and the intensity of the source has
no effect on the detection limit. In spectrofluorimetry,
howevgr, given a high intensity of exciting radiation, and a
very sensitive and stable amplification and deteetion system,
there should be, in theory, no limit to the concentrations
detectable. . In practice, this does not hold. fhe thermal
noise of the photomultiplier tube and circuit can be significant,
but the factor which most often limits the sensitivity is the
magnitude and variation in the background (blank) fluoresceﬁce.
This may arise in one of two ways, either the organic reagent
used under the conditions of the determination may exhibit a
large fluorescence signal or, from fluorescent impurities present
in either the reagent or solvent. First or second order

scattering of the incident 1iéht or Raman scattering by the
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solvent may also be a limiting factor.

The possibility of Raman scattering has been fully
discussed by Parker [14] who has thoroughly investigated the
phenomena for several solvents. When light falls upon a
suldance, a proportion of it is scattered at the same
wavelength, but a small percentage interacts with the vibrational
and rotational modes of the solvent molecule and is re-emitted
at a slightly longer wavelength. The difference in wavelength
between the absorbed and emitted light corresponds to the energy
absorbed during this interaction. | Since the emission occurs
at a longer wavelength than the incident radiation, it is
possible that this Raman emission may cause serious interferences
with a normal weak fluorescence signal if it is in the same
wavelength region. Only the main Raman band need be considered
as the others are of very low intensity. If water is the
solvent then it will exhibit its main band at a frequency 0.3 H—1
lower than that of the exciting light. Other factors that
contribute to the magnitude of the blank signal can be partially
removed by the purificétion of reagents and solvents. Raman

scattering cannot readily be overcome.

Quencing Processes

The quantum efficiency for any particular compound, © ,
should ideally have a value of unity, and in fact values of 0.97

for rhodamine B in ethanol, and 0.92 for fluoresceine in 0.1 M
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sodium hydroxide solution have heen reported [15]. Several
factors however can cause a reduction im this value. These
quenching effects can take several forms, (a) those which
directly affect the guantum efficiency, amd (b) those which
interfere indirectly with the gquantum efficiency, e.g., the

inner filter effect.

1. Intermolecular Collisions

Deactivation of the excited state molecuies caused Ey
collisions with other molecules, in particular those of the
solvent, is a very important factor when gquenching processes
are considered. As expected, an increase in the temperature
will greatly effect this phenomena, and a negative temperature
coefficient of between one and two percent per degree centigrade
at room temperature is relatively common. This could therefore
be a serious detraction from room temperature spectrofluorimetry;
this is however not an appreciable effect for a technique
generally used for trace analysis and an error of ¥ 5% caused
by this temperature change will give an absolute result
insignificantly different to the actual amount present, if Sub-
microgram quantities are being considered. In phosphorescence
the effect can be much more serious than in fluorescence due to
the much longer lifetime of the triplet state [16] [17]. A1l

these difficulties are, however, overcome by working at the
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temperature of liquid nitrogen. The coillision rate actually
occurring is very small indeed because of the greatly increased
viscosity of the medium, and the sample wiill also remain at a

constant temperature of _19600.

2. Solvent Effécts

This effect on the fluorescence signal can be quite
marked. Solvents which contain substiftwments such as bromo,
iodo, ﬂitro and azo groupings aré generaly unsuitable as the
large magnetic fields which surround thesé bulky substituents
tend to promote spin de-coupling of the electrons and hence
triplet state formation. Whilst this effect will detract
from the fluorescence signal it may help to induce phosphorescence [18]
and this has been the subject of much discussion [19] [20].
Similarly molecules that exhibit strong wan der Waals forces
with the excited solute molecule will aid deacfivation because
of the prolonged collisional lifetime.

Polar solvents relative to non polar solvents also tend
to inhibit fluorescence when considering metal chelate systems
because of their strong solvation of the complex though the
reverse may be true when truly aromatic systems are studied [19]

{21].
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3. Solvent Viscosity

An increase in the viscosity of the solvent medium will
obviously decrease the intermolecular collision'rate and may
thus enhance the fluorescence signal. For this reason the
very large increase in viscosity obtained by working at liquid
nitrogen temperature is seen to be at least partly responsible
for the correspondingly large increase in fluorescence sensitivity

obtained [22].

L. Chemical Reaction

It has been previously well characterised that exposure
to ultra-violet light can promote chemical reaction of the
excited state molecules. In analytical spectrofluorimetry
however any reagept exhibiting this property would not be
considered as a practical proposition and would therefore be
ignored.\ The only example of this met within the bounds of
the experimental work covered here is the rapid decrease in the
fluorescence of thallium (I) in concentrated hydrochloric acid,
and this has been attributed to the rapid oxidation to

thallium (III1) caused by irradiation with ultra-violet light [23].

5. Dissolved Oxygen

Dissolved oxygen can have a pronounced effect on the
magnitude of fluorescence for organic systems [2]; the effect

does not appear to be so common, however, for metal chelate sjstems.
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This certainly appears to be illustrated by work carried out
in this laboratory which shows that no decreasg in the signal
is obtained for a sample that contains dissolved oxygen.
However, dissolved gases may produce a large increase in

the frequency of cracking when working at low temperature,
ahd this frequency may be reduced by de.aerating the sample

before cooling.

6. Cationic and Tonic Strength Effects

Transition metals which posses unfilled 'd' orbitals
will quench fluorescence whereas diamagnetic ions when they
are co-ordinated will tend to give fluorescent complexes.
However, though paramagnetic ions will inhibit fluorescence
they do enhance the intersystem crossing process and can therefore
bé expected to increase the phosphorescence phenomena if the

work is carried out at low temperature [24].

7. Charge and Energy Transfer Processes

Charge transfer processes may also be responsible for
the quenching of fluorescence. A mechanism for this has
been proposed by Weller [25], who suggest that the exc¢ited
fluorescent species M* forms a charge transfer complex with
the guenching species Y to produce an ion pair M"Y which will

then dissociate to the ground states of M and Y, with the result

that the energy is dissipated thermally; or that a triplet



state of M is formed together with the ground state of ¥, on
dissociation, and the excess energy dissigpated in a similar
manner.

Another mechanism which effectiveilly quenches fluorescence
is known as sensitized fluorescence. Wheré the energy from
ah excited species D* is transferred to amother species A
which is the ground state to give A* and D followed by the
subsequent emission characteristic of the species A. Hence
the fluorescence of the species D is effectively quenched.

For singlet-singlet energy transfers of this form a theoretical
suggestion as to the exact mechanism has been suggested by
Perrin [26] [27] and this has been further developed by
Forster [28] [29], but generally may be represented by the
eguation :.

D 4+ YA - 'D 4 TA®
Triplet\fo singlet energy transfers have also been observed by
several authors [30] [31] [32] [33] as have triplet to triplet
energy transfers [34]. The latter is illustrated by the
phenomena of P_type delayed fluorescence which assumes that
an encounter between two triplet molecules gives rise to an
intermediatary species X which dissocilates to give one excited
singlet state and one ground state molecule. This mechanism
is represepted in the following way, the most important steps

being .



26.

T+ T > X
X » st.s°
st~ 2 4n >
v

This was the mechanism suggested by Parker [35].

The other process by which the fluorescence signal may
be reduced but does not affect the quantum efficiency value
in any way is the inner fil?er effect. This phenomenonis
common in fairly concentrated solutions where'an absorbing
concomitant molecule preseht will absorb either a proportion
of the incident or emitted radiation and therefore reduce the
‘analytical signal [36]. A fluorescent molecule can naturally
act as its own inner filter and this phenomenonis clearly
visible for concentrated aqueous solutions of fluorescein.

This phenomenwis clarified if the sample cell geometry is

considered, Figure 1l.5.
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In diagram A a large proportion of the incident
radiation is absorbed in the first few fractions of a cm.
of the solution, and as a result the fluorescence signal
obtained at the photomultiplier detector is much lower than
anticipated because the photomultiplier is observing the
fluorescence emissién from the centre portion of the cell.
As a result the signal obtained is neither proportional to
the incident radiation intensity or to the concentration of
the fluorescent species.

The inner-filter effect can easily be overcome by
dilution and diagram B shows that under ideal conditions
no self_absorption occurs; aﬁd the fluorescence signal obtained
will be directly proportional to both the incident radiation
intensity and the concentration. Other factors which can
cause a decrease in the fluorescence intensity are chemical
reactioﬁ% with foreign ions, oxidation and.reduction,
neutralisation, complexation and precipitation and though they
are not strictly regarded as quenching actions they can

definitely cause a serious interference effect if encountered.

INSTRUMENTATION

Commercially available instruments for carrying out
studies in the field of spectrofluorimetry and spectrophosphorimetry

are generally rather similar in nature, and a description of
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the Aminco-Bovman Spectrophotofluorometer, Figure 1.6, used
by the author during the course of this work serves as an
iilustration of a typical instrumental assembly.

The general arrangement of the instrument is illustrated
in Figqre 1.7. The output from the phefomultiplier passes
directly to the photometer unit where after suitable
amplification it is shown on the scale. A connection
linking the microphotometer unit with an X-Y recorder also
enables the photomultiplier output to be displayed on the Y-axis,
the X.axis being directly linked to the wavelength drive
mechanism of the optical unit, therefore enabling fluorescence
- excitation and emission spectra to be recorded. The D.C.
power unit supplies the current for the 150 watt high pressure
Xenon arc lamp which is mounted on the optical unit opposite
the photomultiplier, a fan is fitted to the side of the Xenon
lamp'hodsing to prevent the arc frém becoming too hot. ‘A
115v/220v transformer is required to operafe this American
instrument in the United Kingdom.

A more detailed picture of the optical unit is given in
Figure 1.8. The light source used in all the experimentai
work reported here was a 150 watt high pressure Xenon arc lamp
which gives a continuous spectrum from 220 nm to beyond the
visible region and well inté the infra.red. The power supply
unit runs on an A.C. input but rectifies this to D.C. Initial

switching on of the power supply produces 50 .. 60 c.p.s. noise
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which ceases after ignition of the lamp. The arc is struck
by a momentary potential of approximately 25 K volts, however
.after this initial pulse the output voltage to the Xenon lamp
drops to ca 19.8 volts D.C.

The output from the lamp passes through a plane quartz
window into the sealed monochromator unit, initially passing
through a set of baffles to a large front silvered concave
mirror which collimates the light onto the grating monochromator.
From the grating the monochromated first order radiation is
passed to a second concave mirror which focusses this incident
radiation onto the sample. The fluorescence radiation from
the sample emitted at riéht angles to the incident beam, is
dispersed by a second grating monochrométor into monochromatic
radiation incident on the photomultiplier. Fach monochromator
has a wavelength range from 200 nm to 800 nm, and are optically
identical except for a difference in 'blaze' wavelength. The
excitation grating is blazed at 300 nm (1lst order) to strengthen
the output from the Xenon lamp which decreases below 400 nm.

The emission grating is blazed at 500 nm (1lst order) to improve
the response to fluorescence at wavelengths from 400 .. 600 ﬁm.
Measurement of fluorescence signals at wavelengths above 700 nm
requires the use of an R136 photomultiplier tube as both the
IP21 and IP28 tubes possess very weak responses in this region.

Additional scanning ranges of 300 to 900;  L4OO to 1000;
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500 to 1100 and 600 to 1200 nm can be achieved by realignment
of the gratings. Scanning speeds for all wavelength ranges
above can be varied between 75 and 270 seconds, with a dead
time variation between 14 and 54 seconds. The metal slits
provided from 0.1 mm to 5.0 mm, Figure 1. 8, give equivalent
half bandwidths of between 1.0 and 30 nm. Assessment of
exactly which slit arrangement can be left largely to the
operator, but as a general rule those giving a bandwidth of
£ 5 nm are most suitable for characterisation and spectra
plotting work and those providing a bandwidth of 30 nm are
exceedingly useful for trace analysis work and phosphorescence
measurements where scattered incident radiation problems are
not apparent.

The sample compartment which is situated between the
two monochromators can be adapted for room temperature
fluorescence and low temperature fluorescence and phosphorescence.
The two latter techniques are accommodated by removal of the
normal 1 cm.2 fused quartz cell used for room temperature
measurements together with its holder, and replacing it with
a special sample holder, which accommodates a quartzdewar
flask into which the sample tube fits for low temperature
techniques. The quartz dewar is 17.5 cm. in length and 4.25 cm.
in diameter with a non silvered fused quartz base 1.6 cm. in

diameter. This is accommodated in the sample holder so that



the base appears in the centre of the instrument light beam.
The coolant, liquid nitrogen, in all studies mentioned here,

is placed in the dewar té approximately cne third depth.

The sample tube coﬁ%aining sample is finally placed in this
dewar so that it extends to the base of the non silvered
pbrtion. Sample cells provided with the instrument consisted
of quartz tubes 20.0 cm. total length with an internal diameter
of 5 mm. and 1 mm. wall thickness, the portion which actually
holds the portion of the sample to be measured consisted of

a narrower bore tube 1 mm. internal diameter and 1 mm. wall
thickness. However, though these are suitable for studies
involving organic solutions at low temperature,iinorganic écid
solutions when frozen frequently cause the sample tube to break,
and therefore as the cost of the sample tubes provided with the
instrument is high a cheaper and very satisfactory substitute
was fouga in ordinary precision bore quartz or pyrex tubing

3 mm. internal diameter, 1 mm. wall thickness which had been
sealed in the normal fashion at one end. Pyrex tubing appeared
to be the most satisfactory because it cracked less frequently,
it was considerably cheaper and the surface were much smoother,
containing less inperfections. This tended to decrease the
amount of bubbling within the nitrogen, and also the amount of
scatter from the tube wall. However, due to the transmission

properties pyrex glass could not be used below ca 320 nm and

in these cases it was replaced by quartz.



The fluorescence signal passes from the sample through
the "analysing'" monochromator, and fals onto the photocathode
of either an R.C.A. IP21l or IP28 photomultiplier tube.

Though completely interchangeable these two tubes vary in
spectral response(S-4 and S.5 type respectively), current
amplification and signal to noise ratio. A 9_stage P28
was used for the antimony and niobium determinations and an
IP21 for the remainder of the work. The photorumltiplier
power supply unit requires A.C. mains input and rectifies this
to provide a stabilised 700 volts D.C. output, negative with
respect to ground, to the photosensitive cathode.

The photomultiplier microphotometer unit consists of
the associated circuitry for the photomultiplier tube, and an
amplifier which responds to the small current produced by the
photomultiplier tube and registers the amplified current on
the meté}. The unit also possesses circuitry for stabilising
the dynode voltage to 0.1% for normal line voltage variations.
This is required as the anode current of the photomultiplier
tube is highly sensitive to variations in dynode voltage and
therefore requires a stable power supply. This stabilisation
is supplied by a 15 volt.amp line voltage stabiliser, and a
700 volt corona discharge tube. The line voltage stabiliser
also provides stabilised pewer to the‘amplifier. A control

for off.setting any photomultiplier dark current, caused either



by thermionic emission or small light 'leaks' is placed on
the microphotometer. The zero adjust control permits
zeroing of the meter. The meter multiplier control allows
the removal of high voltage from the photomultiplier tube,
provides a zero reference voltage required for zeroing the
meter and permiis sensitivity variation in seven fixed steps:
1.0, 0.3, 0.1, 0.03, 0.01, 0.003 and 0.00l over a range of
1000 to 1 (relative intensity of signal on the meter is a
product of the trsnsmit ance scale reading and the multiplying
factor used). The sensitivity control provides continuous
sensitivity variation over a range of 3.5 to 1. At the
rear of the unit are outlets for a recorder and oscilloscope.

The recorder used for plotting all the spectra was a
Bryans X-Y recorder Auto Plotter Series 21000 (Bryans Limited,
Mitchem, England). This required 200 . 250 volts A.C. at
50 - 60\Q/s, single phase and provided spectra 7 x 10 in. in
area. As previously described the X_axis is directly linked
to the wavelength scale of the optical unit, and the Y.axis
to the rear of the microphotometer unit.

In order to measure phosphorescence spectra or
phosphorescence lifetimes the Aminco-Keirs phosphoroscope
(C26-62140) must be placed into the sample compartment of the
optical unit which had been adapted using a B25-62140 cell

holder, Tigire 1.9. This consists of a motor driven can,
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into which two openings are placed directly opposite each
other so that they coincide with the light beam, around

the base of the dewar. In this way illumination and
measurement of the signal cannot take place simultaneously
and therefore the problems of scatter are completely removed.
Very wide slits can therefore be employed for trace

phosphorescence analysis.

FIGURE 1.9. CELL ASSEMBLY WITH PHOSPHOROSCOPE ATTACHMENT,
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The Aminco-Bowman Spectrophotoflucrometer being a single
beam instrument, provides spectra that are characteristic of
the Xenon arc output, the monochromators Characteristics and
the photomultiplier tube and amplifier response at the
wavelength of fluorescence. Any fluorescence. signal
produced is therefore only a product of those parameters
and therefore has little absolute significance. Parker and
Rees [37] along with Chen [38] ana other workers [39] [L40O]
[41] [42] have described a method for the correction of the
excitatioﬁ and emission spectra in order to obtain the "true"
spectra. The corrected excitation spectra is obtained by
correction of the observed spectra for any variation in the
Xenon arc lamp spectral distribution and the transmission
characteristics of the excitation monochromator. The corrected
fluorescence spectra produced by allowing for the transmission
characteristics of the analysing monochromator and the variation
with wavelength of the detector sensitivity. Such procedures,
however, involve tedious point-by-point correction and unless
a corrected spectra attachﬁent is évailable [43] for rapid
production of those spectra this procedure does not apﬁear
worthwhile for analytical requirements; though a certain
amount of standardisation in this field of analysis would be

of no 1little significance. Though it would obviously be of

value to know the true position and intensity of the excitation



38.

and emission maxima of any system, the apparent maxima are

of a more practical significance, i.e., the maximum response
on the operator's own instrument, and therefore providing
reference is made the uncorrected spectra as obtained directly
from the instrument are used in all work de€scribed here.

The main problem encountered with all single beam
spectro-fluorimeters is the variation in the arc intensity
both during the same day‘and from one day to the next; to
the author's experience this variation can be as much as 200%.
As the fluorescence signal is directly proportional to the
incident light intensity any variation in the latter is
iﬁmediately reflected in the analytical signal. In order
to overcome this difficulty a standard must be constantly
used. In all fluorescence studies made a 10"6 M solution
of quinine bisulphate in 0.1 M sulphuric acid was employed
repeatediy throughout any experiment [44] [45].  This solution
has an excitation maximum at 350 nm and an emission maximum
at 450 nm [6]. Though this does not allow for any variation
in spectral distribution with time this was found to be
negligable and was therefore not considered. Checking the
instrument sensitivity before and after each experiment was
found to be insufficienf, and a system of measuring the standard
between measurement of each unknown was used. Tor the

6
phosphorimetric determination of niobium a 6.25 10° M niobium
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solution was employed as the standard as the stability over

a period of 5 hours appeared very good. The use of quinine
bisulphate in this case was prevented due to its very short
lifetime of approximately 2.0 lO—8 seconds.

The production of a dual beam instrument is seen by
the author as a very important need if further work in the
field of spectrofluorimetry and spectrophosphorimetry is to
be made considerably easier; as the constant use of standard
solutions certainly increases the time reguired for any
analytical determination. Whether the system‘invdlves the
direct monitoring of the Xenon arc or if it is produced on
the lines of the classical spectrophotometer employing a second
standard solution seems of less importance. But that there
should be a rapid and accurate method of monitoring the
intensity variations of the source is of paramount importance.
Double beam spectrofluorimeters have been described by
Hercules [7] though none are commercially available at the present time.

The advantages of a spectra correction attachment can
be clearly seen in providing some sort of uniformity both to
the information already available and to all future work.
However the cost appeafs somewhat prohibitive at present, and

the hoped for situation may therefore unfortunately never arise.
A further shortfall with the Aminco-Bowman instrument

is the very low operating voltage (700 volts D.C.) of the
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photomultiplier. If this is increased to 1100 volts D.C.
using an AET photomultiplier power unit type R1184 an
increase of over 10 x in the sensitivity can readily be
obtained without increasing the noise to an intolerable level.

" Though the double monochromator instrument used for
this work was very satisfactory, several other types are
available and they may be more practical in certain cases.

The use of an instrument. for analytical trace work with a
filter in place of the excitation monochromator appears very
attractive because it allows much greater intensity and a wider
spectrum of irradiation whilst a monochromator in the emission
side allows more precise resolution of the fluorescence
radiation. The light losses inside the grating monochromators
used in the Aminco.Bowman are rather great, and therefore a
large increase in sensitivity may be obtained by substituting

a filter. However, fluorescence signals received from filter
instruments invariably include spurious signals from light
scatter, Raman emission, etc., which cannot be differentiated.
Therefore the choice of instrument depends on the compromise
required between sensitivity and selectivity, resolution ana
precision. In the case of the former a filter instrument

is more suitable; however a double monochromator apparatus

is desirable if selectivity, resolution and absolute precision

are all required.



The reason for measuring the fluorescence at right
angles to the incident beam is to cut down any scattering
of the incident radiation which would otherwise augment the
fluorescence signal and hence prevent accurate trace analysis.
Even though most instruments possess efficient monochromators
scattered radiation can still be a serious problem as

the excitation and emission peaks overlap or are very close

to one another. The interference from the cell walls caused

by self-fluorescence [36], scatter or internal reflection is
also minimised. Another important factor in deciding upon
a suitable instrumental geometry is clarified when overall

sensitivity is being considered, Figure 1.10.

Figure 1.10. METHODS FOR ILLUMINATION AND MEASUREMENT.
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Instruments that measure the fluorescence signal at
angles other than 9OO to the incident radiation alsoc have
advantages. Frontal illumination for the study of solig
samples and very strong solutions is required. A straight
through system éan be used for phosphorescence measurements
ahd Parker and Rees [34] [37] have indicated certain advantages
of this system when ordiﬁary fluorescence sysﬁems are being
studied.

Several workefs have produced critical reviews of
particular types and brands of commercially available
instruments [6] [7] [46] [47] (48] [49] and before purchase of

any apparatus is made it is advisable to consult these reviews.

REACTING CATION AND REAGENT CHARACTERISTICS

Th'oﬁgh the actual mechanism for the fluorescence and
phosphorescence of several elements in the strong acid media
remains obscure it should be noted that no tfansition group
element exhibits luminescence. Though several factors which
have previously been indicated as inhibiting fluorescence do
not seem to have been obeyed, e.g. ions which give rise to
coloured complexes generally do not give rise to fluorescent
compoungs. (Their_determination being carried out by
measuring the extinction of fluorescence when they react with

a fluorescent molecule. This is clearly shown by the reactions
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of 8_-hydroxyquinoline in forming fluorescent non coloured
complexes with aluminium, beryliium and gallium and non

,
fluorescent coloured complexes with copper and iron). This‘
case of the acid glasses must therefore remain apart from
general fluorescence theory until it has been more thoroughly
examined (see Chapter VII).

In the case of the phosphorescence determination of
niobium, a simple aromatic system, 8_-hydroxyquinoline, which
is itself phosphorescept, on reaction with the niobium forms
a complex with slightly different spectral characteristics.

The theory of the fluorescence mechanism has been the subject of
previous discussion [50] [51] and will therefore be omitted
from this text.

Several ions have previously been determined
fluorimetrically using 8_hydroxyguinoline [52] and none (with
the excéﬁtion of lead) appear to possess phosphorescent
properties. Therefore, not only does phosphorescence provide
a selective method for niobium in the presence of all ions which
réact with 8_-hydroxyquinoline, but also those which react to
give fluorescent complexes. Taking this ideal example the
advantage of the technique of spectroluminescence can clearly
be seen when compared with absorption spectrophotometry, and a

full comparison of these two techniques has been made by

T.S. West in his review of chemical spectrophotometry [53].
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Finally mention should be made of some of the more
helpful literature available on the technique of spectro-
Juminescence. C.E. White [59] and more recently in
conjunction with A. Weissler [55] ﬁave prmvided_excellent
coverage of the field with their biemnial reviews. Several
other texts [5] [53] [56] [57] [58] have provided great
assistance during the course of this work and none less than
the most recent texts by C.A. Parker [8} and D.M. Hercules [7],
and a trarslation of an original Russion text by Konstantinova.
Shlezinger [59] presents an excellent coverage of work carried

out by Russian scientists.
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CHAPTER IT

THE LOW TEMPERATURE SPECTROFLUORIMETRIC
DETERMINATION OF ANTIMONY(ITT) IN HYDRORROMIC ACID

Several spectrophotometric methods for the determination
ofvtrace quantities of antimony utilising the reagents
thiourea [60], methyl violet [61],brilliant green [62] and
rhodamine B [63] [64] are well known. A sensitive and
selective method for the determination of antimony using the
reagent bromopyrogallol red [65] has been reported by previous
workers in this laboratory. A further method based on the
absorption of light at 366 nm by the bromo-complex of
antimony(V) in strong hydrobromic acid has been suggested [66],
while a sensitive spot test for antimony using the reagent
gallein has been proposed as a quantitative procedure [67].

Although all the above methods provide reasonably high
sensitivity for the determination of antimony the attainable
selectivity is poor, and separation of the antimony from other
interfering species is usually necessary before the final
determination. MacNulty and Wollard [6L4] achieved the
separation of antimony by adopting the method that had been
proposed by Blumenthal [68], viz. the coprecipitation of antimony
with manganese dioxide, before determination of the element using
the reagent rhodamine B. It is also necessary that antimony

be present in the pentavalent oxidation state before the addition

of the reagent.
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No previous spectrofluorimetric procedure for the
determination of antimony has been reported, but previous
communications from this laboratory [69] [70] have described
the spectral characteristics of the fluorescence of antimony
in strong hydrochloric and hydrobromic acid glasses formed
at liquid nitrogen temperature of _196°C. The sensitivity
has been shown to be approximately 100 times greater in
hydrobromic acid media than in hydrochloric acid. The same
workers [71] have also reported an analytiical method for the
determination of trace amounts of tellurium in strong hydrochloric
acid at -196 C. '

This chapter describes the development of a method
for the determination of traces of antimoﬁy by measuring the
red fluorescence at 586 nm using an excitation wavelength of
360 nm. The optimum conditions for the determination have
been established and study of the effects ofﬂa 50 fold ﬁolar

excess of 55 foreign ions made.

EXPERIMENTAT

A1l fluorescence measurements were made using the
Aminco-Bowman spectrophotofluorimeter tégether with the low
temperature sample cell assumbly as previously described.
Pyrex tubes 20 cm. in length, internal diemter 4 mm. and 1 mm.
wall thickness were employed as sample tubes in preference to

the quartz tubing normally supplied; the frequency of sample
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tube 'cracking' during freezing with these tubes was found to
be greatly reduced. A sample volume of 0.5 ml. was sufficient

to make accurate quantitative measurements in these tubes.

REAGENTS
2
Antimony(III) solution (107 M)

0.8124 g. of antimony potassium tartrate AnalaR grade,

(B.D.H. Ltd.) was dissolved in 250 ml. of distilled water.
Hydrobromic acid

General purpose reagent grade (Hopkin and Willjiams)

twice distilled in order to reduce the otherwise high reagent

blank.
Diverse ions
2 3
107 or 100 M solutions of analytical reagent grade
salts were used. A1l other reagents were analytical reagent
grade.

CONSTRUCTION OF A CATLIBRATION GRAPH

Between 0.2 and 5.0 ml. aliquots of 10"5 M antimony(III)
solution (10"5 MZ1.218 ug/ml.) were transferred to 25 ml.
volumetric flasks, 18 ml. of concentrated hydrobromic acid was
added to each flask and finally diluted to volume with distilled
water obtained from an all glass distillation apparatus. The

(=]
fluorescence intensity of each sample was measured at .196 C
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after an interval of 10 minutes, using an excitation wavelength
of 360 nm, and measuring the fluorescence emission at 586 nm.
The graph of fluorescence intensity against antimony(III)
concentration (0.0l - 0.25 ppm), Figure 2.1, is a straight
line, and passes slightly above the origin due to the

fiuorescence of the hydrobromic acid reagent blank.

SPECTRAL CHARACTERISTICS

Figure 2.2 shows the excitation and gmission spectra
of antimony(IIT) in hydrobromic acid at _19600 with the
excitation maximum occurring at 360 nm and the emission maximum
at 586 nm. These spectra are uncorrected for the characteristics
of lamp emission, monochromator transmission and photomultiplier
response. The relevant data for methods of correction to

account for these factors are given elsewhere [38].

AN

EFFECT OF HYDROBROMIC ACID CONCENTRATION

Neither the wavelength of maximum absorption nor the
emission wavelength maximum were found to change in any way
when the concentration'of hydrobromic acid was varied.

However the intensity of emission was found to be dependent on
acid concentration, Figure 2.3. The optimum hydrobromic
acid conceniration being 6 M. Solutions of lower acid
concentrations did not form a clear glass on freezing, and the

fluorescence intensity was found to be lower in more concentrated
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FIGURE 2.3.
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solutions. A standard sample of 100 M quinine bisulphate

in 0.1 N sulphuric acid at room temperature was used
throughout to facilitate easy correction of readings due to
the alteration in instrumental characteristics; in particular
the intensity of the Xenon lamp source during the period of

measurement.
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FYFECT OF TIME ON FLUORESCENCE EMISSION

The effect of time on the fluorescence intensity was
investigated under optimised conditions of excitation and
emission wavelengths and acidity. It was found that a
]_O'6 M antimony(III) solution showed no measurable decrease
in fluorescence intensity after standing for two hours; either
in darkness or in normal laboratory fluorescent strip lighting.
Continuous irradiation of a similar solution, at room
temperature, in the spectrophotofluocrimeter for 1 hour showed
a reduction in fluorescence intensity of 49%. A standard
sample of quinine bisulphate was again used to check that the

instrumental characteristics remained constant.

EFFECT OF FOREIGN IONS

The effects of a 50-fold molaf excess of 55 foreign
ions on\%he determination of a 2.10'6 M antimony(III) solution
(6 uwg of antimony in 25 ml.) were investigated. During the
study of interferences a variation of <« 5% in the fluorescence
intensity from that of the standard solutions was considered to
be acceptable. Under the standard conditions the results\

thus obtaiﬁed are shown in Table 2.1.



TABLE 2.1

Effect of various ions on. the determimmtion of a

2.10°® M antimony(III) solution in 6M hydmobormic acid

23.

JIon Interference Jom Interference
Al 0 Mn(TT) + 2.0
As 1.2 . Mn(WII) + 2.0
Ba 4.5 Hg(II) + 4.0
Be 3 Mo(VI) - 3.6
Bi(III) 2.3 Ni + 2.0
ca 0 K - 2.0
Ca 2 Se o
Ce(III) 1.8 Se + 1.0
Cr(III) 0 Ag + 1.9
Cr(VI) 1.0 Te(IV) - 30
Co(II) h 0 TL(I) - 2.0
Cu(II) 4.8 Sn(II) + 2.0
Ga 0 Sn(IV) - o.'8
Ge(IV) 1.8 Mg + 4.0
HE 1.6 Ti(IV) -3
In 3.0 U(VI‘ + 5.2
Fe(II) 0 (V) - b2
Fe(III) 2.0 Zn - 0.8
La 0.6 ar 0




Table 2.1 (contd/)

Ion Interference Jon Interference
Acetate - 2.0 Nitrate - 0.9
Borate + 1.0 Oxalate - 3.0
Chloride 0 Perchlorate 0
Citrate + 4.0 Phosphate 0
Cyanide + 2.0 Sulphate 0
Fluoride 0 Tartrate + 3.0
Iodide - 2.0 Thiocyanate - 4.0

Tellurium(IV), which gave a strong yellow coloured

solution, gave rise as shown to a negative error of

N
approximately 20%, due to the absorption of the incident

radiation.

However, the presence of a 20 fold molar excess

of tellurium was found to give no negative interference.

Table 2.11 shows the absorption and fluorescence intensity

6
readings obtained for a 2.10°

M antimony(III) solution

5
containing varying concentrations of tellurium from 10° M

3
to 5.10° M and these results are plotted in Figure 2.4.




TABLE 2.1T

: 6
The effect of excess tellurium on & 2.100 M
antimony(III) solution

Solution Tellurium Fluorescence Absorption
Concentration Reading at 360 nm.
1 - 39,329 -
2 1C>"5 M . 39,39 0.18
3 2.10"5 39,38 0.21
L K107 38,37 0.38
5 10" 33,3k 0.90
6 5. 10‘“ 28,28 2.0
7 10_3 20,20 2.0
8 5.10‘3 13,12 2.0

Evidence Irom observation of the absorption spectra
at the wavelength of excitation for antimony(III) at 360 nm
for the above solutions shows that the absorption noticeably
increases between the tellurium concentrations of 4.10"5 M
and 10_5 M, and while it should be noticed that these
measurements'were made at room temperature (using 1 cm.2 guartz
cells and a Beckmann DB Spectrophotometer) absorption readings

at low temperature will all bé corresponding lower as the

[e]
colour appeared to fade slightly on cooling to ~196 C.

55.
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From Figure 2.4 it can be seen that as the fluorescence decreases
the absorption increases. It was found that the absorption
at the emission maximum of 586 nm for antimony(III) for the
above solutions was neglig ble even for the 5.10"3 M tellurium
solution and therefore no portion of the negative error was
.céused by attenuation of the fluoréscence emission signal.

Th ough the spectral characteristics of arsenic(III)
are very similar to those of antimony(III) [70], because of
the much lower sensitivity of the former, as much as a 1000
fold molar excess could be tolerated.

Figure 2.5 shows for a 2.10"6M solution of antimony
-the effect of adding various concentrations of arsenic(III), and

Table 2.IIT sets out the results obtained for this experiment i

TABLE 2.IIT

The effects of varving concentrations of arsenic(III) on a
2.107® M solution of antimony(III) in 6M hydrobromic acid.

Solution Arsenic(TIII) TFluorescence Scale
conc. Reading

1 - 62,62 0.003
2 1070 62,62 0.003
3 107 62,63 0.003
L 5.107* 61,62 0.00%
5 1073 62,62 0.003%
6 2.107 65, 64 0.003
7 5.107% 40, 40 0.01
8 1072 54,55 0.01
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Figure 2.5 indicating the change of fluorescence intensity
with the above varying arsenic(IIl) coneentrations for the

6
standard 2.10° M antimony(III) solution.
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Iron(III) and copper(II) both gawe coloured solutions,
like tellurium(IV), in concentrated hydrobromic acid medium,
iron(III) a yellow-brown colour, and copper(II) a red-purple

colour. On cooling to _196°C however the yellow-brown colour
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of the iron(III) faded considerably to give a pale yellow-straw
colouration of approximately one-third of the original intensity,
and the red.purple colour of coppéf(II) disappeared completely
at _19600. Hence any imner-filter effect caused by absorption
of the incident radiation at 360 nm that would have caused a
serious negative error, waé to a large extent eradicated; to
the extent that a 50.fold molar excess of both could be tolerated.
A more detailed investigation of this phenomena following
adaption of the instrument for low temperature absorption
measurements, Figure 2.6, was thought to be valuable as both
iron(III) and copper(II) are common interfering ions in room temperature
fluorimetry due to the strong colouration of their complexes,
and some idea of the potential use of working at low temperatures
in order to decrease this method of interference obtainea. The
way in which the spectrum altered on cooling wés also of value
as to whether a general decrease in absorption throughout the
spectrum is the cause, or whether a decrease in the width of, or
shift of, the absorption band is responsible. A comprehensive
picture therefore could possibly lead to thé improvement in
selectivity of all spectrofluorimetric methods by reducing the
temperature, and obtaining a suitable alteration in the absorption
spectra of any ion causing a serious interference by the inner-

filter effect.
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Alteration of the instrument was achieved by placing
the photomultiplier unit at the rear of the sample c&mpaftment
‘of the Aminco-Bowman Spectrofluorimeter, thereby by-passing the
second monochromator, Figure 2.06. Several pieces of copper
gauze wefe required between the sample and the photomultiplier
to act as a constant neutral density filter to attenuate the
light to between 5 and 10% of its original intensity.

Wide slits of 5 mm. and 3 mm. were used in the incident
beam, with C.5 mm. slits between the sample and the photomultiplier.
This was found to be the most satisfactory arrangement, though
narrow incident slits would have been preferred in order to cut
down the intensitj of the incident beam. The sample tube
position was found, however, to be very critical with this slit
agrangement, and this was partially overcome by using the wider
slits. This effect was now not so noticeable as before because
of the divergent nature of the beam at this point; and therefore
narrow slits could thus be employed after the sample in order to
cut down the intensity.

A quartz sample tube of internal diameter 4 mm. and wall
thickness 1 mm. was found to be the most suitable as it fitted
firmly in the base of the measurement dewar, and therefore eliminated

to a large extent errors caused by sample tube movement.
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PROCEDURE FOR MEASURING L.OW TEMPERATURE ABSORPTION SPECTRA

The spectra were measured in the following way. A
solution blank of 6 M hydrobromic acid was placed in a quartz
sample tube and frozen in liquid nitrogen in the sample dewar,
and any excess liquid nitrogen poured off. {(Measurement of
the absorption spectra was found to be impossible with liquid -
nitrogen present because the bubbling constantly altered the
position of the sample tube). The spectrum was measured
immediately, before the glass melted, by slowly scanning the
incident monochromator of the Aminco-Bowman instrument and
passing the microphotometer output to the Bryans X.Y recorder.
Leaving the sample tube in the instrument for 20 minutes to
allow it to regain room temperature before re.measuring the spectrum;
It was found that only a very slight difference in absorption
occurredhbetween the 'glass' at low temperature and the room
temperature solutioﬂ, though the former did show a sliéhtly
higher absorption. It was very important toprevent condensation
forming on the base of the dewar flask during either period of
measurement, and this was satisfactorily overcome by heating the
outside of the dewar with a hot-air blower before the first
measurement, and blowing a steady stream of dry air over the
dewar for the 20 minutes it was placed in the sample compartment.

Removal of the sample tube after measuring the low

temperature spectrum and heating it to room temperature before
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replacing in the dewar in order to plot the second spectrum
was impossible because of the critical positioning of the
sample tube.
This Qhole procedure was repeated for both solutions
of iron(III) and copper(II) and two spectra obtained for each,
one at _196°C and the other at +20 C. Figures 2;7 and 2.11.
All the spectra obtained were corrected by calculating

the reading from the spectra of the sample solutions at _196°C
and + ZOOC at every 10 nm as a percentage of the reading
obtained at the same wgvelength for the blank solution. This
gives a direct reading of transmission and absorption results
wvere calculated from these.

' Correction of the spectra gave the curves 1 and 3
(+ 20°C and -196°C respectively), Figures 2.8 and 2.12. Curve
2 was obtained by measuring the absorption spectra using exactly
the same strength solutions of the two ions as used in measuring '
the low temperature spectra, a Unicam SP800 absorption
spectrophotometer, and quartz cells of 2 mm. path length, so
that conditions were approximately the same as those for
curve 1. The close agreement in the shape of these two spectra
illustrates that little error was made in measurement, and
correction in the manner proposed above. Unfortunately no

o
check could be made on the curves obtained at -196 C, though

this was attempted using a Hilger and Watts Ultrascan
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Spectrophotometer. However, this met writh little success
owing to the very low intensity of the liight beams and their
attenuation when a dewar flask together with a sample tube

was placed in the sample compartment. Unfortunately no
other spectrophotometer with a sample compartment large enough
to accommodate two dewar flasks side by =ide was available.

(a) Iron(III) in Hydrobromic Acid

A solution of 2.10"3 M iron in & M hydrobromic acid
was prepared by adding 0.5 ml. of a 1OJ;JM ferric chloride
solution to 17 ml. of concentrated hydrobromic acid and diluting
to 25 m;. with distilled water. The spectra of this solution
at + ZOOC and _196°C were measured as previously described,
Figure 2.7. Correction of these two spectra gave curves 1
and % respectively, Figure 2.8, and curve 2 was obtained using
the Ultrascan Spectrophotometer. §

Tﬁe change in the spectra between + ZOOC and _19600
is quite marked. The absorption peak at 425 nm increases in
intensity and becomes slightly narrower, while absorption at
360 nm the maximum of excitation of fluorescence of the antimony(III)
under investigation is approximately 50% of the absorption ét
the same wavelength at room temperature. Further experimental
work verified this approximate measurement. A quartz cell
2 mm. péth length containing varying strengths of iron(III)

6 3
solution in hydrobromic acid from 100 M to 100 M was placed
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in the sample compartment of the spectrofluorimeter, directly

6
before the dewar flask which contained a sample of 2.10° M

antimony solution in 6 M hydrobromic acid. Figure 2.9.

“ =" -

FIGURE 2.9,

1.

2.

Legend to Figure 2.9.

N ~

Quartz dewar

Quartz sample tube containing antimony(III) sample.
2 mm quartz cell containing iron(III) solution.

3 mm slits.

2 mm slits.

The fluorescence intensity for this sample was measured

and. {
for each different iron(III) solution‘showed that a 20-fold

molar excess with respect to the antimony(III) concentration

67.
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could be tolerated before a serious negative error was incurred.
Figure 2.10 shows these results together with the fact that as
50 fold molar excess that could be tolerated when the iron is
present in the same solution as the antimony. This experiment
showed that the imner-filter effect (absorption of the incident
radiation) was the cause of the negative error present when
antimony(III) is determined'by this method in the presence of
iron(III), and that by lqwering the temperature to _196°C this
effect can be reduced by about 50%. Attenuation of the
emission radiation did not occur even for the strongest iron
solutions as the absorption measured at 586 nm using a Beckmann

DB Spectrophotometer was zero.

(b) Copper(II) in Hydrobromic Acid

A ‘.2.10"3 M solution of copper(II) was prepared by adding
0.5 ml. of 10‘1 M CuCl, solution to 17.0 ml. of hydrobromic acid
and diluted to 25 ml. with distilled water. | The uncorrected
spectra, Figure 2.11, were plotted in exactly the same manner
as previously described for the iron(III)/hydrobromic acid
system. Correction of the room temperature and liquid nitrogen
temperature spectra giving curves 1 and 3 respectively, Figure
2.12. Spectra 2 was obtained in the same way as above using
the Unicam SP800 spectrophotometer, and again shows a very close
similarity to curve 1, again showing that no serious error has
been incurred during the measurement, and correction of the

absorption spectra,with the single beam spectrofluorimeter.
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The results obtained appear to agree with those
obtained visually,the large absorption peak at room
temperature which apparently gives rise to the intense
purple-red colouration disappears almost completely when
the temperature is lowered to _196°C to give a colourless
glass. Again it is seen that the absorption at 360 nm
and 586 nm is considerably lower at _196°C than at +20 C
and therefore the inner filter effect will be much reduced
at the lower temperature. This was checked by placing
a lO"k M copper(II) solution in 6 M hydrobromic acid
solution in 2 mm qguartz cells, one in the incident beam
and a second cell in the emission beam, directly before and
after the spectrofluorimeter ce;l which contained a 2.10° M
antimony(III) solution in 6 M hydrobromic acid. Unlike
the results obtained when the copper(II) was present in
the samé solution as the antimony(III) sample and no negative
interference was observed; for the same strength copper(II)
E\W&tmO?ﬁm.wmkmes-

a negative interference of 45% was measured.

The general advantage of working atllow temperature
is therefore two fold; firstly the intensity of fluorescence
is increased,'normally by quite a significant factor, and
secondly the inner filter effect interference from iron(III)

and copper(II) can be markedly reduced. Though the first

factor is well illustrated by antimony(III) which does not

72.



fluoresce in hydrobromic acid-at room temperature, the second
factor may be extremely important when comsidering a method
for thallium(I), lead(II), tin(II) and cerium(III) which all
fluoresce in chloride media at room tempewature [77] as well
as at low temperature [69]: as a substamtial reduction in

the absorption intensity of iron(III) and copper(II) in chloride

media is also obtained.

PRECISION

The precision of the method at itis maximum sensitivity
was tested by repetitive determination of several 2.10 M
Table 2.IV.

antimony(III) solutions, Fach solution was

measured three times.

TABLE 2.1V
Sample Scale Net Antimony Deviation Total

Reading Response Variance
1. 51,50,52 49, 48,50 0.2G,~0.7h4, -1, 74| 3.6L
2. 51,50,51 49,48, 49 0.26,-0.74, 0.26] 0.68
2. 50,49,51 4L8,47,49 ~0.7k, 1.26, 0.26| 2.19
L. 48,50,49 L6, 48,47 -2.74,-0.74,-1.74] 11.08
5. 49,50, 50 47,48, 48 “1.7h,—0.74,-0.74] 4,12
6. 52,53,51 50,51,49 1.26, 2.26, 0.26| 6.76
7. 52,52,52 50,50,50 ©1.26, 1.26, 1.26| L.76
8. 50,50, 51 48, 48,49 ~0.78,-0.74, 0.26] 1.16




TABLE 2.IV (contd/)

7h.

Sample Scale Net Antimony Deviation Total
Reading Response Variance
9. 51,50,51 | 49,48,49 0.26,-0.74, 0.26 0.68
10. 51,52,50 49,50,48 0.26, 1.26,-0.74 2.19
11. 51,52,53 | 49,50,51 0.26, 1.26, 2.26 6.76
12. 48,49,50 L6,47,48 ~2.74,21.74,.0.70 11.08
13. 51,52,5L,] 49,50, 49, 0.26, 1.26, 0.26, 2.27
50 48 -0.74
Blank 2, 2, 2 -
Mean 48.74 57,37
_2
Standard Deviation = ix - %)
~ n -1
= 1.08
Standard Deviation = $.D.100 = 1.08.100 = 2.2%
(Percentage) X 57.37
ACCURACY

The data given in Table 2.V was obtained from the
results of unknown antimony(III) solutions by the recommended
procedure. A standard solution was prepared and measured

simultaneously.




TABLE 2.V

Analysis of Antimony(TIT) solutions_treated
as Unknown Samples

Sample Antimony ‘ Error Foreign Ions
Pfesent Found % Present (ug)
(pg) (ng)
1. 0.24 | 0.25 + 4.2 Cu(II), 13
Pb, 42
2. 0.61 | 0.58 - 4.9 Ni, 14.5
: n, 16
. 2.4 2.4 0 Sn(II), 295
Cd, 225
kL. 3.0 3.1 + 3.3 Te(IV), 32
As(TIT), 190
5. 6.1 6.1 0 Se(TIV), 200




CONCLUSTON

In comparison with absorptiometric methods the
determination of antimony by the method desecribed is
extremely sensitive. With the available instrumentation
the absolute lower limit of detection of antimony, based
on fluorescence signal to detector noise ratio of unity,
is L+.]_O_8 M (Z 2.4 lO".3 pg in the 0.5 ml. sample volume).

The lower limit of determination, however, is somewhat
higher (5.107 pg). It is illustrative of the intensity
of its emission at _196°C that the red fluorescence of
antimony in HBr glass is clearly visible to the eye in

]_O"6 M solution on irradiation with a 150 W low pressure
mercury vapour discharge lamp. The selectivity of the
determination is very high. This may partly be attributed
to the clear separation of the wavelengths of maximum
exciation and emission from those of other cations which
form fluorescent complexes in conc. HBr medium (e.g.
bismuth(III), cerium(III), lead, tin(II) and uranium(VI).

No fluorescence is, therefore, stimulated from these cations
at the optimum Sb(III) emission wavelength under the
recommended conditions, and they do not interfere. The
emission maximum wavelength of the antimony complex at 586 nm
is long enough to ensure that few specles can interfere by

absorption of the emitted radiation.
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In addition, we observe that sevewxral species which
absorb strongly in the test solution at rwom temperature
at 360 nm, give rise to glasses in hydrobromic acid which
absorb less strongly or are virtually tiramsparent at the
same -wavelength. In the ranée studied copper(II), whose
CuBri— complex is EMHBr is pink at room temperature, is
colourless at _19600. A second example of this effect,
as menticned above, is the appreciable reduction in
absorbance at 360 nm which occurs when iron(ITI) solutions
in 6MHBr are cooled to _19600.

As a consequence of these effects the 'inner_filter'
effect, whereby attenuation of the incident or emitted
radiation occurs due to absorption by other species in the

solution, is less serious at low temperature than at room

temperature.

AN
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CHAPTER IIT

THE FLUORIMETRIC DETERMINATION OF TRACE IMPURITIES
O LEAD IN ANALAR HYDROBROMIC ACID

Previously reported methods for the determination of
trace impurities in concentrated‘acid have generally been
fairly lengthy procedures invelving evaporation of the sample
followed by analysis of the residues [72]. A chrono--
voltametric method for the determination of trace impurities
of lead (0.0014 ppm) has alsc been reéorted by Kemula and
Glodowski [73]. Several workers have also reported the
fluorescence characteristics of several ions, including lead,
in concentrated acids at low temperature [69] [70] [74].

A semi quantitative method for the detection of trace lead
impurities by low temperature fluorimetric procedure has also
been reported [75].

hith this work in mind, and the obvious rgquirement
for a sensitive, and rapid, technique for the accurate
determination of the lead impurity in concentrated hydrochloric

acid, thefollowing work was initiated.

APPARATUS

An Aminco-Bowman Spectrophotofluorometer incorporating
a 150 W Xenon arc (Hanovia), and an IP 21 photomultiplier tube
was employed for all fluorescence measurements, together with

a Bryans X-Y recorder for plotting the spectral characteristics.



The sample tubes were made from precision bore quartz
tubing {Jencons Ltd.) 20 cm. long, 3 mm.internal diameter and

10 mm. wall thickness.

REAGENTS .

CONCENTRATED HYDRCCHLORIC ACID, British Drug Houses Ltd.,
Aristar grade was used for the construction of the calibration
graph. AnalaR grade hydrochloric acid (British Drug Houses
Ltd, and Hopkin and Williams Ltd.) was used as received for

the lead determination.

3
LEAD SOLUTION. A stock 100 M solution of lead nitrate was
prepared by dissolving 0.3312 g AnalaR grade (British Drug

Houses Ltd.) in 1 litre of distilled water.

" PROCEDURE

79.

Exactly 5.5 ml, of Aristar gfade concentrated hydrochloric

acid was pipetted into a 10 ml. volumetric flask together with
varying volumes of between O and 1.0 ml. of lO"5 M lead nitrate
solution, and made up to the mark with distilled water. A
0.5 ml.aliquot of this solution was transferred to a quartz
sample tube which was then placed inl%ewar flask containing
liquid nitrogen until the acid solution had cooled to form a

clear glass.



On the formation of a satisfactory glass the sample
tube was rapidly transferred to the quartz measuring Dewar
which was approximately one third full of liquid nitrogen.

The fluorescence emission was measured at 390 nm using an
excitation of 270 nm. This procedure was preferred rather
than placing the sample tube directly in the quartz measuring
Dewar as the frequency with which the sample tube and the
glass cracked was found to be very much lower.

From the calibration graph obtained, Figure 3.1, the .
concentration of lead impurity in several samples of AnalaR
acid treated in the same manner as above was determined.

A standard sample of lO'6 M guinine bisulphate in
0.1 ¥ sulphuric acid was used constantly to check any variation

in the Xenon arc intensity.

RESULTS

The precision of the method is very good, being in the
region ofr 2.5%, Table 3.IIL.

Figure 3.2 shows the spectral characteristics for a
typical sample of concentrated AnalaR acid, illustrating
excitation maxima at 240 nm and 270 nm, and emission maxima

at 350 nm.
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Several samples of AnalaR acid were investiaged, and
the figures given in Table 3.I indicate the lead concentration

found.

82.



TABLE 3.1

Analysis of concentrated hydrochloric acid samples
as received,

Sample AnalaR Acid Concentration Lead Found (ppm)

1 (HgW) 1.0 10"2
2 (H & W) 8.5 10‘2
5 (HegW 9.5 107
I (H & W) 6.1 107
5 B.D.H. 2.8 1CT?
6 B.D.H. 2.8 107
7 B.D.H. 2 10-3
{(Lead Free)

The analysis of several 'unknown' samples containing
a definite amount of lead added to Aristar grade hydrochloric

‘acid gave the following results :

83.



TABLE .11

Analysis of Unknown Samples for Tead

Concentration
Sample Conc. Pb Added Conc. Pb Found Percent
in 5.5 mL{{hw in 5.5 m]?\)kwq Error
1 0.057 0.057 -
2 0.075 0.074 -1.3
3 0.11 0.11 -
L 0.23 0.2 +4.1
5 0.30 0.31 +3.1

The effect of adding the following ions :-
Al, As, Co, Cu, Fe, Hg, Mn, Ni and Zn to give a ?OO_fold
molar‘excess over the lead concentration of 0.1 pﬁm in the
HC1 samﬁie was studied, and it was found that none of those

ions gave rise to an error outside the statistical limit of

¥ ooy,

PRECISION MEASUREMENTS

Table %.11T1

Nine identical solutions were employed, containing
5.5 ml, of concentrated AnalaR hydrochloric acid in 10 ml,

of solution.



Sample Reading Deviation Total
Variance

1 - 58,58,57 -1, -1, -2, 6
2 58,58,59 -1, -1, - 0, 2
3 60,60,61 1, 1, 2, 6.
L 61,61,60 2 2, 1, 9
5 59,59, 60 0, 0, 1, 1
6 59,59,59 0O, 0, 0, 0
7 58,58,59 -1, -1, 0, 2
8 57,57,57 -2, =2, =2, 12
9 62,61,59 5, 2, 0, 13

% = 59.0 51

n-1
- % = 1.40
S.D.% = 1.4;00 - 2k

In all samples investigated the concentration of lead
was considerably lower than that stated by either §f the
manufacturers, though the concentration of bismuth was found
to be far greater than that of lead, such ?hat bismuth could

be determined in certain samples of Aristar acid.
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It was noticed that when a lead solution in concentrated
hydrochloric acid was left in the fluorimeter sample compartment
and allowed to warm up the intensity of fluorescence steadily
decreased until it completely disappeared. After an interval
of -between a half and one minute the fluorescence signal would
re-appear to give a maximum of approximabely'the same magnitude
as the original reading before decreasing again to zero at a
slightly different rate than originally, Figure 3.3. A second
much smaller peak was also noted shortly after the disappearence
of the first peak. It was noticed that if the sample was
removed during the period in which thié first fluorescence peak
occurred the concentrated hydrochloric acid had a !'snowy'
crystalline apﬁearence. It was proposed therefore that as the
species which gives rise to the fluorescence is rigidly held in
a low temperature glass, thus causing it to fluoresce, it will
also be ‘seriocusly restricted in a matri¥ of this form, with the
result that rotational and vibrational energy will be reduced to
a minimum and fluorescence again observed. The appearence of
the second small peak, ﬁowever, remained somewhat of a mystery
as the time during which this occurred was very short, and no
physical change of the matrix was visible. The fact that the
first peak is caused by fluorescence, and not scatter, was
verified. (Scatter would be expected to be much greater from
a crystalline sample of this nature). As the excitation and

emission maxima were found to be identical with those obtained
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from the clear glass at _19600. Removal of the incident
light was also carried out during this period of warming

up, to discover if this peak was caused by re_emissién of
previously absorped radiation [78] [79] [80] [81] and thus
give some indication as to the mechanism of the fluorescence
observed. However, no signal was observed, and therefore
the possibility of an oxidation or free -radical type mechanism

was eliminated

DISCUSSION

This technique for the determination of trace amounts
of lead in concentrated hydrothoric acid provided a very
sensitive, selective and rapid procedure. It has the
advantage over methods previously described that no neutralisat
extraction or evaporation procedure was required, thus enabling

a far more convenient determination.

DETERMINATION OF LEAD IN CONCENTRATED HYDROBROMIC ACID

No specific method for the determination of lead
impurities in concentrated hydrobromic acid has previously
been reported. However, there seems no chemicél reason to
suppose that these methods previously reported for the
determination of traces of lead in concentrated hydrochloric

acid could not be applied [72] [73].

83.
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Previous work carried out in this laboratory [70]
indicated the fluorescence obtained from lead in concentrated
hydrobromic acid and an effort has been made here to

determine if this method has any quantitative application.

REAGENTS

CONCENTRATED HYDROBROMIC ACID. British Drug Houses Ltd.
Aristar grade was used for the construction of the calibration
curve. General nurpose reagent and AnalaR grade hydrobromic
acid was used as received for the determination of the lead
impurities.

A standard sample of 10_6 M quinine bisulphate in 0.1 M
sulphuric acid was used constantly to monitor any alteration
in the intensity of the Xenon arc lamp.

RESULTS

N

The precision of the method was found to be in the
region of + 2.0%. Figure 3.4 indicates the spectral
characteristics for a typical sample of the concentrated
general purpose reagent used, showing the excitation maximum
at 304 nm and the emission maximum at 414 nm.

The results obtained from the analysis of several
samples of AnalaR and general purpose reagent are given in
Table 3.IV. (A) together with several 'unknown' samples

(B) obtained by adding known quantities of lead to Aristar acid.
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LEGEND FOR FIGURE 3.L4. SPECTRAL CHARACTERISTICS OF A 10 M

Pb(NO; ), SOLUTION IN 6M HYDROBROMIC ACID AT _196°C.

1. Excitation spectrum; emission measured at 414 nm. (0.1 scale).
2. Emission spectra; excitation measured at 30L nm. (0.1 scale).
3. Excitation spectrum; emission measured at 414 nm. (0.003 scale).

L. Emission spectrum; excitation measured at 240 nm. (0.003 scale).



In all samples of hydrobromic acid investigated it
was found that unlike hydrochloric acid samples used previously
the concentration of lead was far greater than that of bismuth.
Another difference from the hydrochloric acid media was noticed
when the HBr system was allowed to warm in the sample
compartment;no increase in fluorescence was noticed and this
vas attributed to the fact that no crystallisation occurred

during the heating up process.

TABLE 3.IV
A,
Sample Description Lead Concentration
(ppm)

1 G.P.R. Undistilled 8.6 lO—2
2 G.P.R. Undistilled 8.5 1CF2
3 G.P.R. Twice Distilled 3.8 103
L L . 5.1 107
5 " " " | 2.9 lO"2
6 AnalaR 3.9 lO"2
7 AnalaR 2.7 fLO"'2
8 AnalaR 2.1 ;O}

gl.



B

Sample Lead Concentration (pgm) Error
Added Foumd %

1 2.5. 10" 2.0, TG "A

2 | b2 107 P onl ' 0

3 5.6.10° 5410 _3

4 6.7.10% 7.010™ A

5 7.8, 10" 8.0.10% +3.5

3
LEAD SOLUTION. A stock solution of 1G~ M lead nitrate
was prepared by dissolving 0.3312 g.of AnalaR grade (British

Drug Houses Ltd.) in one litre of distilled water.

PROCEDURE FOR CONSTRUCTION OF THE CALIBRATION GRAPH

. Exactly 7.5 ml, of Aristar grade hydrobromic acid was
pipetted\into a 10 ml. volumetric flask, between O and 1.4 ml,
of 2.10"6 M lead solution added and made up to the mark with
distilled water from an all glass distillation umit. A
0.5 ml. aliquot of this solution was transferred to a pyrex .
sample tube which was placed directly in the measuring dewar.
The fluorescence emission was measured at 414 nm using an
excitation wavelength of 304 nm.

From the calibration thus obtained, Figure 3.5, the

concentration of lead impurity in samples of AnalaR, ordinary

92,
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general purpose reagent, and twice distillled general purpose

reagent was measured,

DISCUSSICH

The method described provides a rapid and selective
method for the dotermination of lead traces and has the
advan£age that no treatment of the sample is first required.

It was found that the samples of general purpose
reagent contained Letween 8.6 ug/ml. undistilled, and 3.8
ug/ml. twice distilled, and AnalaR grade acid samples between
2.1 pg/ml. and 3.9 pg/ml. The lead content of AristaR
grade was too low to be measured by this proceduré though this
was only to be expected as the maximum camtent of lead was

7
given as 5.10° %.

9.
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CHAPTER IV

LUMINESCENCE INVESTIGATIONS OF THE CONGIENTRATED
HYDROFLUORIC ACID MEDIUM

No previous study of the fluorescence of metal ions
in hydrofluoric acid medium at low temperature has been
reported though many reports of the fluorescence of metal ions
in fluoride crystals have been published [82] [83]. Work
on acid glasses formed by cooling concentrated hydrofluoric
acid to liquid nitrogen temperatures has not been previously
carried out due to the difficulty in preparation, handling
and measurement of samples.

It was thought that a survey of the spéctral
characteristics and an approximate measure of the sensitivity
was worthwhile in order to attempt a correlation of the
fluorescence characteristics of certain metal ions with the
halogen acid used (hydrofluoric, hydrochloric or hydrobromic

acid), and also to investigate the analytical potential of the

system.

RESULTS

In all cases examined between 6 M and 20 M hydrofluoric
acid was found to give a clear glass but 'cracking' invariably

occurred.
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2
107 M solutions in 10 M acid were prepared by addition

of 1.0 ml. of 10'1 M solutions of the appropriate ion to 4.5 ml.
of concentrated hydrofluoric acid (AnalaR grade; Hopkin and
Williams Ltd.) and distilled water added to a volume of 10 ml,
in a 10 ml. polythene measuring cylinder. This gave a 10 M
solution with respect to hydrofluoric acid concentration.

The above solutions were prepared using the following ions:
antimony(ITI), arsenic(V), bismuth(IIT), cerium(III), copper(I),
lead(II), tellurium(IV), tin(II), tin(1V) and uranium(VI).

A 0.5 ml,aliquot of each of these solutions was in turn
placed in the quartz sample tube using a polythene dropper, and
the sample tube rapidly frozen in a dewa: flask of liquid
nitrogen, to prevent the acid attacking the tube walls, before
transferg}ng to the quartz measuring dewar which was approximately
one third‘full of liquid nitrogen. Having carried out this
procedugg the frozen sample in the dewar was observed under a
mercury vapour discharge lamp. Under these conditions only
bismuth(ITI) and uranium(VI) gave rise to any visible fluorescence.
The dewar was then placed in the sample compartment of the
Aminco-Bowman Spectrophotofluorometer and the fluorescence
characteristics, if any, measured using the Bryans X.Y recorder.

The following ions were found to give rise to fluorescence:
antimony(ITT), arsenic(V), bismuth(III), lead(II), and

uranium(VI). Table 4.1 shows the maximum excitation and

emission wavelengths for the fluorescing ions.



TABLE 4.1
Cation Excitation Emission Comment
Maxima Maxima
Antimony(III)| 386,410, 586 Very weak, not
visible
Arsenic(V) 250, 284,318 538 Very weak, not
visible
Bismuth(III) | 235,324 410 Visible blue
fluorescence. White
" precipitate formed.
Lead(II) 247 Ly - Very weak, slight
precipitation
Uranium(VI) 266,320, 4LO4 500, 520, Characteristic
) 544,570, | UG
600 fluorescence

~—

\

All the fluorescence measurements were carried out
using oﬁé 6f the two most sensitive scales on the fluorimeter,
with the exception of the bismuth(III) readings. This was
measured using the 0.1 scale'meter reading, and the sensitivity
seemed comparable with that obtained in hydrochloric and
hydrobromic acid despite the formation of a white precipitate
on addition of the HF to the bismuth solution.

The spectra of the above mentioned ions are as shown
in the diagrams, antimony(III), Figure L4.1l; arsenic(V),

Figure 4.2; bismuth(III), Figure 4.3; lead(II), Figure L.l

and uranium(VI), Figure 4.5.
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DISCUSSION

The results obtained from this experiment were generally
disappointing in that no pattern with respect to results obtained
for hydrochloric and hydrobromic acids could be discerned.

The antimony(III) fluorescence was very weak, with
abproximately the same excitation and emission maxima as in
hydrochloric acid (390 - 580 nm) and hydrobromic acid (360 -
586 nm). The arsenic(V) spectra had both lower excitation
and emission wavelengths, 318 nm and 538 nm respectively
compared with hydrobromic acid at 356 nm and 584 nm. The
spectra obtained for bismuth(III) was almost identical to that
obtained in chloride media, 330 nm and 410 nm, (and this may
indicate that the fluorescence obtained i1s some property of
the bismuth alone rather than its surrounding matrix). The
white precipitate found at this and lower concentrations was
probably\ BiF; .

The spectra for lead in hydrofluoric acid shows that
tﬂ;ugh the emisgion maximum is similar to that obtained for
the chloride and bromide media (390 nm and 414 nm respectively)
the excitation maxima at 247 nm is lower than that for chloride
at 276 nm which in turn is lower than that for the bromide
system at 304 nm, i.e. an increase in excitation wavelength

occurs as the matrix changes from fluoride to chloride and finally

to bromide (247, 276 and 304 nm). The white precipitate which
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was observed on addition of the hydroflucric acid to the lead
solution is probably PbFE, .

A similar pattern can be seen with uranium(VI) where
the wavelength of maximum excitation alters from 266 nm in fluoride

to 302 nm in chloride, and finally to 327 mm on.bromide.

CONCTLUSION

As an analytical procedure therefore the use of the
hydrofluoric acid matrix is of little vailue. The only
possible advantage being that only bismuth(III) fluoresces
at concentrations desirable for trace amalytical chemistry,
and though precipitation occurs at higher concentrations it is
probable that at the concentrations being considered (in the
region of 10-7 M) that this phenomena is no? significant. A
selective method for bismuth determination may therefore be
obtainable.

Not only‘because of the low sensitiity of the remaining
ions but also the difficulty in preparing, handling and

measuring samples in the quartz tubes the analytical applications

of this system appear seriously limited.



CHAPTER V

THE SPECTROPHOSPHORIMETRIC DETERMINATICN OF MICROGRAM
AMOUNTS OF NIOBIUM

INTRODUCTION

. Several spectrophotometric methods are available for
the determination of niobium. Some of the most sensitive
methods are those based on the use of the reagents
Bromopyrogallol Red [84] [85] [86] and L4-{(2-pyricylazo)-
resorcinol [87] [88] [89] [90] [91]. Selectivity in these
methods is controlled by the use of masking agents and/or
a preliminary separation of the interferemces from the niocbium
to be determined. A spectrofluorimetric method for the
determination of niobium, which utilises ﬁhe reagent
Lumogallion, has been described by Klimov and Didkovskaya [92].
Niobium may be determined spectrophotometrically with
8_hydroxyquinoline after extraction of niobium oxinate into
chlorofor@, although the method is father insensitive (E385nm=
11,000). Kassner, Garcia-Porrata and Grove [93] have used
this method for the determination of niobium in steels after
preliminary precipitation of the niobium as niobic acid.
During the course of aﬁ investigation of the low temperature
fluorescence and phosphorescence characteristics of the metal

complexes of 8.hydroxyquinoline we have observed intense

phosphorescence from niobium(V) oxinate in the rigid clear glass
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formed from a mixture of diethyl ether, isopentane, alcohol

and chloroform at _19600. Measurement of this phosphorescence
permits the sensitive detection of niobium without the problems
from the fluorescence of the reagent blank or oxinates of

other elements present which may be encountered if the total

low temperature luminescence ({luorescence + phosphorescence)
intensity is measured. With an intense radiation source and
wide excitation monochromator band-pass the determination may

be much more sensitive than the corresponding spectrophotometric
"procedure. This chapter repérts the sensitive method which has
been developed for the determination of niobium by extraction

of niobium oxinate into chloroform from aqueous citrate medium
at pH 9.4, dilution of the chloroform with EPA (diethyl ethers:
isopentane: ethanol), and measurement of the phosphorescence
intensity at 580 nm of the clear glass formed from this solution

at liquid nitrogen temperature.

+ EXPERTMENTAL

Apparatus. Phosphorescence measurements were made with the
Aminco-Bowman Spectrofluorometer (American Instrument Co.)
fitted with a 150 W Xenon arc lamp and RCA IP28 photomultiplier
tube, and equipped with a Bryans X.Y recorder. The Aminco
rotating 'can' phosphorescope was used and the low temperature
housing and dewar flask with fused silica base supplied for

phosphorimetry were used to hold the sample tubes. Precision
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bore pyrex tubes of length 200 mm, bore 3 mm,and 1 mm,wall
thickness sealed at one end were employed as sample tubes.

A sample volume of 0.5 ml,is enough to fill these tubes
sufficiently for work with the Aminco-Bowman Spectrofluorometer.
In order to obtain'maximum sensitivity compatible

with good definition of maxima, 5 mm,slits (Aminco slit
arrangement No.5.) corresponding to a 50 nm band-pass were

used in the excitation and analysing monochromators.

REAGENTS

NIOBIUM SOLUTION(2 x lO"2 M). A stock niobium solution was
prepared by fusing 0.6€45 g. of Nb, 4 (Specpure grade, Johnson
and Matthey, London) in 2.5 g, of fused potassium bisulphate.
The melt was cooled, a few drops of concentrated sulphuric
acld were added, and the melt was re_.heated until completely
clear. > The melf was then dissolved in 100 ml, of 10% citric
acid and the solution was diluted to 250 ml.with distilled ‘

water.

8-HYDROXYQUINOLINE. 1% 8_hydroxyquinoline (AnalaR grade)

in chloroform.

)
DIVERSE IONS. A 2 x 100 M tantalum solution was prepared
from Ta, & (Specpure grade, Johnson and Matthey, London) in

the same way as. described for the niobium solution. However
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in order to prevent the tantalum re-precipitating as Ta, G

the hot melt should be added slowly, in order to prevent
spluttering, to the citric acid solution, which should be

heated to just below boiling point and rapidly stirred. If

this procedure is not rigorously obeyed szCg.will re-precipitate.
10'2 M solutions of other ions were prepared f}om analytical

reagent grade salts.

EPA MIXTURE. The EPA solvent for phosphorimetry was prepared
by mixing AnalaR grades of diethyl ether, isopentane and

absolute ethanol in the volume ratio 5:5:2.

pH 9.4 SOLUTION. 17.5 ml, of concentrated ammonia solution
(AnalaR grade, specific gravity 0.88) were diluted to 250 ml.
with distilied water. 10 g, of citric acid (AnalaR~gfade)

was dissolved in 250 ml. distilled water to give a L% w/v
solution. The niobium sample solutions to be analysed are

L% with respect to citric acid, and compensation should be

made for this citric acid when thq buffered solution is
prepared for the extraction procedure. Thus for 'x' ml, of
sample add 3 -~ x ml.of 4% citric acid and 3 ml, of dilute ammonia
solution. A satisfactory buffered pH 9.4 solution is thus

obtained.
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CALIBRATION GRAPH FOR NIOBIUM

Transfer accurately aliquots of the diluted niobium
stock solution (between 0.2 ml.of 8 x lO"5 M and 1.0 ml. of
2 X IOJ* M solution, x ml) to a series of 10 ml. volumetric
flasks which contain 3 ml. of dilute ammonia solution and
3.x ml.of 49 citric acid solution. To each flask add 2 mlL
of 1% 8_hydroxyquinoline in chloroform. Dilute to volume
with distilled watef. Shake the solutions for 5 mihutes,
extract 1 ml aliguots of the chloroform phase from each flask
using a syringe, and dilute these to exactly 10 ml with EPA
mixture. Transfer each of these solutions in turn to a
pyrex sample tube and cool the tube in liquid nitrogen in the
measurement dewar. Measure the phosphorescence intensity at
580 nm of each solution using an excitation wavelength of
398 nm. The graph of phosphorescence intensity Xé. niobium
concent;étion (0.18 to 2.30 ppm Nb in the original 8 ml, of
aqueous solution before extraction) is linear and, after

subtraction of the reagent blank prepared simultaneously, passes

through the origin.

RESULTS AND DISCUSSTION

Spectral Characteristics. TFigure 5.1 shows the phosphorescence
excitation and emission spectra for the reagent blank and the

niobium oxinate complex in EPA respectively.
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LEGEND TO FIGURE 5.1

Spectra 1. Excitation spectrum for niobium oxinate.

Emission measured at 58C nm.

2. Emission spectrum for niobium oxinate.

Excitation measured at 398 nm.

3. Reagent blank excitation spectrum.

measured at 580 nm.

L. Reagent blank emission spectrum.

Emission

Excitation wavelength set at %98 nm.

5. Reagent blank excitation spectrum.

measured at 536 nm.

6. Reagent blank emission spectrum.

wavelength set at 338 nm.

~

Emission

Fxcitation

109.

These spectra are uncorrected for variation in emission

+

characteristics of the Xenon arc lamp and the response

characteristics of the photomultiplier. The relevant

correction data has appeared elsewhere [38].

oxinate complex exhibits its excitation maximum at 398 nm and

its phosphorescence emission maximum at $80 nm.

The nicbium

The blank

solution prepared by omitting the niobium solution in the

recommended procedure (but retaining an equivalent amount of

KHSO, ) shows weak phosphorescence with an excitation maximum
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at 338 nm and emission at 536 nm. A blamk prepared in the
same way, but whose excitation and emission spectra were
recorded at the wavelengths of maximum excitation and emission

for the niobium complex shows similar but less intense

" phosphoresccence.

EFFECT OF pH

The results of experiments conducted to determine the
effect of the pH.of the initial aqueous medium on the extraction
of niobium oxinate confirm the observations made by other
workers that efficient extraction may be obtained over the
pH range 4.5 to §.75 [94].

The experiment was carried out using solutions containing
0.25 ml.pf 10"3 M niobium and varying amounts of ammonium
hydroxide and citric acid solutions, such that the pH range
froﬁ 3.ib to 10.7 is studied and the results thus obtained are

given in Table 5.1 and Figure 5.2.
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TABLE 5.1

Effect of pH on the Extraction of Niobium

Solution | ml, NH, CH ml, Citric pH . Fluorescence
Acid Reading
1 - 7.5 3.10 19,19
2 . 1.0 7.5 .10 3, Bl
3 2.0 7.5 1. 30 37,36
b 3.0 | 7.5 5.08 | . 37,37
5 4.0 7.5 5.83 . 36,37
6 5.0 7.5 8.48 37,37
vi 6.0 7.5 9.10 36,37
8 7.5 7.5 9.5 36,37
9 J 7.5 0.25 |10.7 13,12
~

The pH was measured using a Beckman pH meter together with

a glass electrode (Pye-Unicam Ltd.) and a standard calomel

electrode. All pH measurements were taken on the aqueous
phase after the extraction had been effected. A flucrescence
reading of 36,37 correspoﬁded to 100% extraction. This was

verified by carrying out a second extraction and measuring
the fluorescence intensity of the resulting organic phase;

a reading of zero corresponding to complete extraction.
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The conditions employed by Kassner, Garcia-Porrata and Grove [93]
for the determination of niobium in steels and extraction of

the niobium from the ammoniacal citrate medium at pH 9.4 were
adopted. The results of repetitive extraoction experiments

for concentrations studied indicated thal niobium was virtually
gquantitatively extracted at this pH when the optimum

8-hydroxyduinoline concentration was employed.

EFFECT OF REAGENT CONCENTRATION

The 8.hydroxyquinoline reagent concentration employed
must be high enough for the efficient extraction of niobium.
With a spectrophosphorimetric procedure of this type, however,
the use of very great excesses of reagent may lead to the
extensive cracking and/or precipitation in the glass formed
when the solution diluted with EPA is cboled to liquid nitrogen
temperature. This was found to limit the usuable upper
limit of the oxine concentration in the chloroform used for
extraction to 1%. This in turn limited the amount of niobium
extractable to ca 1 ml.of 2 x 10"3 M solution. This is still
in excess of the amounts determined in the recommended
procedure.

Figure 5.3 illustrates the effect of using 2 ml.of a
1% 8-hydroxyquinoline in chloroform solution to extract varying

4
amounts of niobium (between 0.5 ml.of 10T M and 2.0 ml.of

2 .
100 M) - in the 8 ml.of buffered aqueous solution. All
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these solutions were made up as previocusly desciribed using 10 ml.
volumetric flasks such that thé aqueous phase is buffered at pH
9.4, the pH for maximum extraction efficiency. If greater
than 1,0 ml. of 2.10"'3 M niobium solution is added to this
aquequs phase (= 23.2 pg/ml.in the & ml) then the extraction
efficiency decreases.

The extraction efficiency was.obtained by measuring
the fluorescence readings for the first exfraction, carrying
out a second, and third extraction, using in each case a
further 20 ml‘aliqﬁot of chloroform 8-hydroxyquinoline solution
and following dilution with EPA measurement of the fluorescence
of these organic solutions.  For 100% extraction efficiency
from one extraction no fluorescence signal should be obtained
for either of the two remaining extracts.

If a moreAconcentrated oxine solution was used, ie.
49, then this limit can be extended slightly higher to 4O pg/ml.
in the aqueous phase, but 'cracking' of the glass formed on
cooling of the organic phase after dilution with EPA was found
-to be far more frequent due to the precipitation of excess
8-hydroxyquinoline on cooling, and this method was thereforé
not employed.

The use of a 4% B-hydroxyqninoline in chloroform solution
also seriously affected the detection limit as blank readings

obtained were significantly higher than those for a 1% solution.
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Solutions of intermediatory strength also gave rise to 'cracking'
and higher blanks and therefore a 1% solution was found to be
the most saéisfactory.

VSome of the available excess when 2 ml, of a 1% solution
of reagent is chloroform is employed may be depleted by
consumption by small amounts of foreign ions to form extractable
or non-extractable oxinates without affecting the niobium

extraction efficiency.

CALIBRATION RANGE AND PRECISION.

Linear calibration graphs were obtained over the range
1.46 to 18.4 pg, of niobium in the origina1>8 ml of the aqueous
solution before extraction. Figure 5.4. The determination of
larger amounts of niobium was not investigated. The lower
determination limit is set not only by instrumental noise and
reagent ‘blanks, but also by the need to dilute fhe chloroform
extract extensi vely with EPA in order to form a satisfactory
glass without cracking or snow formation.

In order to extend the lower limit of detection for the
method, 25 ml.volumetric flasks were employed and 5 ml.of 1%
8-hydroxyquinoline in chloroform employed. Having extracted
the niobium into the 5 ml. chloroform phase, the chloroform was
removed and evaporated down over a steam bath to 0.5 ml.and

the residue then diluted to 5.0 ml,with EPA before freezing.
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This should have improved the detection limit by a factor of
20. However, the problem incurred was one of constant -
cracking of the glass, and this additional step had therefore
to be omitted.

If only the entrance slits to the sample compartment
were completely removed an increase in detection 1limit of
approximately 15% was obtained. Removal of all the slits
in the spectrofluorimeter, however, gave rise to a much higher
blank reading and no increase in detection limit could be
achieved.

The standard deviation, determined by measurement of
the phosphorescence intensity of 10 separate solutions each
prepared by extraction of 9.2 pg. of niobium was found to be
equivalent to 2.0% of the response due to the niobium complex
after subtraction of the reagent blank.

The results obtained are shown in Table 5.1I.
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TABLE 5.II

Precision Measurements for 10 Sclutions Each
Containing 9.2 ug. Niobium

Solution | Reading Deviation Total
Variance
1 37,37, 36 0.57, 0.57,-0.43 0.84
2 35.,37:357 -1.43, 0.57, 0.57 2.69
3 36,35,37 -0.43,-1.43, 0.57 2.55
4 37,57,%6 | 0.57, 0.57,-0.h3 0.84
5 37,37,36 0.57, 0.57,-0.43 0.84
6 36,36,37 | -0.43%,.0.43%, 0.57 0.70
7 26,37,37 -0.43, 0.57, 0.57 0.84
8 36,36,36 | -0.4%,.0.43,-0.43 0.56
9 36,35,36 ~0.43%3,.1.4%,.0.43 2.41
10 | 37,%7,38 0.57, 0.57, 1.57 3.12
Average X | 15.39
= 236.43

Three samples were taken from each solution, to give a total

of thirty readings.

Standard Deviation = nix - }'()2
n -1 :
- 15.3%9 '
29
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Standard Deviation = 0.73

Standard Deviation (Percentage) = S5.D.100 = 0.73.100

X 36.43

= 2.0%

INFLUENCE OF TIME

No detectable deterioration in phosphorescence intensity
was observed when prepared solutions after extraction were
allowed to stand for five hours at room temperature under
normal laboratory lighting (fluorescent strip.lighting) before

measurement.

EFFECT OF FOREIGN IONS

The effect of 4O foreign ions on the niobium determination

was investigated. The effect of 50-fold molar excesses of

the ions, on the phosphorescence intensity produced by 9.2 ug.

of niobium in the recommended procedure was studied. An ion

was considered to interfere when it produced at this concentration

level an error of greater than twice the standard deviation of

the determination in pure aqueous solution, i.e. = 49. The
sPecugfound not to interfere under these conditions were Be, Bi,

Ca, Cr(VI), Ga, In, K, Mg, Mo(VI), Na, NH, , Sb(V), Th, W(VI),

Zr, Br~, C17, Cl‘Ol,-, CN™, CO?", ¥, HSQ, I, NG, PO?,", SO?,",

oxalate and tartrate
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The presence of these ions illustrated in Table 5.III

at the 50.fold molar excess level caused the errors shown.

TABLE 5.III.

Interferences caused by several ions when present
in a 50.fold molar excess above the niobium
concentration of 9.2 pg.

Ion Percentage Ion Percentage
Interference Interference
A1(III) -35 Mn(II) ~-90
Ca(II) ~-25 Ni(II) =75
Co(II) =75 Pb(II) +35
Cr(III) -70 Ti(1IV) -26
Cu(II) -30 v(V) -50
Fe(III) -62 Zn(IX) ~50
Hg(II) -50 U(VI) -85

A1l the following ions appear to be extracted and to
give strongly coloured solutions in the organic phase thus
giving rise to serious negative interference due to attenuation
of the incident and emission radiation. Cobalt gives rise
to a yellow brown chloroform layer;) copper a yellow-greens
iron(III), dark green; manganese(II), yellow; nickel, bluey

titanium, vanadium and uranium all bright yellow.
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In order to remove these interferemces the following

masking agents, Table 5.IV, were added to the aqueous phase

to prevent their extraction by 8-hydroxyguinoline.

TABLE 5.IV.

Magking agents for ions

causing errors

in the determination

of niobiunm,

Ion Masking Agents Used Suitable Reagent| Percent
Interference
after adding
Reagent

Al F~, Nitrilotriacetic Triethanolamine -

Acid, Triethanolamine.

ca CN™ (1 ml. 1% soln.). CN™ -

Co CN™ (1 ml. 1% soln.). CN™ -

Cr(III)| Triethanolamine, EDTA,

Ascorbic Acid. - -70

Cu CN", (1 ml. 1% soln.), -

N 3=
Fe(III)| F~, PO, , SCN™, CN™, ,. - -62
E.D.T.A., N.T.A., G0, ,
Citrate, Tartrate, Tiron
Thiourea, Peroxide{W,0u).

Hg(II) CN™ (1 ml. 1% soln.). CN™ -

Mn(II) CN~, E.D.T.A. E.D.T.A. -

Ni(II) | CNT, (1 ml. 1% soln.). =~ |CN™ -

Po E.D.T.A., CN~ (1 ml.

1% soln.). CN™ -




Table 5.IV {contd).

Ion Masking Agents Used Suitable Reagent| Percent
Interference
Ti(IV) E.D.T.A., K0, Triethanolamine -
Triethanolamine.
V(V) ONy(] ml. 1% soln.).| CN™ , -
2 - ",
U(vI) ¥7, CO; , E.D.T.A. F -8
Oxalate ’
7n CN, (1 ml. 1% soln.).| CN™ -

. The interferences of Cd, Co, Cu, Hg, Mn(II), Ni, Pb, V

and 7Zn Qere removed completely at this Xevel by the addition
of 1 ml. of a 1% solution of E.D.T.A. and potassium cyanide to .
_the solutidn to be analysed. The interference of a 50.fold
molar excess of éither Al or Ti(IV) was removed by the addition
of 0.2 ml. of triethanolamine to the sample solution before
extraction.

Tantalum does.not interfere in the recommended procedure
when present at the 100.fold molar excess level over niobium.

The strong interference of iron(III) could not be supfressed
by any of the masking agents shown in Table 5.1V, Only Tiron
and peroxide successfully masked the iron but they both also
masked the niobium. Reduction with ascorbic acid was also
tried but on addition of the organic phase the dark green colour

of iron oxinate re-appeared, and therefore as masking and
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reduction techniques had proved unsuccessful prior removal of
the iron(IIT) before determination of niobium was required.

Iron(III) can be quantiatively extracted between pH
2.0and 10.0 [1%6] using 8-hydroxyquinoline_chloroform, whereas
niobium is extracted between pH 4.2 and 9.6, and therefore
separation of the two elements ought to be possible in the
range pH 2.0 to 4.2,

This was attempted by bringing the niobium, iron, citric
acid solution to pH 2.5 using dilute hydrochloric acid (measuring
the pH with a Beckman pH meter), the iron was then extracted
using a 10 ml. aliquot of 1% S_hydroxyquinoline in chloroform,
the exfraction repeated to ensure complete separation, and the
aqueous phase finally washed with 10 ml. of pure chloroform.

The agqueous phése was separated and adjusted to pH 9 using

dilute amménia solution. However on alteration of the pH
chloroféfm, oxine and iron oxinate, which presumably had dissolved
in the chloroform, which was itself partially soluble with the
aqueous phase at the lower pH value, re-appeared thus preventing
the determination of niobium due to the strong green colouration
of the organic phase. \

In order to remove all the oxine and iron oxinate at pH
2.5. several other solvents were unsuccessfully tried. Those
uséd were diethyl ether, n-butanol, iso-butylmethylketone,

methyl n.propylketone, cyclohexanone and iso~butyl acetate.
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Up to six extractions with each of these solvents were attempted
but the iron-oxinate colour still persisted. A hydrochloric
acid:potassium hydrogen phthalaté buffer to give a pH of 3.2
was also tried, and though most of the iron was removed so also
was the niobium.

Finally a successful method was evolved by adding 5.0 ml.
of 4% citric acid to the x.ml. of niobium/iron sample‘solution,
this gave a measured pH of 2.5. The iron oxinate was
guantitatively separated from the niobium by two extractions
using 2.0 ml. of 1% 8-hydroxygquinoline in chloroform solution,
and the aqueous phase was finally washed using 5.0 ml. of pure
chloroform. The pH was the adjusted to exactly 9.4 by the
addition of 5+ x ml. of the ammonia solution previously described,
and at this poinﬁ the niobium is quantitatively extracted and
determined; At least 1000-fold excess of iron could be
satisfaeforily removed in this way to give no interference
whatsoever, however, a blank and standard should be subjected
to the same procedure simultaﬂeously when high precision is
reqﬁired.

Chromium(III) gave rise to a négative interference of .70%
due to the formation of the hydroxide on adjustment of the pH
to 9.4 with the ammonia solution, and hence possible adsorption
of the niobium and reagent onto the precipitate. Prior removal

of the chromium would seem the best method as all previous attempts
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to use masking reagents had proved unsuccessful. This may be
' possible using the reagent acetylacetone [137] which will
remove all the chromium(III) at ‘values below .pH 1,

The niobium not being extracted at this pH in the presence

of a large excess of citrate,

Vanadium interference was satisfactorily removed by the
addition of 0.5 ml. of a 1% solution of potassium cyanide solution
and vigorous shaking for 10 minutes with the organic phase in
order to extract all the niobium, and the uranium interference
was largely removed by addition of 1.0 mi. of a 1% solution
of sodium fluoriae. A rapid extraction of the niobium was
required as a brown colour developes slowly on standing and if
separation of the two layers and measurement is left for as

long as 20 minutes a negative error of 85% was incurred.

ACCURACY

Table 5.V shows the results of the analysis of solutions

for niobium by the recommended procedure.
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TABLE 5.V

Analysis of niobium solutions treated
as unknown solutions, ’

Niobium pg.
! Sample | Present | Found | Error, 9%| Foreign Tons Present
(bg)
1 3.34 3.48 | +4.0 -
2 L.8L L. 8l - -
3 5.96 6.02 | +1.0 _ -
L 8.92 8.70 -2.5 -
5 9.68 9.80 +1.5 -
6 11.90 12.00 | +1.0 -
7 1.86 1.90 +2.0 Ta(360)
8 2.98 2.86 -4.0 Pb(1040) EDTA + CN™
9 -+ 5.20 4.98 4.5 Co(270), Ni(L44S) EDTA + CN™
10 7.44 7.48 +0.6 Cu(510) EDTA + CN™
11 7.4 7.66 +2.8 Ca(400), Mg(70)
12 9.28 §.06 2.4 Fe(780) prior extraction
13 11.90 11.54 | -3.0 A1(140) + triethanolamine
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PHOSPHORESCENCE LIFE_TIME,

The phosphorescegce life-time of niobium oxinate in

- EPA: chloroform at _19600 was measured by presentation of the
photomultiplier output of the spectrofluorometer directly at

an oscilloscope and observation of the decay curve of the
phosphorescence, i.e. the Aminco photomultiplier microphotometer
unit was not used due to the long time constant of the measuring
circuit incorporated (approximately 0.5 second). Repetitive
experiments gave a'vaiue for the phosphorescence lifetime, T,

of 7.5 t 0.8 milliseconds.

CONCLUSION -

The method described here for the determination of traces
of niocbium, baéed on our pbservation of the phosphorescence of
ité complex with 8.hydroxyquincline in EPA at _196°C, is more
sensitive than the corresponding absorptiometric method with
8-hydroxyquinoline and most other absorptiometric methods which
empioy organic reagents. The determination can be made very
selective when cyanide and EDTA, fluoride, or triethanolamine
are used as masking agents. Unlike spectrofluorometry, in the
spectrophosphorimetric method employed here a wide band-pass
may be employed for the excitation and no problems are encountered
with scattered radiation from the Dewar flask, sample tube or

small amounts of particulate material in the solution. The
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determination is only slightly slower than a conventional
spectrophotometric determination. Some additional care must
be taken in spectrophosphorimetry compaféd~fo spectrophotometry,
however, to observe cleanliness when filiing and cooling the

sample tubes.



130.

CHAPTER VI,

INTRODUCTION II,

Consideration of the mechanisms of formation of both
excited singlet and triplet states and the subsequent emission
of radiation as fluorescence or phosphorescence together with
the time required for each of these processes ié;ecessary if
results obtained from the measurement of the lifetimes of
luminescent species is to be correctly interpreted. Figure
6.1 illustrates the processes occuring together with their

assocliated times.

FIGURE 6.1.
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The radiative processes are shown as solid lines and
the non.radiative processes as broken limes. ' The absorption
of light (a) occurs within a period of 10"15 seconds. Normal
fluorescence from E, to E0 occurs betweem 10"9 seconds for
allowed m*.mm transitions, and lO"'6 seconds for less probable
T *.n transitions. The radiative lifetime (p) of the triplet
state is in the region of lOJ{ to lO+2 seconés. Internal
conversion (n') from upper excited singlet and triplet levels
occurs rapidly in approximately lO"12 seébnds. This is the
same length of time as that required for the loss of vibrational
energy. Internal ;onversion to the ground state is represented
by (n); little, however, is knan about this process. The
intersystem crossing (g) from the lowest excited singlet state
takes time of the same order of magnitude as the radiative
fluorescence, i.e. 16—9 seconds, and coﬁpetes with the latter
processa. Internal conversion from higher states (g') has not
been well examined but it must occur within a time of 10~
seconds in order to compete with the normal radiationless transitions
of the intersystem crossing processes. The transition (m) from
the lowest excited triplet back to the ground state isdow and
requires in the region of lCFH to 1&?2 seconds.

The symbol (e) refers to the rate of the overall process

of thermal excitation followed by intersystem crossing for the

excitation from T, to E1. It is this phenomena which is
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responsible for E-type delayed fluorescence.  However this
occurs only when the separation betwecen the two states is

small enough to permit appreciable thermal excitation of the
triplet molecule to a level equal to that of the lowest excited
singlet level.

The mechanisms considered in Figufe 6.1 are all first
order with the exception of the absorption process, and therefore
have reaction rate constants equal to the réciprocal of the
lifetime of the initial state. Both the lowest excited singlet
and triplet states have a sufficiently long lifetime for chemical
reaction or 1uminescénce quenching By collision with solute
molecules to occur. Though this would obviously be a second
order mechanism, the concentration of the quenching solute
molecules is very much greater than that of the excited species.
Their concentration is therefore effectively unchanged and the
mechanism can be treated as a first order process with a rate
constant of KQ[QJ.

If a number of molecules n  are excited to a higher
electronic state, and their return to the ground state is possible
only by the emission of light, then the probaﬁility that oné of
these molecules will emit light and return to the ground state
is independant of the presence of other excited molecules, and
thus at any time t, the number of molecules emitting per second

is proportional to the number, n, present at that time.
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dn
= = -k (1)
dt £

Where kf is the first order rate constant for fluorescence
emission.
Integration of equation (1) gives:

n = noe"kch (2)

The rate of emission of light Q is given by:

Q = ~dn =k. t
= Qoe'kft (3)

Therefore the fluorescence intensity decays exponentially.
The mean radiative lifetime of the fluorescence TR is

defined as

(k)

ol N

kil

and it is therefore the time required for the intensity to fall

to % of its initial value.

The value of e is 2.718, hence % = 0.3678; consequently
the mean lifetime is the time required for the emitted radiation
to fall to 36.78% of its original intensity.

The value of the radiative lifetime is related to the

actual lifetime, T , in the following manner:

% =k, + k + kg + kQ Q] (5)
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where kf, kn and kg are the first order rate constants for the
processes indicated in Figure 6.1. This equation applies
for dilute‘solutions-only where no guenching molecule has
been added. Measurement of the fluorescence efficiency,

$e » [37]1 [95-99] then proviées sufficient data to calculate

the radiative lifetime TR and kf as:

¢f,= ke =kt =T

k. +k +k +k £
n g

‘ (6
£ QL] TR )

Therefore by measuring the value T and g, using the
spectrofluorimeter values of TR can be obtained. It should
be pointed out that TR is the radiative lifetime, i.e. the
lifetime which would be observed in the absence of all other
processes by which the molecule will return to the ground state.
The observed lifetime, T , is nearly always less than the
calculated value because of competing radiationless mechanisms.

Several other methods not involving the use of a
spectrofluorimeter exist for calculating values of the radiative
lifetime have been proposed by Bowen [2], Forster [100] and
Birks [101]. These methods all rely on formulae derived to
relate the radiative lifetime and the extinction coefficient.

The rate at which the triplet is produced and consumed

for low light intensities can be shown by the following eguations:

So BV.»8i — 5T rate = Iag

Ti ——> So + hy kp[T]
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T, ——> So + heat k [T]

T, + g —> S0 + g kq[qJ[T]

T, Thermal S ke[T]
Activation

where g represents the conceﬁtration of 21l quenching species
present, kq[q] a pseudo first order rate constant for all
guenching processes, and ke[T] thé rate of thermal activation
from the triplet back to the excited singlet level.
For steady state conditions
Ip, = (kp+km+kq[q]+ke)[T]
As the rate of phosphorescence emission is kp[TU, the phosphorescence

efficiency AP ist

ySP = k,[T] = kgt
I
a k?+km+k$q]+ke

The radiative lifetime of the triplet TR can be related
to kp by the equation:
k =1
p —
R
The actual lifetime of the triplet, T, is given:

1= kp+km+kq[qj+ke
.
and therefore
b o n
B T
At low temperatures k. is small, and diffusion is also

minimised so that kqﬁq] will be negligible. Therefore in

rigid 'glass' media at liquid nitrogen temperature:
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~

Fo . 1
55:5— kp+km
Tp OT k_ are characteristic of the substance and as
such are temperature independant. Determination of these
values involves the measurement Of.ﬁp’ T and ﬁt the triplet
formation efficiency, and it is the measarement of ¢t which
is particularly difficult. The value of g ¢ is directly
dependant on the processes which the singlet state undergoes,

and in the ehsence of singlet quenchers is given by:

kg

R
. -f'n g
To avoid the difficult determination of ﬁt, it was
assumed that because the first excited state possessed such

a short lifetime internal conversion was negligible, i.e.

R SN ¢ B30 .

This equation may be more closely obeyed at low temperature
where the rate of internal conversion of the singlet is expected

to decgrease.
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Several workers have indicated that this assumption
is correct [102] [103] and this has been further supported
by work carried out by Parker and Hatchamrd with ethanolic
solutions of eosin [iO] over the temperature range of + 700

to - 196°C

INSTRUMENTATION

Three different pieces of apparatus were employed by

thé author for measuring the lifetimes of the systems studied.
The order 'of magnitude of the lifetime gowverning. the choice

of experimental arrangement employed. For lifetiﬁes in the
region of lOJ' seconds to 10 seconds either an Aminco Bowman
Spectrophotofluorometer with phosphoroscope attachment or a
Garton Discharge Tube apparatus was used, and for lifetimes

of 10"8 to IO"h seconds duration ﬂkeT.R.W; instrumental assembly

was employed.

(a) The Aminco-Bowman Spectrophotofluorometer

This was used in exactly the same manner as described
previously for the determination of the lifetime of niobium
oxinate. However, if the solution in question fluoresces only
weakly then the voltage supply to the photomultiplier must be
increased from 700 volts to 1000 volts D.C. This was achieved
by using either a stabilised A.E.I. photomultiplier unit or

eighteen B1702 Ever-Ready 60 volt batteries. The latter method
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was the most successful as nearly all the background noise

was effectively eliminated. ’ :

(b) Garton Discharge Tube

The flash tube was a development first described by
Garton and co.workers in 1959 [104] [105], and though the
instrument has been widely used for other pulse techniques
[106] [107] it has not previously been applied to the field
of molecular fluorimetry, and therefore a brief resumé of
the problems incurred are thought to be of some value in this
context. |

A full illustration of the apparatus is shown in Figure
6.2. The tube was placed in the position that the Xenon arc
normally occupies adjaéent to the incident monochromator of
the Aminco..Bowman optical unit. A standard IP21 or IP28
photomultiplier was employed to detect the signal. When the
incident signal was monitored by placing both monochromators
at exactly the same wavelength a distortion of the signal peak
was observed. This was attributed to the high resistance of
the dynode chain causing the interstage voltage to drop witﬁ
a corresponding decrease in the photomultiplier tube gain when
a high current signal flows. To overcome this undesirable
effect the last three stages of the dynode were decoupled by

adding O.1 pF capacitors in parallel with the dynode chain
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resistors, thereby maintaining the interstage voltage at a
more reproducible value than before.

This procedure enable the source to be used satisfactorily,
i.e. no distortion occurs when a large pulse is passed and
a large amount of current is rapidly required. Attenuation
of the light intensity was necessary only if a signal of > O.h4
volts was observed on the oscilloscope. In order to achieve
this attenuation, either a weaker sample solution was used, or
several pieces of frosted guartz were placed at the entrance
s1it of the incident monochromator of the Aminco optical unit.

A terminal resistance of 1 megohm was incorporateé in the
oscilloscope and the dapacitance of the cable from the
rhotomultiplier anode was measured to be 0.0002 uF. This
gave a time constant of 2.10"“ seconds. Time constant (seconds)
= megohms X microfarads.,

Aé the time constant of the measuring circuit is too large
for measurement of lifetimes less than lO"'3 seconds, and the
fact that the cable capacitance could be only marginally decreased,
the cable termination had to be decreased to 4.7 K ohms. This
produced a circuit time constant of lO'6 seconds and though an
overall decrease in sensitivity of 200 times was incurred, this
was easily compensated for by the excess sensitivity available

from the very high intensity of the source.
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For measurement of long lifetimes extra capacitance
was added in parallel with the input. This was necessary
because of the discreet nature of the photomultiplier output.
Care being taken at all times to ensure that the time constant
was always less than one~tenth of the lifetime to be measured.
The Garton Discharge Tube, Figure 6.4, consists of two
electrodes M and N connected via a strip transmission to the

terminals of a 10 pF, 10 K volt rapid discharge capacitor.

FIGURE 6.4 .
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During operation the tube was evacuated using a Genevac
high vacuum rotary oil pump (Type NRD 1)}, together with a
liquid nitrogen cold trap, to achieve a pressure of less than
2.10"'2 Torr. The tube was fired by applying a trigger pulse
from a Marconi TF 2010 pulse generator, via & pulse transformer.
A second output from the pulse generator simultaneously triggered
the oscilloscope trace. This produces a local discharge at
the ground electrode M that initiates a main diécharge which
occurs through the 1 cm. bore capillary L. This main discharge
takes place between M and N and the wall materisal, which is used,
is compressed by means of a magnetic pinch effect and thus
raised to a high temperature radisting a strong and intense
continuum,

The continuum exfends throughout the visible and ultra
violet region to less than BOOA, and the pulse itself has an
approximate half width of L p sec. This enables determination
of lifetimes longer than LO u secs. The pulse intensity was
found to be gquite reproducible * 5% at 7 kV).

Because of its very high intensity, the continuum nature
of the spectra produced throughout the region of interest, ;nd
its rapid pulse,this instrument should prove a great asset to

future workers studying molecular fluorimetry.
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(¢} T.R.W. Nanosecond Pulse Source

This instrument, Figure 6.3,>has been the subject of
previous work in the field of molecular fluorimetry [108]
[109] [110] and the measurement of lifetimes in the region of
lO"3 to 10  seconds. The author found several problems with
the instrument, however;

1. The very low intensity of the available nitrogen and
deuterium sources produced only small fluorescence signals
which were difficult to monitor on the oscilloscope. This
problem was aggrevated when the time constant of the measuring
circuit had to be reduced sufficiently to enable lifetimes in
the region of 10-8 seconds to be measured.

2. The spectral distribution of the awvailable lamp sources.
3. The electrical interference caused by the pulsed source
seriously affected the performance of the photomultiplier tube,
which héd to be carefully screened.

The use of the source in connection with the Aminco-
Bowman optical unit was not possible becausethe light losses
incurred were too great to enable detection of a fluorescence
signal. However a single monochromator on the emission side,
together with an ordinary glass filter for the excitation side
proved a limited success.

Several other methods for measuring fluorescence lifetimes

have been employed. These involved the use of phase fluorimeters,
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which incorporate a light beam modulatedi at high frequency to
excite the fluorescence. The -modulatiom is produced by
épplication of the Kerr effect, or by use of an ultrasonic
standing wave diffraction grating (formed in a liquid by means
of a quartz crystal transducer) through which the steady beam
of exciting light passes [111] {112] [1Xx3] [114]. A further
method involving an air discharge tube dmiven by a high
frequency oscillator has been described [115] and a hydrogen
lamp fed from a suitably modulated curremt source has also been
employed [116], [117]. Both these metkads proauce mpdulated
light directly.

Pulse source equipment has also been fully described by
several workers [118- 122] and this appears to provide the

most satisfactory method for fluorescence lifetime measurement.
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CHAPTER VIT

Lifetime measurements of inorganic species
in Hydrochloric acid media at Low temperature.

Evaluation of both the Garton Flash Tube and the T.R.W.
instrument disclosed that the half width of the emission from
the Garton Tube was 6p seconds, and the pulses emitted by
the T.R.W. equipment 15 nanoseconds half width if run at 2 KiHz.
(The pulse width variéd slightly with the repetition rate, the
slower the repetition rate the smaller the half width). The
value of 15 nanoseconds is for the more commonly used nitrogen
lamp, the deuterium lamp which was alsc available gave a 12
nanosecond pulse half width. All readings were made directly
from the screen of a type 585A Tektronix oscilloscope which
incorporated a type 82 dual trace plug in.

Determination of the lifetime of niobium oxinate in
E.P.A. solvent at liquid nitrogen temperature using the Garfon
Tube was carried out in order to determine any malfunction of
the instrument and its associated circuitry. A 0.1 ml.
aliquot of 2.1GJ' M niocbium solution was added to 6 ml. of pH
9.4 buffer solution ( 3 ml. of 4% citric acid solution and
3 ml. of M ammonia solution), in a 10 ml. volumetric flask.

2 ml. of a 1% 8_hydroxyquinoline solution in chloroform was

added, and the whole made up to the mark with distilled water.
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After thorough shaking for 2 minutes, 1 ml. of the chloroform
phase was removed by means of a syringe, and diluted to 10 ml.
using E.P.A. solveqt. A small aliquot of this sample solution
was cooled to _196°C and the quartz sample dewar then placed

in the sample compartment of the Aminco optical unit in the
normal fashion. The excitation monochromator was set at

%98 nm and the emission monochromator at 580 nm. The Garton
Tube was triggered at 7 kV. The IP21 photomultipler was run
at 800 V D.C. using the A.E.I. power pack.

The resulting trace was photographed using a Hewlett
Packard (Model 196B) oscilloscope camera, and measurement from
the photograph gave a lifetime of 6.4 m seconds. The lifetime
obtained earlier using the Aminco instrument was 7.5 m seconds
and though the two results do not exactly agree they are within
the range of experimental error of ¥ 10%.

D;termination of the lifetimes of quinine bisulphate in
O.i N sulphuric acid and 9.10 diphenyl-anthracene in benzene
gave values of 20.6 nanoseconds and 10 nanoseconds respectively.
These values agfee closely with previous investigations [55] [123].
Both results were obtained using the T.R.W. instrument. The
traces in Figure 7.1 and Figure 7.2 show the rapid light
pulse decay curves and the longer fluorescence decay curves for
the quinine bisulphate and 9.10 diphenyl-anthracene sample
solutions. Both signal leads to the Tektronix 585A oscilloscope

were terminated in 50 ohms.
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FIGURE 7.1 Quinine Bisulphate Decay Curve (Oscilloscope

time base 50 nanoseconds/cm.).
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FIGURE 7.2  9.10 Diphenyl_anthracence Decay Curve (Oseilloscope

time base 10 nanoseconds/cm.).

From these results it was seen that all the equipment

~y

was functioning correctly and that the time constant of the

two measuring circuits was sufficiently low.
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In order that the time constant of the measuring circuit

could be altered to suit any measurement a circuit was

constructed containing resistors from 50 ohms to 470 K ohms,

and capacitors from 100 pF to 1880 pF.

Table 7.1 shows

the time constant in m seconds of the measuring circuit

incorporating these values.

TABLE 7.1
Resistance Added Capacitance pF ? Region of
Measurementw
ohms 0 »100 470 880 1880 10xR.C. value
50 0.002 0.007 0.025 0.05 0.1 20.1000 n sec.
200 0.02 0.04 0.12 0.2 0.4 200-4000 n sec.
1K 0.12 0.22 0.59 1.0 2.0 1. 20y sec.
L.7 X 0.56 1.0 2.7 L.7 9.4 5 « 100 y sec.
10K 1.2 2.2 5.9 10 20 12 -~ 200 ¢ sec.
" 15 K 1.8 %.3 8;8 15 20 18 - 300 p sec.
27 K 3.2 5.9 15 27 S5h 32 - 540 p sec.
L7 X 5.6 10 27 L7 94 56 - 940 u sec.
100 K 12 22 59 100 200 120-2000 ¢ sec.
270 K 32 59 150 270 540 «32~5.4 m sec.
L70 K 56 100 270 L70 K aL0 56.9.4 m sec.
1 Meg 120 220 590 1000 : 2000 1.20.20 m sec.
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The capacitance of the cable from the photomultiplier,
through the a}uminium resistance and capacitance box to the
oscilloscoﬁe was measured as 120 pf using a Marconi 0.1%
Universal Bridge, Type TP 1313A. In order to decrease the
line constant by a further factor seo that lifetimes in the
region of 20 n secs. could be measured the resistor box was
replaced by a 50 chm resistor soldered directly into the -
oscilloscope inputs this reduced the value frem 120 pf to
4O pf. (At a later stage 50 chm Tektrorix cable terminators
were available and these were substituted for the soldered
resistor). In all measurements made using either the Garten
or T.R.W. apparatus, 50 ohm co-axial cable, terminated in 50
ochm B.N.C. connectors, was used.

In order to ascertain the mechanism of luminescence
associated with the hydrobromic and hydrochloric acid matrices
the lifetimes of several of thé ions causing luminescence were

measured in the following manner:

1. Antimony(III) in hydrobromic and hydrochloric acids

using the T.R.W. instrument.

Hydrobromic Hydrochloric
Acid Acid
Lamp N, N,
Lamp Power 80% 80%

Repetition Rate 5 KHz 5 KHz



Excitation Wavelength

Emission Wavelength

Monochromator Setting

Termination Resistor

External Photomultiplier Gain

Measured Lifetime

Hydrobronmic

Aciad

360
586

[+
0]
1000 ohms
<3

3-1 i 0.3 p..
seconds
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Hydrochloric
Acid
306
582
[+
0
1000 ohms

<2

2.0% 0.2
seconds

In both the above mentioned cases normal 2 inch x 2 inch

glass filters were used to select the excitation and emission

wavelengths. Spectral overlap of these two filters could not

be tolerated as detection of scattered light directly from the

source produced very distorted decay curves.

2. Arsenic(III) in hydrobromic acid using the T.R.W. instrument

Lamp
Lamp Power

Repetition Rate

Excitation Wavelength

Inission Wavelength

Hydrobromic Acid

N
85%
5 Kiz
356
580
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Hydrobromic Acid

o

Monochromator Setting 0O

Termination Resistor 1000 ohms
External Photomultiplier Gain <2

Measured Lifetime 1.3 2 0.2 P secs.

Normal glass filters were again used to select the optimum

wavelengths.

3. Bismuth(III) in hydrobromic and hydrochloric acids using

the Garton Discharge Tube in conjunction with the T.R.W. optical

Measurement using the T.R.W. instrument was prevented due
to the long lifetime of bismuth in both matrices, and the Garton
Tube was therefore used as the source, in conjunction with

~

monochromators, sample compartment and photomultiplier tube and
hoﬁsing of the T.R.W. apparatus. .

A normal glass filter was used as the excitation monochromator
and an interferénce filter (450-470 nm) as the emission
monochromator. A neutral density filter was placed between
the excitation monochromator and Gerton Tube to attenuate the

incident light, and the lead connecting the photomultiplier and

the oscilloscope was terminated with a 4.7 K ohm resistor.
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Lifetimes  of 0.85 £ 0.1 m seconds for bismuth in
hydrobromic acid and 2.45 + 0.3 m seconds for bismuth in

hydrochloric acid were measured.

FIGURE 7.3 Bismuth in 6M Hydrochloric Acid Decay Curve

(Oscilloscope time base 1.0 m. seconds/Cm.).

The above results are quoted as an average of at least
three measurements made using the geometrical centre of the decay
curve. This method was used in all other cases where the decay

curve had such a diffuse appearance as above. i
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L. Tellurium in hydrochloric acid using the T.R.W. instrument.

Hydrochloric Acid

Lamp N,

Lamp Power 65%

Repetition Rate 5 Kiz

Excitation Wavelength 326

Emission Wavelength 550

Monochromator Setting 0°

Termination Resistor 4,700 ohms

External Photomultiplier Gain <2

Measured Lifetime 3.5 = 0.4 p seconds

Normal glass filters were again used in both monochromators

5. Tin(II) in hydrobromic acid using the T.R.W. instrument,

Hydrobromic Acid

Lamp N,
Lamp Power 70%
Repetition Rate 5 KHz
Excitation Wavelength 318

Emission Wavelength 550
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Hiydrobromic Acid

Monochromator Setting

Termination Resistor 24700 ohms
External Photomultiplier Gain < 2
Measured Lifetime : 2.1 L 0.2 j. secs.

The same iwo glass filters as before were used in both the

monochromators,

6. Uranium(VI) in hydrobromic and hydrochloric acids using

the T.R.W. apparatus.

Hydrobromic Hydrochloric

Acid Acid
Lamp ' N, N,
Lamp Poﬁer 70% 75%
Repetition Rate .3 KHZ‘ ‘ .5 KHz
Excitation Wavelength 325 302
Emission Wavelength LoL Lok
Monochromator Setting lO° lOo
Termination Resistor .1 megohm .1 megghm
External Photomultiplier Gain <« 2 <2
Measured ILifetime 0,28 X 0.03m 0.48% 0.05m

seconds seconds :
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A glass filter was placed in the excitation monochromator
and an interference filter (470_490 nm) inclined at lO° acted

as the emission monochromator.

" FIGURE 7.5 Uronunth) e M Widcodneric Bad - bec;s.s
Cusve Q%Q’\\\o"s&o\aﬂ_ St\m, Nouse. O-').N\-Sec.\‘wxl,




For the above results 6 M acid solutions containing
lO"2 M concentrations of the ions under considerati;n were
used. Variation of both acid strength and element con-
cent ration appeared to make no measurable difference to
the lifetime values. Each result quoted is the arithmetic
mean of at least % measurements, and the value quoted is that
calculated directly from the polaroid photograph. Measurement
using the T.R.W. calculator was also made, but because the
decay curve had first to be traced on the oscillcscope screen
and then the standard wave superimposed on the trace before
calculationcamibe'carried out, the process appeared to Be
less accurate.

The lifetimes of the remaining elements which cause

luminescence in the acid matrices could not be measured

157.

because no suitable glass and interference filters were available

Stoke's shift values obtained for those elements whose

lifetime has been calculated are given in ‘Table 7.1.
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Hydrobromic Acid

Hydrochloric Acid

Iifetime Stokes Shift - Lifetime Stokes Shift
(ev) (eV)
Sb(III) 3.1 p sec. 1.33 2.0 p sec. 1.92
As(III) | 1.3 p sec. 1.36 - -
Bi(III) 0.85 m sec. 0.53% 2.45 m sec. 0. 74
Te(IV) ! - - 3.5 p sec. 1.55
Sn(1I) 2.1 p sec. 1.70 - -
U(vI) 0.28 m sec. 1.28 0.48 m sec. 1.4

No clear pattern may be observed from these results but

‘two factors should be illustrated.

Firstly that the luminescence

of uranium, attributed to the uranylion [3] [125] [126] [127],

cannot be compared with the measurements obtained for the other

elements,

comparison with the remainder of the results.

and secondly the very long lifetime for bismuth in

A phosphorescence mechanism may be expected from those

elements exhibiting long lifetimes and large Stoke's shifts

values.

However a solution of antimony(III) in hydrochloric

acid which has a Stoke's shift of 1.92 eV still shows a

relatively short lifetime of 2.0 p seconds.

The involvement

of a normal phosphorescence mechanism does not therefore seem

possible.

It seems improbable that the bismuth solutions
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which show the smallest Stoke's shift and longest lifetimes
exhibit normal phosphorescence, though a delayed fluorescence
mechanism appears possible . if only these two factors are
considered. The probability of E-.type delayed fluorescence
seems small because at the temperature of liquid nitrogen the
energy available would be insufficient to promote the required
transition from the triplet to the first excited singlet
state.  P-type delayed fluorescence though it has been
reported several times at liquid nitroger temperatures [128-
131] is unlikely because of the very low mobility of the
molecule at these low temperatures.

Proof of the present of triplet state molecules were sought
by placing very strong sample solutions, at ligquid nitrogen
vapour of ~185°C, in the cavity of a Varian V 4500-15 At_.X
Band E.S-R. instruﬁent while simultaneously focussing light
from a mercury vapour discharge lamp onto the sample tube.
Molar solutions of antimony(III), bismuth(IIT) and tellurium(IV)
in hydrochloric acid, and cerium(III) in hydrobromic acid were
investigated and though no triplet peak was obtained, the
triplet concentration would have been extremely low and the
absence of a peak would not necessarily prove the absence of
the triplet state. To attempt any definite conclusions from

this experiment therefore would be incorrect.
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Interpretation of the results obtained to date appears
somewhat complex as several conflicting pieces of evidence
have been obtained concerning the luminescence mechanisms
involved within the hydrobromic and hydrochloric acid media.

With several lifetime measurements within the region
of 1()"6 seconds which is midway between the those expected
values for the two defined processes of fluorescence and
phosphorescence no definite.decision can be made on this basis
alone. The fact that several ions do give rise to luminescence
at room temperature under very similar conditions of jonic
strength, e.g. cerium(III) in chloride, coppe?(I) in chloride,
lead in chloride [75], thallium in bromide and chloride [77]
[132], and tin in chloride [133], is a strong indication that
a fluorescence mechanism predominates for these elements at this
temperature (phosphorescence at room temperature is seldom
observed [9]). As the spectral characteristics at low
temperatufe are very similar, it seems probable that fluorescence
is again the mechanism involved, though phosphorescence does
appear possible for bismuth(III) which has a long lifetime.
It is difficult to explain the relatively large values for the
Stoke's shift, however, for the majority of the systems possessing
short lifetimes.

A preliminary conclusion that a charge transfer mechanism
is responsible for the fluorescence mechanism is suggested for

the following reasons:
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1. The shape of the emission spectra is of a characteristic
width attributable to a charge transfer process [134], and
no fine structure can be determined even at low temperatures. °
2e A1l the elements giving rise to fluoresceﬁce possess
readily attainable higher oxidation states, and the complexing
atom involved is highly electronegative in character [134] [135].
3. The lifetime measurements are in the region expected
for this type of mechanism.

In order to fully clarify the sitwation results for
lifetimes of all the species in both bromide and chloride
media at temperatures including and between those of ligquid
nitrogen and +25°C are required. This was not possible,
however, at the present time because of the shortage of suitable
interference filters, and it is hoped that as soon as this
apparatus is available clarification of the situation will

~N

be possible.
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CHAPTER VIII

Suggestions for Tuture Work

A1]1 the work described in this thesis, with the exception
of the niobium determination, deals with the luminescence
characteristics of several inorganic species when present in
strong acid solutions. This work plays only a small part in
deciding on the mechanisms and reasons why the phenomena which
have been observed actually take place, and much remains to be
done before a sbiisfactory answer to these questions can be
derived. k

It is hoped that the lifetimes of those systems that were
not measured can be readily obtained as soon as the appropriate
apparatus is availabié.l

Several ions have alsc been found to give rise to luminescence
when added to strong solutions of  fluoride, chloride, bromide and
iodide salts which are then cooled to liquid nitrogen temperature
in the normal fashion. The use of the-salts of these acids means
that the strong acid conditions previously required can now be
dispensed with, and also fluoride and iodide systems, that were
previously impracticable, can be readily studied. Measurement
of luminescence lifetimes under these conditions can provide a

useful indication as to the mechanisms involved.
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The problem of the exact mechanisms involved therefore
appears to be the biggest barrier at thé present time, and
once this has been solved it may be possitle to predict future
useful analytical methods using this information as a pointer.

Within the field of fluorimeiry generally many areas
remain relatively undeveloped. The requirements for many more
reagents if the'technique is to achieve wider applications is
important, while an improvement of the commercial instrumentatién
is also needed: ﬁith the development of‘a good double beam
instrument being the most important. A second important
improvement that is also required in this field is an alteration
of the sample system for low temperature measurements.

A# the present time the narrow bore guartz tubes that
-ére available with_the Aminco Bowman instrument must be firmly
fixed in order to overcome positional errors during measurement.
This is ;ot’easily achieved with the liguid nitrogen bubbling around
the base of the tube. The use of wider bore tubing, however,
partially overcomes this effect but it is by no means a total
answer to the problem. .

The use of a narrow bore sample tube also means that it
must be very carefully washed out between samples. Insufficient
cleaning has been found on many occasions to be the cause of

spurious results, on the other hand to avoid this error is a

very time consuming occupation. If therefore a more practical
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shaped sample container could be devised a great’ saving in

time and an improvement in accuracy would definitely result.
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