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SUMMARY

The studies reported in this thesis involve: the investigation
into dissolving and fusing of samples, the theoretical study of fluoro-
metric titration curves, the evaluation of a new fluorctitrator employ-
ing the fluorometric titration of lead, and a brief study on the extrac-
tion behavior of the lead-PAN complex.

At first glance the areas of research may seem somewhat unrelated,
but each resulted from a definite need for improvement In these areas
when considering trace analysis.

Two problems that can cause significant errors in the field of
trace analysis are contamination and loss. A particular procedure that
suffers from these problems is the decomposition of silicates. Thus,
methods have been developed in order to minimize contamination and loss
when fusing and dissolving such samples. After an alkaline fusion of
a silicate, the flux cake is placed together with a beaker containing
hydrochloric acid in a vacuum desiccator and after partial evacuation
the acid is allowed to isothermally diffuse onto the cake, Dissolution
takes place without danger of loss by splattering and at the same time
the acid is highly purified.

Also, Teflon crucibles and dishes have been investigated in con-
junction with fusions employing overhead radiation from a torch lamp.
For the analysis of most materials, Teflon offers the possibility of
carrying out an opening free from almost all contamination problems nor-—

mally encountered with other crucible materials.



With the development of new instruments specifically designed to
make use of the potentially more sensitive technique of fluorometric
titration, a need was seen to initiate a general study and to calculate
fluorometric titration curves for systems under a variety of assumed
conditions. Equations have been derived and curves computed and charac-
terized for self-indicating fluorometric titrations based upon complex
formation. Computer programs are given to perform the appropriate cal-
culations and to print out the results.

In order to meet the needs to effectively perform titrations with
fluorogenic agents, White and Flaschka have built a fluorotitrator that
allows such titrations at high sensitivity and without interferences from
ambient light. An evaluatilon of this Instrument to test its versatility
and to establish its limitations was conducted. Overall the instrument
has proven to be very reliable and valuable as a research tool. The sta-
bility of the instrument was checked and a typical result showed a drift
of 2 divisions (on a 100 division scale) over a two hour period. Based
on an initial setting of 80, this corresponds to a drift of only 1 div-
ision pér hour.

The major part of the evaluation was accomplished by investigat-
ing the self-indicating fluorometric titration of lead with EDTA using
Calcein Blue as the fluorogenic agent. The fluorescence was measured at
445 nm employing a secondary filter having a peak transmittance at 440
nm, No primary filter was used. The results were within the bounds of
acceptability and indicative that good results can be obtained at various

concentration levels using the new titrimetric method. The results could
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CHAPTER I
INTRODUCTION

The gquality of an analytical result is described by two parameters,
accuracy and precision. The types of errors that affect these two para-
meters are listed in any elementary textbook of analytical chemistry and
need no further discussion here, except for those two errors that are of

significance in the field of micro-, submicro- and trace analysis; namely,

contamination and loss.

Contamination and Loss

Contamination is defined as the introduction of contaminants, that
is, of extraneous material intc the analytical system. The contaminants
can be classified as follows:

1) entitfies identical to those to be determined

2) entities that yleld analytical responses identical
or similar to those caused by the substances to be
determined

3) entities that change the intensity of an analytical
signal

To exemplify the above situations the following respective cases
may be cited: 1In a determination of silica, contamination 1s caused by
silica released from the vessel material. In an EDTA titration of mag-
nesium, any calcium introduced is cotitrated. In a fluorometric analysis,

a quenching contaminant may severely decrease the intensity of fluores-




cence,

It is important to point out tere that the above definition of con-
tamination puts the emphasis on the term "introduction'". Entities be-
having in a fashion similar to those mentioned above may be present in
the original material as legitimate constituents and would, therefore,
be classified as interferences, but rot as contaminants.

Losses result from removal of substance to be determined by vola-
tilization or by adsorption on beaker walls, filter paper, etc.

Contamination and loss occur, to various degrees, during any
analysis regardless of scale, However, when dealing with micro or trace
determinations the influence is especially noticeable, as can readily
be appreclated from the following example. In an EDTA titration of
100 ml1 of a 10~1 M Pb%* gsolution obtained from an ore extraction, 0.001
millimole of Pb2t is lost by adsorption; the resulting error is -0.017%.

b2+ in gasoline, 100 ml of a

In a d.c. polarographic determinatior for P
10~4 M solution obtained after proper pretreatment is analyzed. If
0.001 millimole of Pb2t is lost, the resulting error is -10%. TFinally,
in a pulse polarographic determinaticn of atmospheric Pb2t after proper
sampling, 100 ml of a 1077 M solution is analyzed. 1If 1t is assumed that
0.001 millimole of Pb%t is again lost, the resulting error is -~100%.
Analogous examples could be cited to show the effect of contamination,
where the resulting errer would be positive.

In determining major or even minor constitutents in macro analysis,

the amount involved in contamination and loss can often be neglected,

because it is such a small fraction of the total amount of substance to




be determined. On the other hand, for trace or even micro determinations
the amount of contaminants may be greater than that of sought-for sub-
stance present. With regard to losses, the concentration of sought-for
substance may be signi’icantly reducec due to adsorption and losses may
even be total,

The influence on the overall reldiability of a result stems from
many sources. It is convenient to arrange these into four main groups.

The situation can be represented as follows:

REAGENT ANALYST

OVERALL

RELIABTLITY

ENVIRONMENT METHODOLOGY

Each of these parameters will affecf both accuracy and precision
but to varying degrees. In an actual analytical case it is difficult to
assess the extent of Individual influence of each parameter. However,

a theoretical discussion of each parameter separately will aid in pin-
pointing its influence on either precision or accuracy.

Such a thecretical discussion will be given below with the intent
to derive from it ways and means to exclude or at least minimize the
adverse effects.

Methodology
Any step in a method, such as dissolution, precipitation, filtra-

tion opens the door for contamination and loss. Consequently, one way of




improvemeﬁt is to combine, if possible, several manipulations into one;
thus reducing the number of steps and thereby the chances for error.
Analyst

"Good Housekeeping" in trace analysis 1s extremely important.
Careless manipulations, of course, will cause serious loss and/or con-
tamination. Practical preventative considerations go without saying and
therefore additional comment here is unnecessary. However, when attempt-
ing trace analysis, there are other points the analyst must consider,
and correct judgement concerning facts discussed in the section on envir-
onment are extremely Important.

Environment

In trace analysis the appropriate design of laboratories, selection
of surfaces, materials and ventilation systems are most important. It
may even be necessary to remove from the laboratory and store separately
substances that could possibly cause contamination. As an example,
aqueous ammonia can be cited as a possible threat in the micro Kejehdahl
determination of nitrogen.

Utensils, such as stirring bars, spatulas, vessels and other
devices that come into direct contact with samples are often seriocus
sources of contamination,

On the other hand, various elements may be adsorbed on the surface
of vessels, and thus be lost since it is often very difficult to desorb
them completely. Much attention must be paid to selection of the vessel
materials and to thelr cleaning and storage. Main considerations in the

selection of the materials are: chemical composition and resistivity




and thermal resistivity. Price may also be of interest.
Reagents

Impurities present in reagents and the water used in trace analy-
gls become serious sources of contamination. Reagents can be purified in
the laboratory or obtained commercially in very pure form. When stored
in solid form relatively few problems result. The difficulties arise
when the reagent 1s used in dissolved form. Frequent preparation of the
reagent solution is quite advantageous because aside from reagent
decomposition, prolonged storage can result in contaminants from the
container.

Even though these precautions are taken, some reagents still con-
tain impurities at ppm level and below. Since it is almost impossible
to remove all impurities from a reagent, special steps must be taken to
compensate for them, and such a method is the "running of a blank". The
blank solution is prepared in the identical way as the sample solution,
but without addition of the sample. In the preparation of the blank, an
equal volume of the solvent is added in place of the sample if it is a
liquid.

The use of a blank is effective in as far as the compensation goes
of the impurities originally present in the reagent or its solution which
are there in a constant ratio. The blank does not compensate for impuri-
ties from environment and vessels wallas, etc., because they are spurious
and consequently unpredictable and variable. These are the ones that
cause the fluctuation in the blank value. What is acceptable for avoiding

contamination of the sample solution .1lso holds in this respect for the







CHAPTER II

DECOMPOSTTION OF SAMPLE BY FUSION

Most analytical procedures require the sample to be brought into
solution, Varilous reagents and techniques exist for decomposing and dis-
solving materials for analysis (I-1). The most common reagents for
attacking the sample besldes water are the mineral acids. Solutions of
potassium and sodium hydroxide alsc find occaslonal application.

There are, however, materials which are attacked slowly, if at all,
by the usual liquid reagents and, therefore, more rigorous means are re-—
quired. Commonly this involves fusion with a flux (I-2). The term
flux here is used for the reagent that during fusion attacks the material
to be opened.

In trace analysis fusion methods present many problems. 1In the
first place, normally the weight of flux required to decompose the mater-—
1ial 41s up to ten times the sample welght and the possibility of signifi-
cant contamination of the sample by impurities present in the flux material
thus becomes very real., Since such a large amount of flux is required,
much acid or base, depending on the type flux employed, is necessary for
the dissolution and neutralization of the fusion cake, possibly causing
additional contamination. Furthermore, the aqueous solution of the
fuslon cake will have a high salt content that may lead to difficulties
in the subsequent steps of the analysis., The high temperatures required

for a fusion are also, although to a lesser extent, a problem because of

References for Part T on page 41,




the danger of loss by veolatilization, Finally, the container in which
the fusion is performéd in most cases 1s attacked resulting in Iintroduc-
tion of additional impurities.

A particular procedure that suffers from many of the problems
thus far discussed is the decomposition of silicates. The majority of
procedures were developed at a tlme when openings were accomplished by
fluxing with sodium carbonate preferably in a platinum crucible, More
aggregsive reagents were known but unless exact temperature limitation
was applied, corrosion of the crucible went beyond tolerable limits.
Progress has changed the situation; new crucilble materials and fluxes
have become available and thermostatic control is no longer a problem.
Sti11, the decompositicn of silicates necessitates improvement because
of the importance of the material and the frequency with which such anal-
vses are performed. The present investigation is directed toward possible

areas of improvement.

Types of Fluxes

With few exceptions the common fluxes used in the decomposition of
gilicates are compounds of the alkall metals. The basic fluxes employed
in the present investigation for attack of silicates include sodium
carbonate, sodium hydroxide, and potassium hydroxide. 1In the following
sections the properties of these fluxes are described.

Sodium Carbonate

Sodium carbonate, with a melting point of 851°C, is used extensive-
ly to decompose silicates. When heated with sodium carbonate the majority

of metallic constituents present are converted to the corresponding
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carbonates or oxides. The melt is treated with acid resulting in dis-
solution of the metallic ions, with partial separation of the silicon

as hydrated silica. Platinum or silver crucibles are commonly used for
carbonate fusions. Reasons for this selection will be explained later
wheﬁ discussing crucible materials. Some old procedures prescribe a
mixture of sodium and potassium carbonate because the melting temperature
is significantly lower than that of either compound alone. However, an
appropriately longer time has te be employed for completion of the attack.
With reaching high temperatures no longer being a problem, the carbonate
mixtures are now seldomly used.

Sodium and Potassium Hydroxides

Due to the similarities in the properties of the hydroxides, they
will be discussed jointly. The melting points of anhydrous potassium and
sodium hydroxides are 360° and 328°C, respectively. The actual melting
points are usually somewhat lower due to the presence of water and carbon
dioxide. Fusion with these hydroxides is used to decompose quartz, sili-
cates, silicides and carbides of various metals, and certain minerals.

Silver crucibles are usually used when doing fusions with these hydroxides.

Processing the Fusion Cake

The fusion of the silicate with an alkali results in an increase
in the properticn of bases in the silicate, thereby rendering it acid-
decomposable. This preferred "acid decomposable form" present as a fusion
cake is transferred (often together with the crucible) to another vessel
and dissolution effected by adding hydrochloric acid at once or after

leaching with water. 1In the process of dissolving the fusion cake,
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was produced. This sheet was then placed slightly inclined, supported
at one end by a small glass rod, on a watchglags; transaferred to the des-
iccator and attack allowed to proceed as before.

Teflon cannot be used with sodium carbonate because the tempera-
ture required for fusion is far above the limits the Teflon will stand.
When using the sodium carbonate, the best method is to break the fusion
cake into smaller pileces before isothermal attack.

It must immediately be realized that these modifications, especial-
ly breaking the fusion cake inte pieces, have already deviated from the
guildelines mentioned earlier in that this adds another step to the pro-
cedure and thus allows the introduction of impurities. However, in
situations where the introduction of impurities is of only minor concern
this method can be applied without causing difficulties.

In many instances the analyst can schedule his workday in such a
manner that the cakes can be placed in the desiccator near the end of
the day and allowed to react overnight. In this way, the analyst can
make use of the "dead time" sometimes encountered with almost all methods
used in silicate analysis.

Having established empirical coiditions for the attack on the flux
material alone, the next step was to test the method using an actual

silicate sample.

Isothermal Attack on Cakes Containing Flux Plus Silica

Approximately half a gram of silicon dioxide was opened in the
established manner with a 10-to 20-fold excess of sodium carbonate. The

cake was then removed from the platinum crucible as before. Initially
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Since sodium carbonate is not hygroscopic, the moistening of the
cake is accomplished in another way. Here a few drops of ultra pure
water were added, which proved sufficient to allow isothermal attack.

In cases where the fluxes used are very hygroscopic, such as sodium and
potassium hydroxides, the cake is moistened by allowing it to remain in
contact with the air for a few minutes. Caution must be exercised so
that no contamination results from the atmosphere,

In addition to the water content and surface area of the cake, many
other parameters affect the time required for the cake to react complete—
ly. These are brilefly summarized below.

The sample-to-flux ratioc is of Importance, especially when mater-
ials with high silica content are processed. The higher the concentration
of silica the slower the attack on the cake., The amount of cake is, of
course, an important parameter.

The effect of heating was also investigated., The temperature
inside the desicecator could be varied within small limits, but not much
influence on the rate of attack was noticed. When heating only the acid
by directing the beam of a heat lamp on the beaker a small increase in
diffusion rate can be achieved. However, this slight advantage has to
be compared with the great disadvantage of much unwanted condensation

of acid on the desiccator walls.
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hydroxide at 500°C, some 100 to 200 milligrams of platinum are lost from
the crucible (I-4). This not only presents a contamination problem, but
alsc is financially unfeasible because of the limited use obtained from
each crucible.

Platinum is wetted by the melt, and therefore, its removal by
pouring is not quantitative, This poses problems when attempting to form
the melt into a thin sheet (the importance of such sheets has been discus-

sed in a previous section, see pagel4),

Gold

Gold is less suitable as a crucible material because it is corrod-
ed to a much greater extent than are platinum and silver. Because of the
relatively low melting point of 1036°C, gold is not suitable in case of
high melting fluxes. For example, scdium carbonate has a melting point
of 8510C, but the temperature used to melt 1t and keep it melted usually
approach 1000~1100°C; thus, a gold crucible cannot be used.

In addition, gold is also unpopular because of its price., At the

time of this investigation, gold was the most expensive crucible material.

Silver
Since silver melts at 960°C, it is completely excluded from use
with sodium carbonate. Silver crucibles are usually suggested in proce-
dures when using hydroxides for fluxing. $ilver is only slightly corroded
and is, therefore, much more suitable for such openings. The contamina-
tion by silver ions, although noticeable, commonly poses no seriocus pro-
blem in the subsequent analysis since the metal in the majority of anal-

yses does not interfere and, 1f necessary, can be easily removed as silver
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chloride.
Like platinum and gold, silver is also wetted by the melt pre-
venting its quantitative removal, Silver is also preferable, since it

is much less expensive than either platinum or gold.

Carbon (Graphite)

In comparison to the already mentioned materials, carbon is un-
usually inexpensive except when of high purity. Owing to 1ts great ab-
sorptive properties, removal of trace elements, and therefore, manufac-
ture of high purity carbon is difficult., Also, carbon poses a combustion
problem and thus it is limited to use at high temperatures in inert
atmospheres, Carbon is not satisfactory for the present needs because
the melt enters into the pores of the material and upon solidification

total removal of the cake is impossible.

In some conventional methods nickel crucibles are used extensively,
Naturally, nickel cannot be used when this metal is to be determined or
when 1t poses problems as an interference. Nickel crucibles are attacked
heavily by most fluxes; however, due to its relative low cost this is no
problem since ruined crucibles can be discarded in favor of new ones with
little expense,

When trace analysis is of prime concern, ordinary nickel crucibles
are unsuitable. 1In this particular case, the trace dnpurities present in
the nickel must be considered and thus high purity nickel is required and

then the price rises accordingly. Nickel is also wetted by the melt.
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CHAPTER IV
FUSIONS IN A TEFLON CRUCIBLE

The Teflon "crucibles" used in the present ilnvestigation are
Teflon beakers of various sizes., The fuslons were performed by heating
the Teflon crucible containing the flux material on a thermostated hot~
plate. Attempts to melt either sodium or potassium hydroxide (m.p. 318°¢C
and 3600C, regpectively) resulted in the deformation of the Teflon cruci-
ble. The situation was improved by providing the Teflon crucible with
a solid support (see Figure 3}. An aluminum block of appropriate size
was fashioned and a hole bored at the center. The diameter of the hole
was such that the crucible had to be inserted with some force. 1In this
way, it was fixed permanently in the ho_e; thus, the still-liquid melt
could readily be poured from the crucible by merely inclining the block
agssembly. To ald its manipulation, the block was fitted with a handle
at the side, A second hole was bored close to the crucible hole and of
the same depth but with a diameter adequate to house a thermometer.

Because of the slow heat transfer through Teflon, it was necessary
to establish a relation between the temperature inside the crucible and
that of the block itself. This was done by measuring the temperature,
with a second thermometer, of an oil heated in the crucible and relating
this temperature reading to that of the block thermometer. These measure-
ments were begun immediately when the block assembly was placed on the

hotplate. A "calibration curve" (see Figure 4) of block temperature versus
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temperature in the crucible was then plotted. It should be noted that
such a "calibration curve" holds only for the particular situation and
that a curve must be established for each individual assembly.

Although the melting point of potassium hydroxide is listed as
360°C, with the commercial product containing about 15% water, liquifi-
cation takes place at a much lower temperature and fluxing with this com-
pound is no problem. Sodium hydroxide, which melts at 318°C, can be
melted in a supported Teflon crucible, but normal operation requires that
the block temperature be raised dangerously close to the critical limit
of the Teflon. A thermostated electric furnace would probably be better
in some respects but would pose other problems, e.g., trace impurities
locosened from the oven material and heating wire.

Since the presence of water proved to facllitate the melting of
potassium hydroxide, it was thought that adding some water to the sodium
hydroxide would achieve an equally favorable situation but experiments
quickly showed the fallacy of this assumption. Initially the wet pellets
liquified quite readily, but then the water started to evaperate and as
this proceeded, progressively more heat is required to keep the melt
liquid, 1In addition, the water usually escapes with much undesirable
splattering.

Sodium hydroxide would also be the preferred flux from another
point of view. If potassium hydroxide is used and a perchloric acid
treatment is intended in a determination of silica the formation of
sparingly soluble potassium perchlorate would occur. Mixtures of sodium
and potassium hydroxides that melt at lower temperatures could be used;

for example, according to Rechetnikov and Unzhakov (I-8), the sodium-
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potassium hydroxide system has a eutectic point at 170°C at a 50 mole
percent composition. However, the formation of potasslum perchlorate
occurs with almost any mixture of potassium and sodium hydroxides; and,
therefore, the use of such mixtures present no real advantage over the
use of pure potassium hydroxide.

The heat needed to perform the openings in the present method was
obtained by heating the Teflon crucible directly. The thermal problems
encountered with Teflon could be greatly improved by applying heat
directly to the flux material, One possibility is to use a small heating
coil in direct contact with the flux; however, contamination from the coil
material would then become a problem. A method, which appears more
suitable to the present needs, is the application of heat by overhead

- radiation.
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peroxide, the other fluxes such as sodium carbonate and sodium and pot-
assium hydroxide should also be suitable for use with this method.

However, since the platinum loop is in direct contact with the
flux some contamination from the platinum will result. This coupled with
the obvious superiority of overhead radiation and the use of Teflon,
caused this method not to be investigated further.

Another method more along the lines of the present investigation
involved the use of overhead radiation to perform the fusion in the deep=-
est spot of a Teflon evaporating dish, Here the molten material is held
closely together and when the dish is swirled in a rotating fashion the
melt is spread over a large area resulting in a cake with increased
surface area. The dish with its contents i1s then placed in a vacuum
desiccator and isothermal attack effected.

The situation can be improved even more if all the steps, i.e.,
fusion and isothermal attack, are carried out in one vessel., A Conway
chamber machined from Teflon should allow this to be done. Such a vessel
(Figure 7} is fashioned such that the walls of the inner compartment are
lower than the outer. The vessel is equipped with two types of lids.

One serves merely to seal the vessel; the other (shown in Figure 7) allows
reduction of the pressure inside the vessel with the aid of an aspirator.

The fusion 1s performed in the central compartment using overhead
radiation. The melt is then solidified and the outer chamber is filled
approximately three-fourths full with reagent—grade hydrochloric acid.
The second type 1lid is put in place and the pressure reduced. This method
offers all the benefits associated with the use of Teflon, overhead rad-

iation and isothermal attack; it offers the additional advantage in that
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CHAPTER VII

CONCLUDING REMARKS

The purpose of this investigation was to modify existing methods
for opening inorganic samples in such a way that they become more suit-
able for use in trace analysis. The first step was to apply isothermal
attack. This combines the purification of the acid and dissolution of
the fusion cake into one step; thus, eliminating several transfer steps
and thereby reducing the possibility of contamlnation.

Although the method of isothermal attack was here developed in
conjunction with the alkali fusion of silicates, it is mnot restricted
to this application but readily adapts to other materials. Good results
were obtained with light metal alloys based on magnesium and aluminum
when attacked by hydrochloric acid. Brass drillings reacted completely
with isothermally diffused vapors evolved from fuming nitric acid,

The introduction of Teflon and its successful application as a
crucible materjal will prove to be a significant improvement concerning
problems encountered with the crucible materials presently being employed.
Teflon coupled with overhead radiation is especially attractive for fus-

ions on the micro and semi-micro scale.
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CHAPTER VIII

CHEMICALS AND EQUIPMENT

Chemicals

All water used in the investigation for preparing and diluting
reagents and solutions was obtained from a Barnstead still equipped
with a Ventguard filter. The water was then passed through a mixed bed
deionizer. All reagents used met ACS analytical reagent specifications.
Whenever possible, the fluxes, i,e., sodium carbonate, sodium hydroxide
and potassium hydroxide were J. T. Baker "Analytical Reagent' grade salts,
All common acid, base, and buffer solutions were prepared from reagent

grade chenicals.

Glassware
The usual glassware such as beakers, flasks, etc., were used as
needed, For volumetric measurements class A volumetric glassware was

used exclusively and without additional calibrationm.
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CHAPTER 1
INTRODUCTION

The phenomenon of fluorescence was first observed by Monardes in
1565. 1In 1833, S5ir David Brewster noted the red emission from chloro-
phyll, and in 1852 Sir G. G. Stokes described the mechanism of the
absorption and emission process. Fluorescence 1s one of the most active
topics of research in science today as evidenced by the increasing
number of papers, reviews, and monecgraphs published each year.

Originally the term luminescence was used interchangeably with
fluorescence; however, nowadays luminescence is used iIn the broader sense
to describe any light emission. The various types of luminescence can
then be classified according to the means by which energy is supplied to
excite the luminescent species.

In general, photeoiuminescence is the form of luminescence in
which molecules are excited by interaction with electromagnetic radiation.
In photoluminescence, if the release of electromagnetic energy is
immediate (usually about 10-8 seconds), the process 1is called fluores-
cence; whereas, if the release of energy takes place later than 10-8
seconds, the process is called phosphorescence. More recently the
classification has been based not on time considerations, but rather on
the mechanism involved. In fluorescence the excitation step is between
a lower (ground) level and an excited singlet state and from there to a

somewhat lower triplet state where the electron remains for some time and
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only then upon veturn to the ground state does emission take place.
Thus, the light emlssion of some material may be delayed and under the
old classification be considered as phosphorescence while actually only
singlet state transitions are imvolved and according to the new mechan-
istic classification is actually a "delayed fluorescence".

Chemiluminescence 1s the process in which the excitation energy
is obtained from the chemical energy released during a reaction, and
if the chemical reaction takes place in a living organism, e.g., a fire-
fly, the chemiluminescence is given the particular name, biocluminescence.

When certain crystals, such as sugar, are broken the energy stored
on crystal formation is in part released as light and such a process is
called triboluminescence.

Other types of luminescence much less commonly encountered are
cathodoluminescence and thermoluminescence. The first results from a
release of energy produced by cathode rays, while the second occurs
when a material existing in high vibrational energy levels emits energy
after being exposed to small amounts of thermal energy.

The type of luminescence which 1s of present interest is fluores-
cence. The fluorescence normally observed in solutions is called Stokes
fluorescence. This is the re-emission of photons which have a longer
wavelength (lower frequency) than those absorbed. Fluorescence has
provided some of the most sensitive and selective methods of analysis for

many substances (II-1).

It is interesting to compare the sensitivity and selectivity of

References for Part II on page 81.
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CHAPTER I1

FLUOROMETRIC DETERMINATIONS

Theoretical Background

The basis for the fluorometric determination method is a relation

shown in equation (1)

F = ¢Iok(1-e‘€bc) (1)

where F is the fluorescent intensity, ¢ is the quantum efficiency,

I, is the incident radiant power, k is an instrument parameter that con-

talns a geometry factor which depends upon the effective solid angle

viewed by the detector and a quantum conversion factor for the detector

(that varies as a function of wavelength), £ is the molar absorptivity,

b is the path length of the cell, and ¢ 1s the molar concentration.
Beside concentration, the basic fluorescent intensity~concentration

equation indicates that there are three other major factors that affect

the fluorescence intemsity.

1. Quantum Efficiency

Every species possesses a characteristic property that is described
by a number called the quantum efficiency. This is the ratio of quanta

of light absorbed to quanta emitted.
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If the value for ebc is less than about 0.05, the terms of higher
order in the above expression can be dropped and equation (1) reduces

to,

¥ = ¢Iok€bc (2)
or
F= k'ec¢ (Z2a)
where k' includes ¢, I,, k, £, and b.

Thus, at given £ and b, for low concentrations of the fluorescing

species, i.e., (10'4 to 10~7 F), the situation has been reduced to one

comparable to Beer's Law in spectrophotometry. The fluorescent intensity
is proportional to the concentration of the fluorescing species; and
therefore, a plot of fluorescence versus concentration should be linear.
The results in fluorometry can be adversely affected by several
parameters, a few of which will be discussed in the following chapter

in conjunction with fluorometric titrations.
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CHAPTER II1

FLUOROMETRIC TITRATIONS

Several advantages can be gained by switching from a fluorometric
determination (where absolute values are measured) to a fluorometric
titration (where only changes in fluorescence are measured). Some of
these advantages will become obvious vh2n discussing the relevant

parameters.

Quenching

In many cases the intensity of the fluorescence 1s decreased by
a competing deactivating process that ra=sults from the specific interac-
tion between a fluorophor and another substance present in the system.
Such a process is called quenching. The general mechanism for this

process can be dencoted as follows:

M + hy + M¥% (light absorption}
M* > M + hv (fluorescence emission)
M%¥ + Q ~ Q¥ + M (quenching)

Q* » Q + energy

Four common types of guenching (II-2) are observed in fluorescence

processes: temperature, oxygen, concentration, and impurity quenching.

1. Temperature Quenching

As the temperature is increased, the fluorescence decreases.
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The degree of temperature dependence varies from compound to compound.
Temperature effects on fluorescence are a type of excited-state
quenching by encounter. The temperature dependence of fluorescence can
be compared with that of molecular activity, suggesting that increasing
temperature increases molecular motion and collisions, and hence robs
the molecule of energy. In a practical sense, temperature control
should be exercised for méximum precision and accuracy.

2. Oxygen Quenching

One of the more troublesome aspects of fluorometry is the ability
of molecular oxygen to quench excited singlet and triplet states of many
molecules, especially aromatic hydrocarbons, in solution, The analytical
sensitivity can be Increased by oxygen removal. This can be accomplished
by bubbling an inert gas, such as nitrogen, through the solution for 5
to 10 minutes or, better, by a freeze-thaw cycle.

In some cases, oxygen quenching results from oxidation of the
solute, An explanation which is frequently'invoked to explain oxygen
quenching is concerned with the fact that the ground-state oxygen
molecule is a triplet and therefore paramagnetic (II-3). The presence
of a paramagnetic species in a solution may increase spin-orbit coupling
in any electronically excited molecules in that solution, thereby in-
creasing rates for intersystem crossing. This would have the effect
of quenching fluorescence.

3. Concentration Quenching

Ideally the fluorescence produced in a cell should be uniform
throughout, i.e., the exciting light is evenly distributed along its

path. 1In other words, each potentially absorbing species interacts with
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the exciting light. Thus, at low concentrations there 1s a linear
relationship between fluorescence and concentration.

However, at higher concentration the fluorescence produced is not
uniform throughout the cell, i.,e., the exciting light is not evenly dis-
tributed along its path. That portion of the solution near the light
source absorbs so much radiation that less and less is available for the
remalnder of the solution. As a result, considerable excitation occurs
at that portion of the solution facing the exciting lamp, but less and
less occurs throughout other portions of the cell. This type of con-
centration quenching causes a fluorescence loss that is called the inner-
cell effect (the mathematical considerations for concentration quenching
are discussed on page 57 ).

Another form of quenching, which is due to concentration, involves
dimer or polymer fofmation and is called excimer quenching. The excimer
has a different electron orientation and a longer emisslon wavelength
than the monomer. Hence, if the fluorescence is measured at the wave-
length of the monomer, the emission at the longer wavelength will go
undetected, So the obgerved fluorescence will decrease as the degree of
polymerization Increases since as this cccurs the concentration increases.

4. TImpurity Quenching

Since fluorometry is a very sensitive method, impurities at even
very low levels may cause serious prcblems as interferences. These
interferences can be in the form of the inner-cell effect, collisional
quenching, energy transfer, and charge transfer.

Unless such quenchers are completely matched in effect and con-

centration 1n the standards, wrong results in a fluorometric determination




52

are to be expected. However, such quenching is only of minor concern in
a fluorometric titration.

If the above types of quenching occur to such a degree as to
lower the fluorescence below practical ranges, neither a fluorcmetric
titration nor a determination would be sultable. However, in a
fluorometric titration moderate quenching 1s tolerable, since it merely
changes the slope of the titration curve but has no effect on the loca-

tion of the end point.

Titration Versus Determination

In a fluorometric determination the concentration of a species
is determined by comparison of 1its fluorescence with that of a series
of standards., The fluorescence of such standards is measured and then
plotted against concentraticn. The unknown concentration of the speciles
1s then read from the calibration curve. Since the relation between
fluorescence intensity and concentration of the emitting species is
linear only at very low concentrations, one has to operate many times
with non-linear calibration curves. This presents a very unfavorable
situation. Alse, since fluorescence is largely dependent upon the
immediate enviromment, small changes in conditions between the standards
and the test solution can result in significant errors when comparing
two like concentrations.

In contrast, in a fluorometric titration no calibration curves are
required. Also, the titrant solution is usually prepared from a primary
standard or has been standardized. The only requirement in such a
titration is that the established conditions remain constant during the

course of a titration.
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CHAPTER IV

COMPUTATION OF FLUOROMETRIC TITRATION CURVES BASED ON COMPLEX FORMATION

Titration curves for a variety of systems can be calculated em-
ploying equations of differing complexity. In the particular case of a
photometric titration, for example, Goddu and Hume (IT-4) have calculated
curves for acid-base systems and Flaschka (11~5) has derived equations
for titrations based upon complex formation, However, no analogous work
has been done in the area of fluorometric titrations. It was, therefore,
felt worthwhile to institute a general study and to calculate fluorometric
titration curves for systems under a variety of assumed conditions. A
PDP 8e mini-computer was available and used to minimize the work required
for the task (see appendix A for programs).

The calculations hold for any linear titration based on the simple

reaction

A+B =C

with at least one of the involved species being fluorescent so that no

indicator is needed. TFor simplicity of discussion and relation to actual

experiments a complexometric titration will be assumed according to the

titration equation

M+Y = MY (4)
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Substituting equations (10) and (11) 1into (9) gives

8]
(Y] = ——-;[K Vb (c % - Cy v)-1] + (13)

—_ O - 0 2 o 1
q[K 75 (Cy°b - Cy°V)-117 + 4KCy®b V+b$

Analogous formulae for the calculation of [M] and [MY] can be
derived as shown below.
In the case for [M], if equations (5) and (6) are subtracted,

the equation for [M] is obtained

M] = Cy = Cy - (Y] (14)

An equation for [MY] can be obtained merely by rearranging

equation (6)

Myl = ¢, - [¥] (15)

The fluorescence intensity is given by equation (1); then upon
proper substitution three equations for the particular cases where only
Y, M, or MY fluoresces are obtained.

If Y fluoresces

-BlY]

F=0o(l -e ) - (16)
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If M fluoresces

1
F=a ( 1 - e BUTHE 6V - CYOb)-[Y]}) (17)

If MY fluoresces

: o) b
F=o (1 - e By G - [Y]}) (18)
where o = ¢ x I, x k; B =r¢ex b; and [Y] as expressed by equation (12).

It should be noted here that In deriving these formulae none of
the usual simplifications were made, 1.e., the concentration of one
species was not neglected when small in comparison to another. Also B
was manipulated In such a way that a variety of curves could be obtained
for a given set of conditions. Values for the stability constants and
concentrations were assumed and then the value of o was arbitrarily
set so that the curves would lay within the same range and thus could
readily be compared.

This ranging is achieved in the following manner, Obviously,
from equation (1), 1f ¢ = 0 it follows that F = 0. As the value of B x ¢
becomes large, the value of e~BC becomes small and can be neglected with
regard to the "one" in the parenthetic portion of equation (1). The

equation then reduces to

F&n (19)

Thus all curves will lie between zero and the value of . Here o was

set equal to 10; thus all curves lie between 0 and 10 fluorescence units.
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behavior has already been discussed.

An important portion of the curve is In the immediate vicinity
of the end point. Here depending upon the concentrations and stability
constant ¢f the particular system, varying amounts of e.p. curvature
will occur. Such curvature results from the fact that when M and Y
are present in close to equivalent amounts, i.e., around the equivalence
point, a very high degree of dissociatlon occurs for the complex, MY,
which 1s formed during the titration. Because of the method by which
the end point is located certain amounts of e,p. curvature can be
tolerated. The region in the vicinity of the end point, where e.p.
curvature may exist due to extensive dissociation, 1is not used; instead,
the two straight portions far from the equivalence point are extrapolated
to an intersect which is then taken as the end point.

Figure 8B shows the curves for the titration of 5.0 x 10"5 F metal
with 5.0 x 1072 F titrant. No e.p. curvature is indicated because the
stability constant is rather high and no appreciable dissociation occurs,
even though the metal solution 1s quite dilute. However, in Figure 8C
which is the titration of 10~® F metal with 10_3 F titrant, if attention
is given to the immediate vicinity of the end point, 1t can be seen that
considerable e.p. curvature is encountered. The stability constant is
no longer high enough to compensate for the very low concentration of
the metal solution being titrated.

The effect of the magnitude of the stability constant on the
shape of the curves is shown by Figure 9. 8ince the interest here is

only in the effect of the stability constant, other conditions were set
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such that no distortion results from the dilution of the solution.
Thus, the curves shown in Figure 9 are for the titration of 1073 F metal
with 1.0 ¥ titrant, where B is set equal to 1500, and the stability
constant is progressively reduced by factors of hundred from its initial
value of 5.0 x 108 to that of 5.0 x 107,

As can be seen, as the magnitude of the stability constant is
decreased, more and more e,p. curvature results until eventually the
curve bends in the opposite directicen, indicating that very little, if

any, complex 1s being formed.

Case II1: Only the Metal, M, Fluoresces

For this particular case equation (17) is employved to calculate
the titration curves. The shape of the curves here is that of an "L".
The fluorescence starts out high and then decreases as more titrant is
added until it reaches zero.

Since much of what has been said concerning the trends found for
Case T also applies here, only brief mention concerning the conclusions
which were drawn will be given. Figure 10A shows the curves for the
titration of 10-3 F metal ifon with 1.0 F titrant, where the value of
B is varied. The effect B has on the shape of the curve is analogous
te that for the previous case; however, its influence on the slope here
is on that portion of the curve before the end point.

Also, here reducing the concentration of the metal (with the
titrant still always being 1000 greater than that) causes considerable
curvature in the vicinity of the end point. This effect can be seen in
Figure 10C, which is the titration of 10_6 F metal with 103 F titrant.

The effect of the magnitude of the stability constant on the slope
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of the curve is shown in Figure 11. Again the constant has been
2
reduced by a factor of hundred each time from 5.0 x 108 to 5.0 x 10 .

Case III: Only the Complex, MY, Fluoresces

In this case, equation (17) is employed to calculate the titra-
tion curves. The shape of the curves is /  , that is an inverted "L".

Figure 12A shows the curves for the titration of 1073 ¥ metal
with 1.0 F titrant at different values of B. At low values of [, the
curves are as expected in a linear titration since under these conditions
the approximation leading teo equation (2a) holds. As B increases, the
horizontal portion moves to higher ordinate values, Up to a certain
point, the shape of the curves and ease of correctly locating the end
point is not effected. However, when the product B x ¢ becomes too
large, equation (2a) no longer holds and distortion of the curves becomes
quite noticeable. Eventually, they "hit the ceiling'; that is, quite
early in the titration the curves approach the limit value set by a. Of
course, such curves are of no practical value. This distortion is sole-
ly due to the fact that the fluorescence intensity and concentration of
fluorescing species are related exponentially. Distortion due to dilu-
tion (see below) and dissociation because of low stability constants
are not in effect, but if present these would obviously worsen the
gituation.

Examining the curves in Figure 12 shows the danger that the pre-
sent case poses in an actual practical situation. The operator may
assume that the rounding near the equivalence point 1s due to end point

curvature and simply extrapoclate upward from the earlier straight por-
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tions. However, it can readily be seen that considerably lower results
will then be obtained because the horizontal portion is too low and thus
the intercept will be located far to the left, that is, towards too
low a volume. Figure 13 shows the influence of the stability constant
for a case where the B x c value per se would not cause a problem.
Here as before the stability constant has been reduced by a factor of

. 8 2
hundred each time from 5 x 10% to 5 x 107,

Correction for Dilution

Generally titration curves will depart from strict linearity
since the solution volume increases <uring the titration. Commonly,
what Is done in such instances is to correct for dilution by multiplying
each reading by the factor (V + b)/V, where V is the initial volume of
the solution to be titrated and b is the volume of titrant scolution
added. It should be noted that this factor corrects only for "physical
dilution", that is, the concentration goes down since after dilution the
same number of particles are present as before dilution only now in a

"chemical dilution". Upon

larger volume. There may, however, also be a
dilution a shift in the equilibrium may occur for certain types of
reactions and then the number of relevant particles before and after
dilution will be different. Application of the correction factor will
not correct for this effect and, depending on the type of equilibrium
involved, the overall correction may not fully compensate or may over-
compensate for dilution.

"chemical dilution" depends on the equilibrium con-

The degree of
stant of the titration reaction and the concentration of the species

to be determined. For both parameters the situation worsens as their
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values are reduced. Since fluorometric titrations are by nature applied
to usually quite dilute solutions, such titrations will be mere prone to
adverse dilution effects than other titrations, and will thus require
gpecial attentlon.

In linear titrations, such as a photometric one, it is actually
not the output reading which is being corrected, but rather the concen-
tration. In the case of a photometric titration where absorbance is
directly proportional te concentration, it makes no difference whether
the above factor 1s applied to the absorbance reading or the concentra-
tion.

However, the situation in a fluorcmetric titration is not so
simple and straightforward. Only when the absorbance is less than 0.05
and the equation for fluorescence reduces to equation (2a), i.e., F = k'c,
is it proper simply to multiply the fluorescence reading by the factor
(V+b)/V. 1In all other cases, when the full equation (i.e., F =
—Rc

a(l —~ e ) has to be taken, the flucrescence is no longer directly pro-

portional to the concentration, but is now related to it exponentially.

Thus, 1t can be seen that multiplying the fluorescence reading by the
correction factor is in error. Actually, the concentration of the fluor-
escing species should be multiplied by (V + b)/V and then the resulting
value used to calculate the fluorescence by equation (1).

In a theoretical consideration this is no problem. However, in

practice such a correction is impossible, since the term B (which consists

of the molar absorptivity and cell length) must be known; and, more
Importantly, the concentratien of the substance to be determined must

also be known. This, of course, is never the case since the titration is
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performed to find that concentration. Figures 14, 15 and 16 show curves
for Cases I, Il and I11 where just the dilution correctien factor has
been applied (incorvectly) to the fluorescence reading, F, and second
(correctly) to the concentration in the exponential term.

In particular, in Case 11 where only M fluoresces it can be seen
when multiplying,.F, by (V + b)/V a maximum is obtained which indicates
that upon applying the correction factor more flucorescence is produced,
Obviously, this cannot be the case. However, when the concentration is
corrected for dilution and then the fluorescence is calculated, a curve
consistent with what is expected is obtained.

Additional consideration of the mathematics and inspection of the
curves shows that the situation is not quite as bad as it might appear.
For as has been shown there is a small portion of the curve (i.e., where
£bc < 0.05) near the end point where correction for dilution by multiply-
ing, F, by (V + b)/V is appropriate. In Figure 15 in the present situa-
tion fer 8 = 5000 the maximum concentration can be 1 x 10-5 F, which is
in the region between 9 and 10 ml of titrant added. Thus, the curves for
the two methods of dilution correcticn merge into one curve somewhere
between 9 and 10 ml, This is because in this area the fluorescence is
directly proportional to concentration.

Of course, the degree to which the dilution problem affects the
three cases of fluorescence is different. Where M or Y fluoresce the
concentration of fluorescing species 1s quite low in the wvicinity of
the equivalence point, Then the approximation leading to equation (2a)
holds and the correction for dilution can be applied directly to the

scale readings. However, warning must be given that when extrapolating
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AFPENDIX A

The computer programs which follow are written in BASIC RT and

were used on a PDP-8e. The computer is provided with the values for the

stability constant, K; initial volume, V; initial concentration of metal,

Ci

e (designated M); initial concentration of titrant, CTO (designated T);

0 (designated A); B (designated B); size of each increment to be added,

D; and the total volume of titrant required, N,

Program 1 is used to calculate the fluorescence output in the

fluorometric titration according to equation (16), i.e. where only the

titrant, Y, fluoresces.

Program 2 is used to calculate the fluorescence output according

to equation (17), i.e. where only the metal, M, fluoresces.

Program 3 is used to calculate the fluorescence output according

to equation (18), i.e. where only the complex, MY, formed during the

titration,

fluoresces.

In all three programs the following are printed out.

a)

b)

c)

d)

the value of each increment, D.

the fluorescence cutput, F, obtained from the respective
equations.

the value, C, obtained by applying the dilutiom correction
directly to the fluorescence reading, F.

the value, C', obtained by applying the dilution correction
to the concentration term in the exponential part of the

respective equations for fluorescence.

A listing of each program fellows.
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CHAPTER I

INTRODUCTION

Fluorometric determinations have hecome an extremely important
weapon in the analytical chemist's arsenal. However, the obvious appli-
cation of fluorescence to the area of fluorometric titrations has
developed slowly., At the beginning fluorometric titrations have been
limited to visual end point detection where a sudden change in fluor-
escence occurs, often employing a "make shift" black box or working in
a darkened room. However, in order to make use of a linear fluorometric
titration where a gradual decrease or increase of the fluorescence is
followed over the whole course of the titration a more sophisticated
arrangement is required; one specifically designed as a fluorotitrator
would be best. Several such instruments (III-1,2) are commercially avail-
able, but are designed for specific situations and thus make the appara-

tus essentially useless for general work.

Several instruments designed to monitor fluorescent titrations
have been described in the literature (I1I-3-7). These instruments vary
preatly in design and approach te meet the necessary requirements. Fach
has various limitaticns which restricts its usefulness in monitoring
fluorescent titrations. All operate on the same principle as does a

fluorometer (see Figure 17), but with additional features to facilitate

References for Part 111 on page 111.




A-Excitor Lamp; B-Lens; C-Primary Filter; D-Sample
Cell; E-Light Absorbing Background; F-Secondary
Filter; G-Photodetector; H-Variable Resistor; I-
Meter

Figure 17. 0Diagram of the Components of a Typical
Fluorometer
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a titration.

In general, a fluorometer operates as follows:

The desired wavelength of light from the excitor lamp (A} is
selected by the primary filter (C) placed between the radiation source
and the sample, The wavelength of fluerescent light to be measured is
selected by the secondary filter (F) placed between the sample and a
photodetector (G) commonly located at a 90° angle from the incident beam,
The output of the photodetector is amplified and displayed on a meter
or recorder. The whole arrangement is, of course, enclosed in a light
tight cabinet to exclude ambient light. The necessity of such an enclos-
ure in a fluorometer to exclude ambient light is not too much of a pro-
blem for fluorometric determinations, but in the case of titrations
causes great inconvenience.

An instrument that does not require complete exclusion of ambient
light would be desirable. Such an instrument was employed in the pre-

sent investigation,







"
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CHAPTER IT1IL

SYSTEM EMPLOYED IN THIS INVESTIGATION FOR FLUORCMETRIC TITRATION

A number of organic compounds which form complexes with cations
in solution with a consequent disappearance or appearance of fluorescence
have been employed as indicators in compleximetric titrations (IT1I-10).
As indicators these compounds function in a similar manner to metallo-
chromic indicators, i.e., the end point in the titration with a complex-
ing agent is denoted by the change in fluorescence intensity caused by
the destruction of the metal-indicator complex. The end peint is detected
vigually. For the majority of the indicators recommended to date, their

application has been limited to compleximetry with EDTA as titrant,

although, several are useful in titrations with other reagents, e.g.,

fluoride, One such indicator which has found wide use is Calcein Blue.

Properties of Calcein Blue

Calcein Blue 1s synthesized by the condensation of 4-methylumbelldi-
ferone with formaldehyde and iminodiacetic acid. The indicator was
initially prepared independently and concurrently by Eggers (11I-11) and
Wilkins (ITI-12), who named it respectively, Umbelliferone Complexan
and Calcein Blue. 1t exhibits a brillant blue fluorescence below pH 12,
but is non-fluorescent at higher pH, Studies have shown that Calcein
Blue is useful as an indicator in the EDTA titration of certain elements.
In particular Wilkins found that the blue fluorescence is quenched by

copper between pH 4 and 10. Also cobalt, manganese, zinc, and mercury
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Preliminagz_Work

Preliminary experiments have shown that upon addition of a lead
salt to a solution of Calcein Blue the intensity of the already exist-

ing fluorescence increases, indicating the formation of a complex bet-

ween lead and Calcein Blue. It was hoped that this fact could then be
used as the basis to perform a linear fluorometric titration of lead with
Calcein Blue, but the attempts failed because the titration curves ob-
tained were continuously but gently bent over the entire course of the
titration and did not allow the location of an end point. The probable
reason is that the lead-Calcein Blue complex is too weak to yield a
distinctive titration curve. This assumption is also strongly supported
by comparison of the experimental curves with those previcusly calculated
for a weak complex system as shown in Figure 13, page 69.

Next, Calcein Blue was used as the indicator in the titration of

lead with EDTA, since the requirements with regard to the stability of a
complex are much less stringent for an indicator complex than they are
for a titration complex (II-16). Of course, the end point in such a
titratlon of lead would not be indicated by a sudden appearance or
disappearance of fluorescence, but rather by a decrease in intensity only.
It Is also important to note here that it was impossible to determine
visually whether the change in fluorescence was actually a change in
intensity, hue, or both. The facilities needed ta determine this were
not available and thus for simplicity it was assumed that the change was
of the fluorescent intensity.

Such a situation is not good for visual indication and this may

be taken as the most probable reason why Calcein Blue has previously not
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been reported or considered as an indicator for lead. However, with an
instrument such as the one being employed here to follow the titration,
a mere change in fluorescence intensity, is ne hindrance in establishing
the end point,

During the early months of this investigation a puzzling and
extremely frustrating situation developed, Very good titration curves
were obtalned in which the fluorescence decreased as the titration pro-
ceeded to a particular level and then remained constant as more titrant
was added. Then the behavicr of the system changed and curves completely
opposite to those were obtained; that is, the fluorescence increased up
to a certain level. Since the instrument settings were unchanged, it
was felt that the fluorotitrator itself was not responsible. Alsc,
since the lead-EDTA system is well established, it was also ruled out
as the possible culprit,

Thus, by the process of elimination, the Calcein Blue had to be
the species causing the trouble. When the work was started, the Calcein
Btue solution was prepared from the powdered indicator purchased in the
standard 1 gm bottle from Baker Chemical Company. When this supply
approached exhaustion an order was placed for more reagent, but the indi-
cator received now was from the Fisher Chemical Company. Because both
products were labelled "Analytical Grade'" no problems were expected.
Solutions of the two indicator preparations were used interchangeably and
then the inceonsistent results occurred.

The two brands of indicator were compared using thin-layer chroma-
tography on Baker-Flex cellulose sheets employing l-butanol containing

25% ammonia as the mobile phase. The photograph in Figure 18B shows the
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results. A single spot on the left resulted from the Calcein Blue ob-
tained from Baker while a series of spots on the right occurred with the
Calcein Blue obtained from Fisher. Since the Baker Brand obviously con-
tained only one component, it was assumed that this was the pure indicator;
whereas, the Fisher Brand may have contained impurities such as starting
materials or products from subsequent degradation. When tested as visual
indicators in common operations, such as the titration of copper with
EDTA, both products where satisfactory; but for the investigation intend-
ed here Baker material was used exclusively once the situation was clear.

A further Baker product obtained at a later date and of different
batch number was tested too and showed consistent behavior. The chroma-
togram is shown in Figure 18A.

The odd behavior of the two brands of Calcein Blue warrant further
investipation; however, this was not in line with the present work and

therefore no furhter investigation was undertaken at this time.

EDTA Titration of Lead to a Fluorometric End Point

In using Calcein Blue as the indicator for the titration of lead
with EDTA two types of indication can be differentiated according to the
nomenclature proposed by Flaschka and Sawyer (III-17).

The first case is a step titration. Here the Calcein Blue is add-
ed in an amount very small in comparison to the amount of lead and func-
tions as a true indicator, During the initial part of the titration
nothing changes visibly as the free lead is complexed by the EDTA. Then
in the immediate vicinity before the equivalence point, the lead begins

to be taken away from the indicator and the fluorescence decreases within
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a drop or fraction of a drop of titrant added, giving the titration curve
the shape of a step, hence the name step indication. The type curve
obtained is represented by curve I in Figure 19.

The second case is a slope titration. Here the amount of Calcein
Blue added is in excess over that of the lead present and the Calcein
Blue does not act as an indicator in the common sense, but rather simply
as a fluorogenic agent. A self-indicating system is created. The type
curve obtained is represented by curve II in Figure 19. From the first
addition of EDTA, lead is taken from the Calcein Blue-lead complex; and,
with the fluorescence decreasing, the curve continously slopes downward
over the whole course of the titration until the equilvalence point is
reached, after which the curve levels off, hence the name slope titration.
This gradual change in fluorescence is difficult for the observer to use
directly for the end point location. However, when followed by an instru-
ment all the advantages of a self-indicating linear titration are realized
as, e.g., averaging of reading, higher selectivity, possibility of straight
line portion to be extrapolated and thus less stringent requirements in
the stability constants of the complexes involved.

In the present case, where the fluorescence does not completely
disappear but merely changes from that of a dark blue to a lighter blue,
the eye cannot be used to lecate the end point, and thus it must be
located with the use of a flucorotitrator.

The situation here is quite analogous to the photometric titration
of copper with EDTA in ammoniacal median. The change in color is merely
from the dark blue of the ammine complex to the much lighter blue of the

EDTA complex. Many of the advantages gained in such a titration can be
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beneficially applied here.
Procedure

In the present study no primary filter was used and the secondary
filter used was an Edmund Scientific Filter #856 with a peak transmit-
tance at 440 nm. The titration vessels employed in this series of titra-
tions were 20 ml scintillation tubes.

The procedure is as follows:

1. Pipet 1 ml of sample into the titration vessel.

2. Pipet 1 ml each of the Calcein Blue solution and pH 4.7 buffer
solution into the titration vessel.

3. Finally pipet 5 ml of deionlzed water into the vessel bring-
ing the volume to a total of 8 ml (Note 1)

4. With the "Set 100" control acdjust the instrument to a reading
of 50 to 60 scale divisions with the sclution to be titrated
in the light path.

5. Titrate with the appropriate concentration of EDTA and read
the fluorescence output of the solution after each addition
of titrant (Note 2},

6. Plot fluorescence versus ml of titrant to obtain the titration
curve,

7. Draw the best straight lines through the two branches of the
curve, taking the intersection of these two lines as the end
point.

Note 1: The minimum volume required such that the solution level

is completely above the light beam is 7.5 ml.
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CHAPTER IV

EVALUATION OF THE TITRATION SYSTEM

The results of several titrations of lead are presented in Table
3. These results are within the bounds of acceptability and indicate
that good results can be obtained at various levels using the new titri-
metric method. A typical titration curve is shown in Figure 20. The
"L" shaped curve is as expected. Although the fluorescence does mnot
become zero, it reaches a level due to the fluorescence of the Calcein
Blue where it remains. The curve is similar to those calculated for
analogous cases in Part II of this thesis. From the titration curve
in Figure 20, 1t can be seen that the expected fluorescence output is

linear as the concentration of the fluorescent species is low.
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The hood was equipped with standard fluorescent lighting. These
lights were located directly above the instrument and no appreciable
change in a set reading was observed when the overhead lights were
switched on and off. However after the instrument was placed in the
hood and operation started large fluctuations of the meter needle were
observed when the operator moved back and forth. After much considera-
tion it was found tha: light from the lamps illuminating the lab and
located just in front of the hood was shining directly into the collima-
ting tube positioned before the photomultiplier. By attaching a 5 x 7
index card to the instrument cabinet, so that it shaded the entrance to
the collimating tube, the problem was completely solved. It should be
noted that the card in no way hampered either physical or visual access
to the sample compartment.

Electronically no major problems occurred during the entire eight
months of the investigation. The photomultiplier was replaced once
during the time of study., This was merely a safety precaution since the
original photomultiplier was rapidly approaching the end of its lifetime
as stated in the manufacturers specifications. Thus, in order to avoid
possible problems later on it was replaced with a new one,

The chopper motor burned out which was probably due to the fact
that it was the original motor and possibly prescribed voltage limitations
were not strictly adhered to in the preliminary experiments. The original
motor operated at 2440 rpm while a replacement of 1dentical make and
serial number operated at only 2220 rpm. This difference of 220 rpm
caused no problem and realignment after the motor's :nstallation was

only minor, indicating the ruggedness of the instrument.
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Application of the instrument to field work would be very benefi-
clal., However, the size of the present instrument (58 cm x 45 cm x 21 em)
limits its mobility to a large degree, It must be realized that the
instrument built as a prototype was not intended for such applications
and was spaciously designed such that easy access to the contents of the
instrument cabinet for the purpose of changing electronic components,
aligning the optics, etec., would be no problem, With proper considera-
tions, i.e., printed circuit boards, reduction of space needed for the
optics, smaller chopper motor, ete., the instrument could very easily be
bui®t to one-half to one-third its present size. With these modifica-
tions the instrument could be adapted for field work,

When discugsing the effect that varying temperature has upon the
performance of the instrument, care must be exercised because the inten-
sity of fluorescence is itself for most systems very temperature dependent.
There were times during the investigation when the temperatures in the
laboratory varied, due to malfunctions in the heating and ccoling system,
anywhere from 10 to 15° F above and below normal room temperature. While
in operation during these times, no unusual behavior or fluctuations were
observed,

As previously mentioned, White (III-8) found in his performance
tests a drift of approximately 2 percent per hour. In the preseant study,
shortly after the photomultiplier and chopper motor were replaced, the
stability was again checked. This time a typical result showed a drift
of 2 scale divisions over a two hour period. Based on an initial setting
of 80, this corresponds to a drift of approximately 1 percent per hour,

which is slightly better than found by White.
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An underlying idea in this investigation was the possible use of
the proposed method in environmental studies.

Due to the ominipresence of calcium and magnesium in the environ-
ment, 1t would be interesting to know what effects these metals would
have upoh the titration. Several titrations of lead in the presence of
various amounts of these elements were performed. No problems were en-
countered when the lead-to-calcium or magnesium mole ratio was equal to
or less than 1:2. However, at greater molar ratios errors occurred in
the titration results, In particular, 1t was found that the fluorescence
increased dramatically near the end point (see Figure 22) when calcium
or magnesium were present in sufficient excess., Since calcium and mag-
nesium form only extremely weak complexes with EDTA at this pH, it is
felt that this odd occurence 1s caused by their interaction with the
Calcein Blue. Although such unusual behavior warrants further study,

t do so here would be beyond the stated limits of the present investi-

gation.
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CHAPTER VII
CHEMICALS AND EQUIPMENT

All water used in the investigation for preparing and diluting
reagents and solutions was obtained from a Barnstead still equipped
with a Ventguard filter. The water was then passed through a mixed bed
delonizer, All reagents used met ACS analytical reagent specifications.
Whenever possible, metal salt solutions were prepared from J. T. Baker
"Analytical Reagent” grade salts. All common acia, base, and buffer

solutions were prepared from reagent grade chemicals.

Glassware
The usual glassware such as beakers, flasks, etc., were used as
needed. TFor volumetric measurements class A volumetric glassware was

used exclusively and without additicmal calibration.

pH Meter

All pH measurements were made on a Corning Model 7 pH meter.
This instrument was standardized with Beckman Standard Buffer at pH

4.01, or a Leeds and Northrup pH 6.86 buffer.

Fluorotitrator

All of the fluorometric titrations were performed on a new fluoro-
titrator developed and built by White (I11-8). The instrument employs

a modified double beam system in which the reference signal is used to
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CHAPTER I

EXTRACTION BEHAVIOR OF THE LEAD-PAN COMPLEX

During the investigation of the determination of lead by fluoro-
metric titration, consideration was giver teo the possibility of inter-
ferences, and a separation of the lead from other metals contemplated.

On small scale and trace level operation, extraction procedures are
generally best suited for thils purpose. A compound which has been used
extensively in this laboratory as an extractant is PAN, l.e,, 1-(2-
pyridylazo)-2-naphthol. It was felt that with proper masking and adjust-
ing of the pH, lead could be removed, by extraction as the lead-panate,
from many of the common metals with which it is associated.

It is mentioned in a review article by Shibata (IV-1) that lead
(II) and PAN, in neutral solution, form a red-colored complex that can
be extracted into chloroform. However, we were not able to reproduce
these findings. The abstract (IV-2) of the original paper by Negoiu and
co-workers (IV-3), on which Shibata's statement seems to be based, dis-
cusses the formation of the red complex, but makes no mention of an
extraction. Since the original paper was not available, it remains open
whether the claim on extractability stems from the original investigators
or the compiler. The above mentioned references are the only ones relat-

ed to lead-PAN (analytical or otherwise). This is noteworthy because the

References for Part IV on page 125.
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literature concerning metal-PAN complexes and their application is quite
slzable and shows a strong tendency of further growth. Under these cir-
cumstances, it seemed interesting te have a closer look at the situation.
The lead deoes indeed form a complex with PAN as indicated by the
red color developed when a few drops of alcoholic PAN solution are added
to a buffered lead solution. However, upon shaking the aqueous layer
with chloroform, the red color fades and upon phase separation the aque-
cus layer becomes colorless while tte organic layer takes on the color of
the free PAN, i.e. orange-yellow. This observation strongly suggests
that on extraction, the lead-PAN decomposes and only the free PAN ig
extracted. Such an assumption can easily be tested by comparing the
spectral curve of the organic layer obtained above with that obtained
when only PAN is extracted. Such a comparison is presented in Figure 23,
The curves are identical except for the small hump in curve B. 1In order
to be sure that the hump and the change in color were not caused by two
different forms of the lead-PAN complex, i.e., a red-colored complex in
aqueous median and an orange~yellow complex in chloroferm, the following
experiments were conducted, First, an absorbance curve of an alcohol-
water solution of the lead-PAN complex was run {(See Figure 24). It showed
an absorbance peak very near the wavelength of the hump. Second, if the
lead-PAN complex indeed decomposes, then upon extraction the lead should
remain in the aqueous phase, and upen addition of more PAN to this phase
the red color of the lead-PAN complex should reappear. The experiment
proved this expectation, In fact, even after repeating an extraction on

the same solution as many as ten times, the addition of PAN still turmed
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However, the blow that shattered the hope for a good zinc deter-
mination came from another direction and made the problem of the
"residual” lead irrelevant. The extraction of zinc from lead at molar
ratios of up to 1:150 presented no preblem and was essentially complete,
Then a tendency of low zinc values became noticeable and the zinc defi-
cit grew as the lead-to-zinc ratio increased. Obviously, in the aqueous
phase the PAN is bound more and more predominantly by the lead, and zinc
is unable to successfully compete for its share. Although the investi-
gation proved interesting, further study was halted since there are
established, well working, methods (IV-6) available for siltuations where
the ratio of zinc to lead is 1:150 or even greater. Thus, the findings
here are not presented as a possible basis for a new method, but rather
as a general contribution to the otherwise remarkably scarce information
concerning the lead-PAN complex.

As a final no£e, it should be mentioned that some metals other
than zinc may be able to compete more successfully for the PAN and thus
could be determined in the presence of large amounts of lead. However,
no experiments, not even preliminary ones, have been conducted in this

direction.
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CHAPTER IIL
CHEMICALS AND EQUIPMENT

Chemicals
All water used in the investigation for preparing and diluting
reagents and solutions was cbtained from a Barmstead still equipped with
a Ventguard filter. The water was then passed through a mixed bed
deionizer. All reagents used met ACS analytical reagent specifications.
In every instance possible, metal salt soluticns were prepared from
J. T. Baker "Analytical Reagent" grade salts. All common acid, base, and

buffer solutions were prepared from reagent grade chemicals.

Glassware
The usual glassware such as beakers, flasks, etc., were used as
needed. For volumetric measurements class A volumetric glassware was

used exclusively and without additjonal calibration.

pH Meter

All pH measurements were made on a Corning Model 7 pH meter.
This instrument was standardized with Beckman Standard Buffer at pH

4.01, or a Leeds and Northrup pH 6.86 buffer.
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