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ABSTRACT

This investigation is concerned with the feasibility of utilizing

photochemical reaction in the fluorescence assay of biologically important
compounds.

Photochemical reaction has been previously treated as an

interference in fluorescence.

Often steps are taken to inhibit photo

chemical reaction in fluorescence assay at the expense of sensitivity.
In this study the instrumentation is designed so as to tolerate

and, in fact, encourage photochemical reaction, with the hope of improving
sensitivity and precision of fluorescence assay.

Several different

ultraviolet radiation sources were investigated for their ability to
both excite fluorescence and initiate photochemistry.

High intensity polychromatic radiation was used in the assay of:
the indoles, tryptophan, 5-hydroxytryptophan, tryptamine, 5-hydroxytrypt-

amine;

the catecholamines, dopa and dopamine;

quinine and chloroquine.

and the aminoquinolines

Decay of native fluorescence signal for each

of these compounds was used to develop a method of assay over the con

centration range of 10 ppb to 1 ppm.

Precision of replicate measurements,

expressed as relative standard deviation was on the order of 0.5%.

Two

compounds possessing basic phenol structures, tyrosine and norepinephrine

were also studied.

Of the two, a practical method of assay, over the

same concentration range and at the level of precision mentioned above,
could be developed only for norepinephrine.

A major instrumental consideration is the application of digital
data handling techniques.

Through the application of digital integration

of the fluorescence signal significant increase in precision and sensitivity
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of fluorescence assay was accomplished.

An additional advantage of

digital integration was the ability to distinguish between very small
concentration differences at the ppb level.

A mathematical treatment of the photochemical kinetics involved

and the fluorescence emission is presented.
The effects of instrumental parameters, including blank subtract,

integration of signal and digital readout are discussed.

An evaluation

of the sensitivity of the instrumentation used was carried out using
quinine.
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CHAPTER I

INTRODUCTION TO THE PROBLEM

INTRODUCTION TO THE PROBLEM

The success of analytical fluorescence assay depends on the

feasibility of maximizing both the quanta emitted from the excited state

and the efficiency of the instrumentation used in measuring the emitted

radiation.

Detailed discussions of the theory of luminescence processes

and excited state disposition especially pertinent to analytical assay
are available (1,2,3), extensive treatment of these concepts will not

be included in this dissertation.

Careful treatment of experimental

parameters related to instrumentation used in luminescence analysis can

also be found in the recent literature (1,4,5).
One of the most interesting processes competing with luminescence
is photochemical reaction.

Photochemical reactions severely limit

fluorescence assay since reactions involving the excited states of the
fluorophor result in a change in the number of quanta emitted during the

time interval of the analytical measurement.

The consequence is a variable

signal which can either increase or decrease with time.

Of particular

interest is the photochemical activity of the aromatic heterocyclic

fluorophors which have strong absorption in the deep ultraviolet region.
The absorption of this high energy radiation in many cases leads to

direct photodecomposition of the molecule.

When this occurs a portion of

the absorbed energy is utilized to break one or more bonds and does not
reappear as emitted energy.

Examples of the simultaneous and competing

processes of photochemistry and fluorescence are abundant, reference is
made to some of the more interesting (6,7a,8,9,10).

2

Another example of a photochemical process is a phenomenon known

as "predissociation" (11).

A molecule absorbs a photon

and is raised to a stable excited state.

in this process,

The molecule then undergoes a

radiationless transition to a second, unstable excited state.

Some of the

absorbed energy is then dissipated via the breaking of bonds in the

unstable excited state.

Photodecomposition may occur via the predisso

ciation mechanism despite the fact that the absorbed energy is less than
any bond energy in the molecule (12).

This mechanism has been invoked

to explain the observation that many aliphatic compounds fluoresce very
weakly even though they absorb at fairly long wavelengths.

It is possible

that the same type of phenomenon may occur with aromatic and heterocyclic

compounds.
Photodecomposition may manifest itself in a variety of different

compounds, through different mechanisms, all of which are undesirable in
fluorescence assay.

Moreover, this problem becomes more serious in dilute

solutions, the exact region where fluorimetric assay is most applicable.

In an attempt to increase fluorimetric sensitivity by increasing the
number of quanta emitted some have employed a higher intensity of incident

excitation radiation, however, in many cases this has compounded the
problem of photodecomposition by increasing the rate.

to "protect" photolabile compounds in various ways.

Others have attempted

The first is to

selectively excite the compound with monochromatic radiation at a wave

length sufficient to cause fluorescence but not photochemistry.

Another

technique used is to attenuate the intensity of a broad band excitation
beam.

Both of these methods are self defeating since emitted fluorescence
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intensity depends directly on the intensity of exciting light and any
attenuation of excitation radiation decreases the sensitivity.

It seems

that in many chemical systems it would be analytically advantageous to

maxmize both the fluorescence and photochemistry by employing the most
intense excitation radiation possible.

The result should be an increase

in sensitivity and a much lower detection limit.
without problems.

This approach is not

Use of high intensity radiation introduces the problem

of light scattering which is undesirable.

A new data acquisition and

handling system would also be necessary to handle the rapidly changing
Also the conventional problems of.working with extremely dilute

signal.

solutions such as adsorption, volumetric dilution errors, and chemical
reaction, compound the problem.

Only a few have realized the analytical

utility of photochemical reactions and have taken advantage of these
phenomena to develop practical methods for chemical assay.

These methods

have been shown to be precise, reproducible, sensitive and applicable to

both organic and inorganic systems.
Chronologically, analytical applications of photochemistry have

developed from pretreatment to photochemical titrations to kinetic
analysis.

An extensive review of the first two techniques has been

compiled by Smith (13).
In photochemical pretreatment the sample is irradiated without

exact measurement of the intensity of the source or the time of irradiation,
and the products are determined via some accepted chemical procedure.

An example of photochemical pretreatment is that reported by Riggs and

Bricker (14), who developed a method for determining small amounts of
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oxalate.

The method consisted of irradiating ferric oxalate solutions,

followed by a conventional determination of the ferrous ion produced.

Ferrous ion photochemically generated was stoichiometrically related to

the amount of oxalate present.

Das, Heyn and Hoffman (15) have reported

the use of exhaustive photolytic treatment to develop a PFHS gravimetric

method for thorium.

However, a further investigation of this chemical

system by others (16) showed the experimental conditions did not correspond
to those necessary for homogeneous precipitant generation.
The first photochemical titration was reported by Bricker and

Schonberg (17).

In photochemical titrations, the incident intensity

must be kept constant, unlike pretreatment experiments.

The concentration

of unknown solutions can be determined by accurately measuring the time to
the end point.

Since the first report of photochemical titrations,

a great deal of research has been done in this area (13,18,19).

Three basic types of in situ photochemical titrations have been
reported:

direct, indirect and cyclic.

In a direct photochemical titration

(18,19) the analytical reagent is incident quanta and no reagent except

the analyte need be used.

Indirect titrations involve the photolytic

generation of a titrant, much in the same way as the electrochemical

generation of titrant in coulometric titrations (13).

In a cyclic

titration the photochemically active species, which is also the precursor

of the titrant, is involved in a reversible cycle so that its concentration

remains the same throughout the titration (17).

methods are in situ in nature.

All of the above mentioned

Drew and Fitzgerald (20) reported the

successful use of external photochemical titrant generation.
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Most of the work reported on photochemical kinetics is related to
mechanism studies (21,22).

A few reports of analytical methods employing

photochemical kinetics for assay in the condensed phase have been made.
Lukasiewicz and Fitzgerald (23) reported a photochemical kinetic procedure

used to rapidly determine iron(III).

In this technique the initial rate

of photochemical reaction is determined by extrapolation of a recorder

trace and is related to original analytical concentration of analyte.
An analagous but fixed-point kinetic method (24) for the photochemical

determination of iron(III) was reported by Kharlamov, Dodin and Mantsevich

(25).

The method is based on the reported catalysis of the photooxidation

of methyl orange dye by iron(III) and requires several time consuming
steps, including a 10 minute irradiation time.

The range reported was

0.1 to 1 ug/ml with a relative standard deviation of about 9%.

The method

reported by Lukasiewicz and Fitzgerald (23) was an order of magnitude
faster,

while the same range of concentration was determined with relative

standard deviations of 1.5%.

Nemodruk and Bezrogova (26) reported a

photochemical kinetic procedure for the determination of uranium(VI).
The method was fixed-point, based on the formation of acetaldehyde during

the photochemical oxidation of ethanol.

The acetaldehyde formed was

treated with a colorimetric reagent and the absorbance read at 546 nm.

From 2 to 40 pg of uranium(VI) was determined with an average RSD of

approximately 5%.

Each sample required a 10 minute irradiation time

followed by color development and measurement of the absorbance.
Considering the scope and utility of previously published photochemial methods, it became apparent that photochemical reaction, a competing
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process in fluorescence assay, might indeed be utilized to devise a

sensitive combined photochemical-fluorescence method of assay.

A pre

liminary investigation (18) indicated that quinine could be determined
over the range 0.13 to 3.33 ppm with relative standard deviations of
about 2%.

The method was actually a direct and exhaustive photochemical

titration of the fluorophor.

A linear extrapolation technique was used to

determine the end point of the titration from the recorded fluorescence

decay curve.

Time to end point plotted versus concentration gave

reproducible straight line calibration curves.

The details of the

experimental procedure and instrumentation used have been published (27).

Other compounds were investigated with less success, since the primary
limitation was instrumental in nature.

However, the results were

encouraging and implied potential application to scores of other fluoro-

phors pending the development of a more sophisticated and sensitive
instrumental approach."

Quinine has long been used as a reference standard for fluorimetry;
a study of its photochemical activity had been published prior to our

investigation (28).

This study indicated a lower rate of decomposition,

however, a less intense light source was used in that study and geometrical

arrangement of optical components was vastly different.

The fact that

relatively large amounts of quinine (15-500 pg) could be completely photo
decomposed in less than 15 minutes, under only medium intensity incident
photolytic flux (150 W medium pressure mercury arc) suggested that many
other compounds which are much more labile could be determined rapidly
and accurately using the combined photochemical-fluorescence technique.

One complication limited the analytical utility of this method:

the
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procedure was time consuming.

Even though at this early stage in the

investigation the precision of combined photochemistry-fluorescence analysis
was already superior to direct fluorimetric analysis (2% versus 5%), each
sample took between 2 and 15 minutes compared to approximately one

minute for fluorescence analysis.

A new approach was necessary if the

method was to have practical utility as an analytical technique.

A kinetic approach based on photochemical reaction rate was inves

tigated.

Using this technique, data points are taken early in the decay

curve to determine the initial photolysis rate.

Rate experiments are

much more critical in nature than the extrapolation technique since repre

sentative points must be taken and small errors in these points cause
Experimentally, rate determination is more

large errors in the rate.

difficult than exhaustive photolysis, since the initial portion of the

decay curve must be expanded.

This necessitates frequent change in the

full scale range control of the strip chart recorder, which introduces
reproducibility of scale ranging into the estimation of the reaction rate.

To check the relationship between a graphical determination of the

photochemical reaction rate and the initial analytical concentration of
reactant a model experiment was devised.

ferric oxalate was used.

The well studied photoreduction of

Ferrous ion photochemically generated was complexed

in situ with 1,10-phenanthroline and the absorbance monitored continuously
at 546 nm with a strip chart recorder.

A plot of initial reaction rate

versus concentration of iron(III) yielded a linear calibration curve

over the range 1-10 nmoles.

run.

Each sample took approximately 30 seconds to

The relative standard deviations were approximately 2% (23).

The
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success of this experiment suggested that the technique should also be
applicable to the photochemical decay of several fluorophors analogous

to quinine.

Unfortunately, the range of concentrations over which the

initial rate could be accurately determined using a strip chart recorder
was approximately one order of magnitude.
It can be seen from the above discussion that one of the competing

processes in luminescence analysis, photodecomposition, need no longer

and in fact can be

be treated as a limitation in fluorescence assay;

of analytical utility, especially in very dilute solutions.

Much

of the effort that has been expended in the past to minimize photochemical
reaction (7,29) might well be directed toward maximizing the photochemical

This will hopefully increase precision and sensitivity of

effect.

fluorescence analysis, as well as lower the limit of detection.

In order to make the underlying principles of combined photo
chemical-fluorescence analysis more explicit a mathematical treatment

follows.

The relationship between fluorescence intensity and concentra-

tion has been given by Braunsberg and Osborn (30), treated analytically
by Hercules (31) and can be expressed accordingly:
abc
(sf)A, = f(e) g(x') I0$f abc 1
2!
where

.

(abc)
3!

2

(abc)N"
... + (N+l)!

(1)

is the fluorescence intensity at a given wavelength, x1, f(e)

is a geometry factor depending on the solid angle viewed by the detector.
g(x') a quantum conversion factor for the detector, variable as a function

of wavelength, IQ is the incident intensity of exciting radiation,
fluorescence quantum yield, a is the molar extinction coefficient, b
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the path length along axis of Io» and C the concentration of fluoroohor in

moles per liter.

Equation 1 is a power series expansion of the exponential

form of the total fluorescence equation (32) and can be simplified when

the concentration of fluorophor is very small.

All terms of the expansion

except the first can be neglected if the product abc, the absorbance of

the solution of fluorphor, is equal to or less than 0.05 (32).

Equation

1 will then appear as:

(sf)xi

=

f(e) g(x') I0$f abc

(2)

Equation 2 defines the linear region of fluorescence analysis.

It should

be noted here, that since polychromatic exciting radiation will be used
throughout this study. Equation 2 in this case should include a summation

of Io,

and a over those wavelengths emitted by the source which fall

within the excitation spectrum of the compound.

Equation 2 then can be

more exactly expressed in this manner:

(sf)x,

=

f(e) g(x,)Zl0 x

x a be

(3)

Also it should be noted that the approximation made to obtain Equations

2 and 3 is generally valid over only one order of magnitude.
Assuming near infinite dilution conditions, fluorescence self

quenching and self-absorption will be at a minimum (33a).

Since other

absorbers in solution will be avoided, abc represents the absorbance of
the entire solution.
and

Also the dependency between fluorescence intensity

path length of exciting radiation obtained by differentiating

Equation 1 with respect to b will be approximately linear as a result of
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dilute solution conditions.

The critical factors limiting the applicabil

ity of Equation 2 are scattering of incident light (34) and adsorption

of fluorophor on the cell surface.

The fluorescence intensity in Equation

2 is a linear function of each of the parameters on the right hand side

of the equation over a specified range.

Fluorescence sensitivity can

best be defined as the change in fluorescence intensity per unit concen
tration and is a function of both instrumental parameters and incident

radiation.

It can be expressed in this way:

dsf
-jc

f(e) g(x')

=

(4)

Ioab

Sensitivity can be improved by increasing any of the parameters

in Equation 4.

The parameters, f(e) and b, are related to the geometrical

arrangement of radiation source, sample cell, and detector.
parameters must

be

considered

Both of these

simultaneously if the geometry of the

fluorescence arrangement is to be optimized for attainment of maximum

signal.

Usually, it is difficult to obtain a significant increase in

sensitivity through geometry considerations alone.

The parameters, a and
for a specific compound.

are constants, at a given wavelength,

These can be increased only by altering the

structure of the fluorophor in some way.

A common procedure is conden

sation with a reagent which shifts the fluorescence into a more desirable
spectral region.

These procedures are useful for chemical assay, however

they are tedious, time consuming and the reported increase in fluorescence
is questionable.

The quantum conversion factor of the detector, g(x').
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can be increased by proper choice of the spectral characteristics of

the detector.

Choice of a detector which has an optimum available response

over a broad spectral range is desirable, however, such detectors can

be extremely expensive.
The last parameter which can be increased is the intensity of

exciting radiation.

Unfortunately, in the past this was undesirable, due

to the large photochemical effect exhibited by many compounds.

In the

proposed technique, exciting radiation will be completely unfiltered so

as to maximize the quanta incident on the sample container.

This will

result in an increase of both the initial fluorescence signal and the
rate of the photochemical reaction.
Consider the photochemical reaction:

A + h\> -»■ B

where A is a

photochemically active fluorophor and B is the product of'the reaction

which is non-fluorescent in the region of original fluorophor emission.
An expression for the rate of this reaction can be derived by combining
the Bunsen-Roscoe and Beer-Lambert laws (16,35).

The Bunsen-Roscoe

law states that the rate of a photochemical reaction

is proportional

to the product of the quantum yield for the process and the intensity of
radiation absorbed.

The general expression for the absorption of radiation

is:
'A.Xp

=

■o.Xp E1-10

-a

XP

b[A]

(5)

1

where Xp refers to each of any photochemically active wavelengths incident
on the sample, Ifl .
is the
■ A’Ap

intensity of radiation absorbed, I

°’Ap

is

the incident intensity of radiation, a.
is the molar absorptivity of
V
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of A, and b is the path length along the exciting radiation axis.

As

in equation 1, when the absorbance due to the photoactive component
is on the order of 0.05, Equation 5 can be simplified by applying a

series expansion and neglecting the vanishingly small terms, yielding:

" 'o.Xp 2-303 a*pb[A]

's.
6>

Using Equation 6 to express the intensity of radiation absorbed and the
Bunsen-Roscoe law, the following rate expression can be obtained:

PVo^2-303 Xb[A]
x P * P
P

where $

xp

<7)

is the quantum yield for photodecomposition of A at the

photochemically active wavelengths.

It should be noted that since Io,

the incident photon flux is held constant and is a very large quantity
in relation to [A], Equation 7 is in the form of a psuedo first order

rate expression.

This is of significance because by making [A] very

large, the rate of reaction can be made constant (13) rendering the rate

expression zero order overall.

Equation 7 can be rearranged into the

form of a conventional first order rate expression:

[A]t

=

s. I . 2.303 a. bt
X P p0>X_ P
[A]o e X
PX_

,Qx
(8)

where [A]t is the concentration of fluorophor A at time t and [AJo is the
initial concentration.

Barring complications in the photochemical kinetics

as a result of either light absorption parameters or photochemical and
chemical reaction of the products, the initial slope of the decay curve

can be related to the original concentration of fluorophor (24).

A plot
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of initial rate of reaction versus initial concentration of fluorophor

This allows assay of A

should yield a straight line calibration curve.

by noting its rate of reaction, which is expressed as AS^/At.
limitation of the method, however, is the dynamic range.

A practical

Since a strip

chart recorder is used to acquire kinetic data, good calibration curves
are limited to approximately one order of magnitude (23).

An alternative approach of data acquisition is electronic integration

of the area under a fluorescence decay curve.

The integrated signal over

a given time interval can be shown to be proportional to initial fluoro
phor concentration.

Considering Equations 2 and 8 respectively, the

following definitions can be made:

x

=

k

=

f(e) g(x,)IIo>x4>f>x2.303aAb

(9)

(10)
p

X

X

Emitted fluorescence signal at time t may now be expressed in this manner:

(Sf)t

=

X[A]

=

x[A]oe-kt

(11)

Integrating Equation 11 with respect to time:
"t

V

=

.

(Sf)tdt

=

[A]ox

ft _lzf

e Ktdt

(12)

0

O

where V represents the integrated fluorescence signal over a given time

interval, we obtain:
-kt

V

=

-x[A]0

i

(13)
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V

-

-^A]0[e"kt-l]

(14)

Rearranging equation 14 and solving for [A]Q we obtain:

Wo Av
X

1
e"kt-l

(15)

Equation 15 states that initial fluorophor concentration, [A]o> is
proportional to the integrated fluorescence signal.

meters in Equation 15 are constant except for time t.

All the other para
If, however, the

same time interval for integration is used for each concentration of A,
a plot of integrated fluorescence intensity versus [A]Q should yield a

straight line calibration curve, the slope of which will be defined by
the parameters in k, x> and time.

The application of the integration concept to photochemical-

fluorescence analysis should prove superior to both single point direct
fluorescence analysis and graphical extrapolation techniques.
of electronic integration are possible, digital and analog.

Two types
The relative

merits of digital data acquisition relative to analog have been discussed
by Malmstadt and Enke (36a).

Among the more apparent advantages of

digital integration is a tremendous increase in the dynamic range of the

signal that can be easily handled.

Digital integration also effectively

acts as a signal averager if fluctuations in signal are random.

Sensi

tivity should also be increased greatly since the integrated signal is a

much larger number than the single point reading, and can be read with

more accuracy.

A more detailed discussion of digital integration will

be presented later.
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STATEMENT OF PROBLEM
The object of this investigation is twofold.

The first objective

is to design and assemble the instrumentation necessary to study the

combined photochemistry-fluorescence phenomenon.

The second objective

is to develop analytical methods for the trace analysis of fluorophors

which exhibit a photochemical effect, and where possible to compare the
feasibility, sensitivity, accuracy, reproducibility and lower limit of

detection of this method to existing fluorescence assay.
Instrument design will consist of two main considerations:

the

first is the optics associated with both the photochemistry and the
measurement of emitted fluorescence;

tion and data handling.

the second pertains to data acquisi

It has been established (13,17,35) that the

stability of mercury discharge lamps is sufficient for analytical use.

It has also been found that the intensity and spectral distribution of

a medium pressure mercury discharge arc is sufficient to bring about

photodecomposition of some reportedly stable fluorophors (18).

The

possibility of employing continuous light sources such as hydrogen and
xenon discharge lamps and combined sources such as xenon-mercury lamps

to both excite fluorescence and initiate photodecomposition will also

be studied.

Since in most cases the light source will be polychromatic,

unfiltered and placed as close as possible to the sample container, the

effects of scattered and reflected incident radiation must be considered.
The geometrical arrangement of the optical components must be such that
the quanta incident upon the sample container be maximized, but the
background light reaching the detector be minimized.

The necessity of
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employing an electronic blank subtract to eliminate the large blank signal
resulting from background will also be investigated.

Once the signal has

reached the detector and is amplified, two choices of output exist;
graphical display on a strip chart recorder

or digital output.

The

relative merits of each of these methods of signal handling will be

investigated in detail for the proposed instrumental arrangement.

Several fluorescent compounds have been reported to show a signif
icant photochemical effect (6,7,8,9,10).

Among the most interesting are

selected biologically active compounds in the indole and catecholamine
families.

Most of these compounds can be determined with varying success

using direct fluorometric assay (7b,29,37,38).

However, the existing

techniques do not take advantage of the strong ultraviolet emission of
these compounds.

The photodecomposition of some of these compounds,

during chemical study and assay has been reported by Chen (39).

He

has suggested that incident beam attenuation coupled with increased
sensitivity of the detector should alleviate this problem.

This is a

common practice in fluorescence assay of biologically active materials.
The present investigation will consider biologically important

compounds which exhibit both fluorescence and photochemistry.

Compounds

which do not have strong absorption in the deep ultraviolet, or have
very large quantum yields for fluorescence are not likely to exhibit

extensive photochemistry.

Ideally the proposed method should be most

applicable to compounds whose quantum yields for fluorescence and photo

decomposition are approximately the same.

CHAPTER II

EXPERIMENTAL APPARATUS AND PROCEDURES
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EXPERIMENTAL APPARATUS AND PROCEDURES

APPARATUS

A block diagram showing the arrangement of the modular components
for the combined photochemical-fluorescence studies is shown in Figure
1.

The entire apparatus can be divided into three main categories:

(1) the optics associated with signal generation;

tranducer and amplifier;

(2) the signal

and (3) the components associated with signal

readout.

The optical arrangement consists of a regulated light source (LS),
sample cell (C), monochromator (M) with slit mechanism and a covered

optical bench.
A photomultiplier tube (P) serves as a signal tranducer; the output
of which is fed directly into the amplifier (A).

amplifier can be handled in two different ways.

The output of the

The signal can be dis

played on a strip chart recorder (R) or integrated by a summing digital
voltmeter (DVM).

A switching circuit on an electronic timer (T) opens

shutter (S) allowing radiation to reach the sample.

Signal is fed to

the digital voltmeter only if the AND gate (G) is enabled by a signal from
the timer (T).

Both signal readout systems can be employed simultaneously.

A detailed description of all the components according to their main
classification will follow.
Perhaps the most critical component in the optical arrangement is

the light source.

Since the same light source is used to simultaneously

excite fluorescence and initiate photochemical reaction, a broad spectral

range of ultraviolet wavelengths is necessary.

Moreover since both the

18

FIGURE 1
BLOCK DIAGRAM OF APPARATUS FOR
PHOTOCHEMISTRY-FLUORESCENCE STUDIES
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T
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Electronic Timing Circuit
Digital Volt Meter
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fluorescence signal and rate of photochemical reaction depend on incident
intensity it is desirable to have the most intense and most stable light
source available. To insure reproducibility of applied voltage to the

light sources used, the power supply for each individual lamp was operated
from a Sorensen model ACR 1000 silicon controlled rectifier A.C. voltage
regulator (1 KVA capacity).

In addition power to all electronic components

in the apparatus was supplied by this unit.

In order to maximize the

quanta incident upon the sample cell, light sources were usually used
completely unfiltered.

The source was also placed as close as physically

possible to the sample container.

A Dayton Model 2C78 laboratory fan was

used to draw air over the light sources to prevent overheating and to
vent any ozone formed.

Conventional right angle geometry between

incident radiation, sample container, and entrance slit to monochromator

was employed in all cases and found to be the most practical arrangement

for this particular study.

All light sources were firmly fastened to

the optical bench on line with the sample container.

Four different types of lamps were tested in this study.

The

first was a Beckman Model 96280 deuterium lamp commonly used for ultra

violet spectrophotometry.

It was felt that since deuterium provides a

continuous source in the ultraviolet, the integrated intensity over a

wide band a wavelengths absorbed, would produce the same photochemical
effect as more intense discrete line sources.
true.

This was found to be not

The fluorescence signal obtained using this lamp was good,

however, little or no photochemistry was observed.
high pressure 150 W xenon lamp was tested next.

A Hanovia Model 901C-1
This lamp proved to be
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both stable and a fairly good source for exciting fluorescence, however,

again little photochemistry was observed.

An additional problem

introduced with this lamp was a large amount of scattered and reflected
radiation, which gave a large background signal.

With the failure of the continuous light sources to provide
maximum fluorescence and photochemistry, a proven (13,19,27,35) line

source was tested next.

The Hanovia Model 30620 medium pressure mercury

discharge arc provided the desired results.

Fluorescence signal obtained

was excellent, photochemical reaction rate was greatly increased and the

stability was good.

This lamp was used for the majority of the experiments

reported in this study.

The last source tested was a Hanovia Model 901 Bl 1 200W combined
mercury-xenon compact discharge arc.

Theoretically, this source should

be the best of all those tested, since it combines the favorable charac

teristics of both a discrete and continuous source.

Preliminary studies

showed intensity and spectral distribution of the arc were so unstable
that reproducible results could not be obtained, even over a very short
period of time.

After correspondance with the manufacturer, a second arc

lamp was obtained.

This lamp proved to be quite intense and extremely repro

ducible after ca 100 hours of aging.

Studies comparing the relative spectral energies of various
ultraviolet light sources have been made (40,41).

A report by the

American Instrument Co. (41) is especially helpful in comparing the
relative intensity of xenon, mercury and xenon-mercury lamps of various
wattage ratings.

Table I shows the relative intensity of several lamps
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TABLE I

COMPARISON OF RELATIVE INTENSITY OF ULTRAVIOLET SOURCES

Relative Intensity
200nm

254nm

Med. Pressure Kg
Lamp 85 Watt
H85 A3/UV

0.05

0.30

High Pressure Xe
Lamp 150W
Hanovia 901-C

0.10

1.50

High Pressure
Hg-Xe Lamp
200 W Hanovia
901-B

0.15

3.20

High Pressure
450W Xenon Osram
XB0-450

3.6

Source

50.0

313nm

365nm

436nm

0.85

3.0

4.5

50.0

90.0

17.0

300

750

610

220

380

450

Data taken from Ref. 41.

at selected wavelengths.

The Hanovia 30620 medium pressure mercury arc

would fall between the 150W xenon and 200W xenon-mercury arcs on this
scale.

Use of high pressure, high wattage lamps in this study was avoided

since the requirements originally put forth were met with other lamps
requiring no expensive power supplies or elaborate cooling devices.

The sample container used for all quantitative studies was a 25
ml tall form quartz beaker obtained from United States Fused Quartz
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Products, Pompton Plains, New Jersey.

A special holder for this cell

was constructed using a 4V x 2V x 2V aluminum box.

The box was painted

flat black inside and out to minimize reflection of incident radiation.

A

sheet of plexiglass was fitted into the bottom of the box with a

circular hole cut out so that the cell could fit into this aperture

tightly, thus insuring reproducible cell positioning.

Details of the

sample cell holder can be seen in Figure 2.

The entire sample assembly

was fastened securely to the optical bench.

The mechanism of a commercial

magnetic stirring apparatus was

just below the sample cell;

if and when necessary.

mounted inside the optical bench cover

this gave the provision of rapid stirring

During an actual analytical run the cell was

never removed, since it was found that removal of the cell resulted in

poor precision due to nonreproducibility of geometry.
was aspirated out using a vacuum line and trap.

The sample solution

The entire sample holder

assembly and stirring apparatus was enclosed by a covered optical bench,
American Instrument Co. D65-61041 , which was mounted directly on the
front of an American Instrument Co. 4-8400 grating monochromator having

a Czerny-Turner optical mount.
The monochromator was equipped with American Instrument Co.

D42-61041 tandemparallelogram linkage slit assembly.
accurately with a mounted micrometer.

Slit width was set

The diffraction grating had 600

groves/mm and a first order blaze wavelength at 500 nm.

It should be

noted that the grating available did not have maximum efficiency in
the ultraviolet region.

Since a great deal of light is scattered and

reflected as a result of the geometrical arrangement of optical components
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FIGURE 2
SAMPLE CELL COMPARTMENT
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Entrance Slit to Monochromator
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a study of the backround radiation at a number of wavelengths using the
Hanovia model 30620 mercury arc was made.

All experimental parameters

during this study were held as close as possible to actual conditions

used in photochemistry-fluorescence assay, so a realistic estimate of
the backround could be made.

Monochromator slits were set at 1mm and a

Corning 7-54 ultraviolet-transmitting visible-absorbing filter was

placed directly in front of the entrance slit to the monochromator.
Table II shows backround radiation and the spectral distribution of the
Hanovia 30620 arc, as obtained by Beck (19) and corrected for IP-

28 detector response.

No attempt was made to correlate the intensity of

radiation emitted and the background radiation on an absolute scale,
since vastly different experimenta,! conditions were used to obtain each

set of data.

Most of the scattered light is a result of the Rayleigh

phenomenon and to a lesser degree the Tyndall effect.

A relatively intense

peak was observed at 390nm and was interpreted as a Stokes Raman band
attributed to the symmetrical vibration of water, producing a shift of

3600 cm~^ (42).

No other Raman bands were detectable in the ultraviolet

using this instrumentation.

A 1P28 photomultiplier tube, with a S-5 spectral response curve
was used as the detector in all of the studies.

The photomultiplier was of the

potted type and was mounted in an American Instrument Co. C319-61041
photomultiplier tube housing equipped with a rotary turnet slit mechanism
and a 10-231 vertical shutter filter assembly.

The entire assembly was

mounted on the side of the covered optical bench.

Power to the photo

multiplier and amplification of the anode current was provided by an
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TABLE II
ULTRAVIOLET RADIATION EMITTED AND SCATTERED BY

HANOVIA 30620 MEDIUM PRESSURE MERCURY ARC

x(nm)

Relative Intensity61
Scattered Radiation

d

248

Relative
,
Emission Intensity0

4.21

254

0.98

7.89

265

1.98

15.26

270

d

2.10

275

d

2.63

280

2.39

7.89

289

2.30

6.31

297

8.09

20.0

302

13.33

35.8

313

34.92

52.6

334

8.09

13.2

365

100

390c

2.30

404

4.24

100

43.1

^Measured using 7-54 filter, between cell and emission monochromator, XI

amplification, 700V PMT voltage, 1mm slit width.
L

D0ata from Beck (19) normalized to 365nm, corrected for detector
response (DK-2A-1P28PMT).

cRaman scatter from 365nm mercury line.
^Intensity toosmall to be measured under experimental conditions reported.
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American Instrument Co. 10-267 solid state Blank-Subtract Photo

multiplier Microphotometer.

High voltage regulation in this unit is

accomplished by means of a solid state current regulator circuit in series
with a set of precision resistors which control the grid potential of a

NU7234 high voltage regulator tube.

Any change in load current is

compensated by the current regulating circuit so as to keep the grid
potential and thus the output of the voltage regulating tube constant.
The D.C. amplifier circuit is based on a current amplification
principle.

Amplifing elements consist of a Nexus SQ-lOa operational

amplifier and a Union Carbide F1659 unijunction transistor.
schematic of the amplifier circuit is shown in Figure 3.

A simplified

Amplifier

gain resistors are located in the feedback loop of the amplifying elements.

Photomultiplier tube anode current flows through these resistors pro
ducing an output voltage which is fed-back to Q-l.

A consequence of this

operational amplifier configuration is that the more output signal fed
back to the input, the more stable the signal becomes.

To get the most

stable output, it is desirable to operate the amplifier at the lowest

possible gain.

The amplifier has two separate signal output jacks.

One corresponds to 50 mV at full scale deflection with output impedance of
250 ohms, suitable for a strip chart recorder. The other corresponds to 1000

mV at full scale with output impedance of 5000 ohms, suitable for an oscillo
scope input.

The 50 mV output was fed to a recorder and the 1000 mV

output went to a high input impedance digital voltmeter.

With this

arrangement both modes of data display could be employed simultaneously.

The recorder traces provide a good visual check for fluctuations in
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FIGURE 3

SIMPLIFIED CIRCUIT DIAGRAM FOR
AMPLIFIER SECTION OF MICROPHOTOMETER

PMT IN
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SENS
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REC

Recorder Output (ca. 50 mV)

Rl

R2

4750 n Resistor
249 n Resistor

Amplifier
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r
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signal.

A salient feature of the photometer-amplifier is the facility,

by use of the Blank Adjust controls to subtract a large blank current,
generated by background radiation. This allows the fluorescence signal,

which is often much smaller than the blank,to be expanded to full scale
on a higher sensitivity meter scale.
Two vastly different approaches were taken to relate photochemical

reaction rate to initial concentration of fluorophor.
graphically determine the initial reaction rate.

The first was to

This was accomplished

by completely subtracting the blank signal, then expanding and recording

the first portion of the fluorescence decay curve.

Using a linear

extrapolation technique the initial rate expressed aszS^/At could be
obtained for each sample.

In order to obtain an accurate estimate of

ASf/At it is desirable to range the recorder such that the initial fluor

escence signal covers as much of the full scale as possible.

to changing the full scale range for nearly each sample.

This amounts

A Sargent

SRLG strip chart recorder was used in the linear mode of operation for

recording decay curves.

A typical example of a decay curve, as displayed

on the strip chart recorder, is shown in Figure 4a.

The graphical extra

polation technique is limited by several parameters, the readibility of

the graph paper the precision in reproducibly extrapolating the decay
curve, and the accuracy of the range switches on the recorder.

It is

difficult to get good results over more than a ten fold concentration
range, especially when working at low level concentrations.
The second experimental approach toward relating photochemical

reaction rate to initial fluorophor concentration was to integrate the
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FIGURE 4
TYPICAL RECORDER TRACES OF
FLUORESCENCE DECAY CURVES

a)

With 100% of backround radiation compensated by

blank subtract provided by microphotometer.
b)

Fluorescence signal plus backround radiation

with no blank subtract.

Crossed area represents

backround radiation.

REL. INT.

Relative intensity of signal in mV.

Time Interval Spanned:

approximately 1 minute.

101

1001

(a)

t ime

(b)

time
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area under the fluorescence decay curve.

There are two recognized ways

of electronically integrating a voltage signal, analog and digital.
Analog integration amounts to measuring the voltage across a capacitor

in a RC network (43).

The output voltage of the network is proportional

to the integral of the input voltage, providing the time constant, RC,

is very large compared with t, the time duration of the input signal.
Experimentally, analog integration can be accomplished by placing a

capacitor in the feedback loop of an operational amplifier and a precision
resistor in series with the amplifier input (44).

Then the integral

of the input signal will be given by:

ft
eindt = "eoRC

(16)

o

The integrating capacitor accumulates all charge passing the summing

point whether from the signal or any other source.

from any or all of the three following sources:
(2) current leakage to the summing point;

Errors can arise

(1) zero-level offset;

and (3) capacitor leakage.

Digital integration, on the other hand, becomes appealing for

several reasons which will be developed below.

Experimentally, digital

integration may be accomplished by summing the signal monitored by a
digital voltmeter as rapidly as possible.

digital voltmeter is shown in Figure 5.

A simplified schematic of a
This diagram represents the

digital voltmeter section of a Heath EU-805A Universal Digital Instru
ment, which was used throughout these studies.

An analog input signal

is converted to a digital form in the voltage to frequency (V-F)
converter.

Since the output of the V-F converter is a frequency
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FIGURE 5

BLOCK DIAGRAM OF DVM SECTION OF

DIGITAL INSTRUMENT
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Crystal oscillator internal time base.

At

SELECT
GATE
CONTROL
G

V-F
CONVERTER

COUNTER

Regulates time gate G is open.

Supplies enable/disable signal to gate G.
AND gate.

Voltage to frequency converter with internal
comparator to eliminate low level noise.
BCD Nixie tube readout.
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proportional to the voltage, a digital frequency measurement of the

V-F output is made for known input voltages, and the frequency-tovoltage ratio of the V-F converter is determined.

Subsequent unknown

voltages can be determined from their frequency and the V-F ratio of the
converter.

For a more detailed treatment of the design concepts and

the principles of voltage to frequency conversion reference can be made
to Malmstadt and Enke (36b).

Frequency measurement is accomplished by

employing an events counter during a time period defined by a very

accurate crystal clock oscillator.
trolling the counter.

The oscillator drives the gate con

The short term stability of the clock used is

approximately ±1 nanosecond.

A drawback in the frequency measurement is

that there is an uncertainty of ±1 count in the readout.

This is because

the clock gate time is not synchronized with the incoming signal.

Since

the time base is so accurate the measurement accuracy is usually limited

by the number of events counted in the selected measurement time.

There

fore, the accuracy decreases for lower input frequencies and voltages
also.

The same rationale holds for digital integration by summing.

The

most accurate results will be obtained when the number of voltage
measurements are maximized.

In the sum mode the counter does not reset

after each gate cycle, thus the second measurement interval is added to

the first and integration of input signal is accomplished.
setting points are involved, however.

Two off

The best accuracy is obtained

when the counts are maximized, however, the uncertainty of ±1 count

applies for each and every gate cycle, so that an "integration blank"
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results.

Gate time depends on the voltage range setting and the sen

sitivity setting on the digital voltmeter.

A study was conducted varying

each of the parameters of the UDI so as to arrive at the best integrating
conditions.

The results are tabulated in Table III.

A combination of

the following conditions was found to be best for the type signals
encountered in this study:

DVM voltage range set at 1 volt high impedance

input, sensitivity 0.1 mv, display time at minimum.
follows:

The reasons were as

at 1 volt range the gate time was fast,at approximately 200

milliseconds, the range extended up to 99 volts with four decimal place
sensitivity and the integration blank was only 15.4 mv.

All the other

combinations of settings were undesirable for one or more of the following
reasons?

small;

(1) number of gate cycles during time period of integration too

(2) integration blank too large;

(3) not enough significant

figures displayed on counter.
Digital integration techniques have many advantages over analog
integration, among the most prominent are: (1) the dynamic range of
signal that can be handled is larger since amplifier saturation is

encountered in analog integration; (2) precision is better since it is
proportional to number of events counted, which can be increased; (3)

digital readout of integrated signal is more convenient than recorder

trace or meter reading; and (4) digital data can be handled and processed

directly by a small dedicated computer.
By using digital integration a significant advantage can be
realized over the graphical extrapolation technique.

The blank signal

generated by backround radiation does not have to be subtracted as in

TABLE III
PARAMETERS OF DIGITAL INSTRUMENT INFLUENCING PRECISION OF INTEGRATION^1

DVM Range (volts)

Sensitivity (mV)

Signal Read from
,
DVM after 30 sec (mV)D

Number
Gate
Cycles’1

15.4

154

1

0.1

1

0.01

1.19

1

0.001

0.056

10

1

10

0.1

10

0.01

317

Gate
,
Time (sec)a

0.195

29

1

3

10

158

0.190

27.5

27

-1

2.9

2

15

aAll data taken with input leads to DVM shorted together.
^Display time at minimum setting.

^Approximate number obtained by visual observation for 30 sec. time period.
^Calculated from observed number of cycles in 30 sec.

w
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the initial rate method.

This is a direct result of the large dynamic

range capabilities of digital techniques, and the number of significant

figures (six) which can be read.

If the backround radiation at the

analytical wavelength remains relatively constant throughout the time

of integration the integrated signal would be porportional to the initial

fluorophor concentration.

If the background light component of the

signal contained random noise, the integrated signal still should not
change much, since the time averaged signal should be a constant.

Results indicating that the background radiation can be made to be re
producible and thus capable of being precisely measured will be presented
in the next section.

Since in many cases the backround signal is much

larger than the actual fluorescence signal, this technique of measure

ment offers a great advantage.
Ordinarily, measurement of small changes in large signals with
good precision is extremely difficult, however, through the application

of digital integration, this can be realized both easily and precisely.

Also since the total signal, background radiation and emitted light asmeasured by the photomultiplier is fed into the amplifier without any

offset, a lesser degree of amplification is necessary to achieve the
same output signal, as that obtained if only the fluorescence signal
were amplified. This results in a much lower noise level and consequently,

better precision.
A typical recorder trace showing the form of the total signal

during the period of integration appears in Figure 4b.

It should be

noted that the initial peak signal obtained in the integration procedure
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is much larger than that in the intitial rate procedure.

The change

in the signal also is much smaller, this results in a much larger area
under the decay curve.

Since the area under both curves is proportional

to the initial concentration the porportionality constant in the inte

gration technique is much larger and gives more sensitivity to the

method.

Experimentally, integration was accomplished by summing the output
of the amplifier, using the Heath EU-805A Universal Digital Instrument,

over a predetermined time interval provided by the timing circuit of a
Baird Atomic Scanning Count Integrator Model 540.

The timing cycle was

about 30 seconds, and had an intentional delay time of approximately 1
second between the time the main switch was opened, which opens the

excitation shutter, and the time the gate to the digital instrument was
enabled to monitor the amplifier output.

The small time delay was used

to allow the fluorescence signal to stabilize which eliminated an

initial spurious burst of signal into the integrator, as the shutter

opened.

The gate used was a relay in the Baird unit which was operated

as a simple switch.

After the integration cycle was complete the inte

grated signal was read directly from the display on the digital instru

ment.

A simple schematic showing the circuit joining the timer and

digital instrument is shown in Figure 6.

To evaluate the precision attainable using the integration
device, a study to find the limiting component and the reproducibility
of the system was carried out.

The results are reported in Table IV.

The timing circuit was checked against the time base of the Heath EU-805A
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FIGURE 6

WIRING DIAGRAM FOR RELAY SWITCHING CIRCUIT

a)

Block Diagram

b)

Schematic of relay pin connections

AMP

Microphotometer Amplifier

DVM

Digital Volt Meter

9

Relay Pins

RELAY

(b)
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TABLE IV

EVALUATION OF INTEGRATION CIRCUITRY AND AMPLIFIER

Function

Relative Standard Deviation

Time Interval Provided by Gate

0.002%

Integration of 20 mV signal
from mercury cell-potentiometer

0.067%

Integration of 80 ppb
solution of Tryptophan
(without blank subtract)

0.35%

Integration of 60 ppb
solution of Tryptophan
(100% blank subtract)

1.70%

Integration of backround signal with
portion of signal offset by photo
meter "blank adjust"
85%

2.50%

75%

1.30%

50%

0.41%

0%

0.23%

Day to day reproducibility of
integrated signal for 80 ppb
Tryptophan

0.3%
8.25 volts ± 0.02

39

Universal Digital Instrument, which is precise to within ±1 nanosecond.

Next, the reproducibility of the digital instrument combined with the
external timing circuit was checked by integrating a 20 mv signal from

a stable voltage source for about 30 seconds.

The signal was fed

directly into the digital voltmeter bypassing the amplifier.

Subsequent

integration of fluorescence signal from tryptophan solutions served as

a check of overall precision, since all components in the apparatus were
used.

The results indicated that the least precise component was the

amplifier, especially when operated at high gain.

A factor of five

was gained in precision by not subtracting the background radiation.
Subtracting the backround from the total signal resulted in a small
signal which required high amplification.

A study relating the degree

blank subtract to the precision of the integrated signal showed unequivocally
that precision decreased with increase in amplifier gain.

This is a

result of the decrease in the stabilizing feedback signal in the amplifier

when it is operated at high gain.

It was apparent that the best

precision could be attained by keeping the backround constant and operating
the amplifier at low gain.

Once this was ascertained all subsequent

studies were performed without subtracting the backround signal.
Digital integration is ideally suited to handle the type signal
described above.

In this investigation the small difference in two

relatively large numbers will have to be measured with good precision. .
Results indicating the discrimination attainable between small differences

in large numbers will be presented later.

Day to day reproducibility

under ideal conditions showed that all components were stable to about
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3 parts per thousand.

Studies on lamp stability of the 150 W Hanovia

Mercury arc were inconclusive since the short term stability of the

lamp exceeded the stability of the other components in the system.

Cooling the lamp was necessary and a slight decrease (less than 1%) in
intensity over several hours was attributed to a

heating effect.

REAGENTS
Most of the chemicals scanned for the photochemistry-fluorescence

phenomenon were commercially available. Table V lists the compounds studiedand their source.

All the chemicals in Table V were used without

further purification.

Distilled water was used instead of deionized.

Deionized water from a Illinois Water Treatment Company Research model

ion exchanger gave an unstable base line when background radiation was
monitored at the analytical wavelength.

This was due to the fluorescence

of trace amounts of organic material eluted from the resin.

Stock solutions of the compounds studied were prepared by weight;
flasks containing stock solutions were wrapped in aluminum foil and

refrigerated to avoid solution decomposition.

Standard dilutions were

prepared as necessary using the solvents for each compound as listed in

Table V.
The 95% ethanol used for 3-hydroytyramine studies was photolyzed

for several hours using low pressure mercury immersion arc to decompose
trace fluorescent organic substances which caused the base line to

decrease slowly.
line was obtained.

After exhaustive photolysis a good straight base

TABLE V

COMPOUNDS STUDIED AND SOLUTIONS CONDITIONS

Compound

1)

2)
3)
4)
5)

6)
7)

8)

DL-Tryptophana
DL-5-Hydroxytryptophan^
5-Hydroxytryptamine^

(Serotonin Creatinine Sulfate)
Tryptamine Hydrochloride^

DL-Tyrosine^
3-Hydroxytyramine Hydrochioride^

(Dopamine)
DL-3,4-Di hydroxyphenyl alanine^

(DL-Dopa)
Norphenylephrine Hydrochloride^

9)

(Norepinephrine)
L-Phenyl alanine^1

10)

Quinine Sul fatec

ID

Chloroquine Diphosphate^

^Eastman Organic Chemicals
^Aldrich Chemical Company
University of Houston, College of Pharmacy

^Merck Sharpe and Dohme

Solvent

Analytical
Wavelength(nm)

Distilled H90 adjusted
to pH 10.5 Svith HCl/NaOH

345

pH 10 Borate Buffer

355

DBtilled H90

355

pH 10 Borate Buffer

355

Distilled HgO

300

95% Ethanol
(prephotolyzed)

345

Nanograde Methanol

329

Distilled HgO adjusted
to pH 1 with HC1

318

Distilled H£0

281

0.1N Sulfuric Acid

450

pH 11 Bicarbonate Buffer

380
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Borate buffer was prepared by dissolving 32 g of boric acid in
one liter of distilled water and adjusting the pH to 10 using 6N NaOH.

Bicarbonate buffer was prepared by dissolving 2.1 g of NaHCOg in
one liter of distilled water and adjusting the pH to 11 with 6N NaOH.

Nanograde (Mallinckrodt) methanol was used as a solvent for DLdopa studies since neither reagent grade nor spectral grade methanol

gave a stable base line.

PROCEDURE

Before assay was attempted for a given compound, a study of its
fluorescence characteristics was undertaken.

For each compound an un

corrected emission spectrum and a backround spectrum was constructed
from relative intensity readings over the desired range of wavelengths.

The procedure followed is described below.

The mercury discharge arc was started and its emission at a given
wavelength monitored during the warm-up period.

When a blank signal,

consisting of radiation reflected from the sample container and radiation
scattered by the solvent stabilized, the lamp was considered ready for use.

Entrance and exit slits for the monochromator were set at 1 mm.

Slit

width on the turret control, regulating the amount of light impinging on
the photomultiplier was set at 4 mm.

was set at 700V.

Voltage applied to the photomultiplier

The amplifier zero was set by adjusting the zero off

set on the microphotometer.

Exciting radiation was always unfiltered.

Analytical radiation was passed through a Coming 7-54 visible absorbing
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filter before entering the monochromator, if the emission maximum was in
the ultraviolet region.
Relative intensity readings were taken over the spectral range

of interest for a given compound with solvent only in the sample container.

A spectrum of the backround radiation was constructed by plotting

relative intensity readings as a function of wavelength.

A typical

spectrum of backround radiation appears in Figure 7.

Next a solution of fluorophor, generally about 1 ppm was placed
in the sample container and relative intensity measurements were obtained
at 10 nm intervals throughout the range of wavelengths desired.

A

fresh solution of fluorophor was placed in the sample container for
each measurement, since appreciable decay of fluorosence was generally
observed throughout the spectral range covered.

It should be noted

that these intensity measurements included both blank radiation and

radiation emitted from the fluorophor.

An uncorrected emission spectrum

was constructed by plotting the relative intensity readings as a function

of wavelength.
7.

A typical emission spectrum obtained is shown in Figure

The emission maximum was found by subtracting the blank signal

from the signal obtained when fluorophor was placed in the sample

container.
In order to determine the wavelength to be used for analytical
assay, the rate of decay of fluorescence was monitored at several wave

lengths about the emission maximum.

The backround signal at the wave

length monitored was electronically subtracted, and the fluorescence
decay curve was displayed on a strip chart recorder.

The analytical

wavelength was chosen so both the intensity of fluorescence emission and
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FIGURE 7
TYPICAL SPECTRAL PLOT USED FOR SELECTION

OF ANALYTICAL WAVELENGTH

O

Backround radiation from Hanovia medium
pressure mercury arc.
1 mm slit, 700 V PMT.

□

Fluorescence emission from 1 ppm chloroquine
superimposed on backround.

130
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the rate of photochemistry were large.

Frequently this wavelength

coincided with the literature reported value for maximum fluorescence

emission.

The procedure followed for preparation of calibration curves used
for assay is described below.

Standard dilutions of the refrigerated

stock solutions were prepared just prior to collecting data points.

All

kinetic runs were done on approximately 25 ml of analyte solution, and

each concentration was done in triplicate.

Instrumental parameters

were set as described above.

For each concentration the smallest amplifier gain setting that

would give a workable signal was chosen.

All the controls on the digital

instrument and timing circuit were set as previously described.

The

sample solutions were poured into the quartz container with the excitation
shutter closed.

The shutter to the photomultiplier tube was then opened.

The timing cycle was set and the digital instrument was placed in the

DVM mode with the memory and sum circuits engaged.

The reset button on

the digital instrument was depressed to prevent integration of the
residual integer resulting each time the instrument gate opens.

This

button was released just prior to activation of tha timing cycle and

the exciting radiation shutter.

After the timing cycle was complete

the DVM stop button was depressed so the integrated signal could be read
from the digital display.

closed.

The exciting radiation shutter was then

The photomultiplier shutter was closed, and the cover to the

optical bench was opened.

Sample solution was aspirated from the cell

container and collected in a trap.

The quartz cell position was never
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FIGURE 8

TYPICAL CALIBRATION CURVE FOR
TRYPTAMINE HYDROCHLORIDE

[Try]

V

Concentration of Tryptamine in parts
per billion.

Integrated signal in Volts (read directly
from DVM).

Analytical Wavelength 355 nm, pH 10 buffer.
Each point is the average three determinations.

Average RSD of all points = 0.55%.
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This procedure was repeated

altered during a series of kinetic runs.

for replicates, and the cell was rinsed between each determination with
a small amount of the sample solution.

The entire procedure takes

approximately one minute for each determination.
When all the data was collected for a particular range of con
centrations, the integrated signal intensity was plotted as a function

of concentration.

Figure 8 shows a typical calibration curve.

Recorder

traces of the decay curves were always taken simultaneously with the

integration procedure.
preted immediately.

The recorder trace could be scanned and inter

This provided a good check on each determination.

Occasionally, the recorder traces indicated abnormalities in the decay
curve, such as a hump in the smooth decay curve or a sudden increase
in signal resulting in an unsymmetrical U-shaped decay curve.

This

phenomenon was usually observed for compounds which decomposed rapidly

and set up large concentration gradients.

Apparently rapid diffusion of

intact fluorophor molecules into the light path caused the sudden in
crease in signal.

These phenomena were not observed when the sample

solution was stirred slowly using the magnetic stirring apparatus
described earlier.

Abnormalities were not observed for all compounds

studied, and in fact, many of the kinetic runs were done without any
stirring.

It is advantageous to omit stirring whenever possible, since

"optical noise" can be introduced by reflection of incident light from
the rotating stirring magnet.

Electronic noise from the oscillating

magnetic field can also be introduced into the system.

This type of

noise is most prominent when the amplifier is operated in the blank subtract

mode at high gain.
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EVALUATION OF DIGITAL INTEGRATION PROCEDURE USING QUININE
An investigation of the merits of the digital data acquisition
method described above was undertaken using quinine sulfate as a model

compound.

The usual criteria for evaluation of an analytical method are

sensitivity, precision of a set of determinations, range of linearity,

range determinable, limit of detection and reproducibility from day to day.
A definition of fluorescence sensitivity was given in Chapter I.
Precision at a specific concentration is measured by the relative standard

deviation.

The concentration range overy which a linear signal response

is obtained as a function of initial concentration of fluorophor is a
more subtle point and depends largely upon the manner in which the data
are treated.

This point will be discussed in more detail below.

The

range determinable is closely associated with the range of linearity of
the calibration curve.

However, practical definitions can be made

which limit the experimentally measurable concentration range.

The lower

limit of detection in this study will be defined as that concentration

which gives an integrated signal that is at least 10 mv larger than the
integrated blank signal at the same instrumental conditions, when the
least significant digit of the digital voltmeter corresponds to 0.1 mv.

This definition is based on actual observation of the uncertainty in
experimental results obtained during the course of this research.

The

same definition of limit of detection can be varified by examining the data

presented in Table VI.

The average of the relative standard deviations

obtained over the range 100 pptr to 1 ppm is about 0.5%.

The upper limit of

concentration determinable is set by the concentration where self-
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TABLE VI

PRECISION AND SENSITIVITY FOR QUININE SULFATE

Concentration (ppb)

RSD

0.1b

5.2 ppt

1.0b

8.4 ppt
3.8 ppt

10b

Sensitivity41

539 mv/ppb

539 mv/ppb
539 mv/ppb

100c

8.5 ppt

821 mv/ppb

1000c

3.2 ppt

1290 mv/ppt

Avg. RSD = 5.8 ppt
aAs defined in Chapter 1 under the following conditions:
1
4
700
XI

mm monochromator slits,
= 450 nm
mm PMT slits
V applied to 1P28 photomultiplier
amplification
Signal integrated for 30 sec. at maximum gate rate

Incident radiation attenuated with Corning 7-54, analytical radiation
filtered with blue band pass glass filter.
incident light unfiltered, analytical radiation filtered with blue

fi Iter.

quenching becomes a problem;

this depends on the compound studied (33b).

Generally speaking, no attempt was made to determine the upper concentra
tion limit since these concentrations can be determined easily using
methods such as absorption spectrophotometry.
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Using the definitions above and the data in Table VI for 10 ppb

quinine one may arrive at a mathematical definition of the concentration

resolution of the method;

where concentration resolution refers to

the smallest difference between two experimentally measurable concentra

tions, that can be determined precisely.
539 mv/ppb and the uncertainty is 0.4%.

The sensitivity at 10 ppb is
Allowing for a 4a separation of

the means of the two concentrations to be distinguished, the separation

required is 1.6% of the full signal.

This amounts to an uncertainty of

8.6 mv in 539 mv, so one should theoretically be able to distinguish

between two concentrations differing by 8.6/539 parts per billion or
0.016 ppb.

No attempt was made to truly test this limit with quinine.

A practical study of the concentration resolution was undertaken for
tryptophan and will be reported in the next chapter.
Quinine was determined over the concentration range of 100 pptr
to 10 ppm with the relative precision reported in Table VI.

It was found

that a linear calibration plot could be constructed over only about one

order of magnitude.

However, several sets of calibration curves could

be prepared, each linear over an order of magnitude.

When combined,

these calibration curves spanned over a range of 4 orders of magnitude.
This point is illustrated in Figure 9, a log-log plot of signal versus

concentration.

Both initial fluorescence intensity and integrated

signal are plotted versus concentration.

from this plot.

Two conclusions can be drawn

First, the integrated signal intensity closely follows

the initial fluorescence signal intensity over the complete concentra
tion range.

Second, the range of linearity for the digital integration
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FIGURE 9

COMPARISON OF INITIAL PEAK FLUORESCENCE SIGNAL
WITH INTEGRATED SIGNAL*

log C

Logiq

of Quinine Concentration in ppb.

log I

LogiQ

Relative Fluorescence Intensity.

9

Integrated Signal, in Volts, read from DVM.

A

Initial Peak Signal, in millivolts, read
from recorder trace.

aAll experimental conditions identical for both sets of data.
Backround radiation not blank subtracted.

3.2
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technique is larger than the range of linearity for initial fluorescence
signal by a factor of 3.

An attempt to find the lower limit of detection for quinine was

made.

Entrance and exit slits for the monochromator were opened to

maximum aperature of 5 mm.

The turret slit control for the photomulti

plier was also set at a maximum of 5 mm.
experiment.

No filters were used in this

The photomultiplier voltage was maintained at 700 V and an

amplification factor of 10 was used to reduce noise.

A solution of 10

parts per trillion (pptr) quinine sulfate in 0.1N HgSO^ was integrated

for 30 seconds.

The mean value of the integrated signal was 8.88 volts

with a RSD of 1.28%.

The difference between the integrated signal for

the quinine solution and background signal was 290 mV which is still
about 30 times as large as the limit of detection as defined in this

research.

Unfortunately, at these low concentrations, absorption of

quinine on quartz becomes a severe problem (45) and is a major cause of
poor reproducibility.

Small short term changes in lamp intensity also

contribute significantly to the error when one approaches the lower
limit of detection.

Electronic and shot noise levels at low concentrations are not
the limiting factor since the amplifier and photomultiplier were being

operated conservatively and random noise was averaged by the digital
integration technique.

Good precision can still be achieved within a

set of replicate determinations at a given concentration, however
reproducibility even over short term is relatively poor.

It might be

noted that the precision in measuring backround radiation at the analytical
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wavelength actually increased.

Instability in lamp intensity at the

photochemically active wavelengths was the most important factor contri
buting to the decrease in reproducibility of integrated quinine fluorescence

signal.

It was concluded that the limiting factors were lamp stability,

and problems associated with handling of extremely dilute solutions (7c).
Day to day reproducibility of the slope of calibration curves was

on the order of 1.0% in the 0.1 to 20 ppb concentration range, however,
the change in the backround signal was on the order of 10%.

Thus, the

intercept of calibration curves changed by a significant amount from day
to day.

CHAPTER III
APPLICATION OF PHOTOCHEMISTRY-FLUORESCENCE TO

ASSAY OF SOME BIOLOGICALLY INTERESTING
COMPOUNDS
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APPLICATION OF PHOTOCHEMISTRY-FLUORESCENCE TO ASSAY

OF SOME BIOLOGICALLY INTERESTING COMPOUNDS

INTRODUCTION

The fact that proteins have an intrinsic ultraviolet fluorescence
has been known for only about 15 years.

Since then fluorescence has

been used quite successfully as a tool to study protein structure (10).
Shore and Pardee (46) were among the first to describe protein fluores
cence, and they predicted that the emission maximum should occur between

300-400 nm.

Corrected emission spectra of the fluorescent aromatic

amino acids, phenylalanine, tyrosine and tryptophan were reported by
Teale and Weber (47) in 1959, and corrected spectra of some proteins
were published by Teale in 1960 (48).

Since phenylalanine has a quantum

yield for fluorescence of 0.04 in water and tryptophan and tyrosine

have yields of 0.21 and 0.20 respectively (47), protein fluorescence
can be attributed almost totally to the tyrosine and tryptophan residues

in the protein.

An extensive review of recent work in protein fluor

escence has been completed by Chen (10).
Currently a great deal of brain-chemistry research centers on
two metabolic pathways for amino acids.

below.

The two pathways are illustrated

All of the compounds in the two pathways illustrated below are

fluorescent in the ultraviolet region (7e).

Moreover, Chen (49) reported

that the tryptophan fluorescence of most proteins seems to be markedly

light-sensitive.

He has shown that the fluorescence of glutamic dehydro

genase declines by 40% in 7 minutes when assayed in a commercial instru

ment fitted with a xenon lamp.

It was reasonable to assume that compounds
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SCHEME I

(Tryptophan)

(5-Hydroxytryptophan)

ch2ch2nh2

(5-Hydroxytryptamine)

SCHEME II

ch2chcooh

HO

CHCOOH

nh2

nh2

HO
(Tyrosine)

(Dopa)

2un2nn2

HO

(Dopamine)

(Norepinephrine)
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in the tryptophan class and others similar in structure would also
exhibit photochemistry, especially when irradiated with intense, poly

chromatic ultraviolet radiation.

In addition to the compounds repre

sented in the two schemes above, phenylalanine, which differs from
tyrosine only by the phenolic hydroxy group, and tryptamine were also

included in the study.

Since these compounds are biologically important

and have favorable spectral characteristics, they were deemed ideal to
test the advantages of combined photochemistry-fluorescence assay.

EXPERIMENTAL

In order to apply the photokinetic fluorescence technique to the
assay of these seven compounds, two sets of information are necessary.
The first is the absorption and emission spectral characteristics of

the compounds studied, the second involves all the solution chemistry
associated with both fluorescence emission and photochemical behavior.

Since a great deal of work has already been done on these compounds,
much of the needed information could be obtained from monographs (6,7,
10,29).

This information was followed closely whenever possible.
The analytical wavelengths used and the solution conditions for

all compounds studied are reported in Table V.

The wavelengths used

did not always correspond exactly to the wavelength for maximum fluores

cence.

The procedure for determining the analytical wavelength used was

given in Chapter II.

three parameters:

The wavelength was chosen after consideration of

(1) the intensity of fluorescence emission;
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(2) the magnitude and stability of the background light at a given

set of instrumental conditions;
reaction.

and (3) the rate of photochemical

Each of these parameters was optimized as detailed in Chapter

II.

Measurements were made using published solution conditions
recommended for obtaining maximum fluorescence signal.

This information

was not available for some compounds and the pH and solvent of choice
was investigated as described below.

Once the analytical wavelength and the proper solution conditions
were found, ultraviolet absorption spectra'were taken on a Cary Model 15
spectrophotometer.

All parameters were kept as close as possible to

actual assay conditions when recording the absorption spectra.

This was

done so a practical estimate of the molar absorptivity of each compound

at the emission lines of the excitation source could be made.

The ab

sorption maxima for the compounds studied under the conditions used

for assay are reported in Table VII.

Whenever possible distilled water buffer solutions were used as
the solvent.

In the case of the catecholamines, dopa and dopamine, no

photochemistry and very weak fluorescence was observed in aqueous solution

even at pH 1 which is the reported optimum pH for fluorescence of all
catecholamines (50).

Both dopa and dopamine exhibited good photochemical

activity and strong fluorescence emission in alcohol solution at natural pH.

The exact reason for accelerated photochemistry in alcohol solution is
not known although

a free radical mechanism via hydrogen abstraction

is frequently proposed for photochemistry in alcohol solutions (e.g.)
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TABLE VII
ULTRAVIOLET ABSORPTION MAXIMA FOR COMPOUNDS STUDIED

Ultraviolet
Absorption Maxima (nm)

Compound

1)

DL-Tryptophan^

2)

DL-5-Hydroxytryptophan

3)

5-Hydroxytryptamine^

4)

Tryptamine Hydrochloride^

270a, 280, 290a

5)

DL-Tyrosinec

240, 293

6)

3-Hydroxytyramine Hydrochloride0

220, 282

7)

DL-3,4-Dihydroxypheny1 alanine0

220, 281

8)

Norphenylephrine Hydrochloride0

215, 272, 278

9)

L-Pheny1 alanine0

241a, 247, 252, 257, 263, 270°

10)

Quinine Sulfate6^

11)

Chloroquine Diphosphate^

272a, 279, 288a

L

277, 300a, 310a, 330a

274, 295

250, 315, 347

254, 260a, 331

^Shoulder on main absorption peak.
L

4

Short wavelength cutoff (percent transmittance less than 1%) of 10"
solution at 225 nm.
°Short wavelength cutoff 10"^ M solution at 210 nm.

dShort

wavelength cutoff 10

-4

M solution at 235 nm.

M
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(51).

Shifts in the absorption maxima due to the change in solvent

polarity may be an important factor since the mercury arc used for
excitation emits a discrete line spectrum.

A small shift in a broad

absorption peak may result in a significant change in the absorption of

a particular photolytically effective mercury emission line.

The indoles represented in Scheme I above and tryptamine were all
studied in aqueous solution.

The amino acids, tryptophan and 5-hydroxy-

tryptophan were studied at a pH 10 in accord with the results reported

by White (52).

When the pH is more basic than 10 the hydroxyl group in

the phenolic residue is ionized and fluorescence falls off rapidly.

At

pH more acid than 10 the carboxylate group is protonated and fluorescence
again decreases rapidly.

Serotonin (5-Hydroxytryptamine) was studied in

neutral solution, since it has no carboxylate groups.

the same phenomenon is observed as with tryptophan.

In basic solution

Serotonin can be

made to emit in the visible region by increasing the hydrogen ion con

centration (53), the assay is commonly carried out in 3M HC1 at 500 nm.
Tryptamine was also studied at pH 10, consistent with the pH dependency

reported by Udenfriend (7f).

All four indoles studied exhibited excellent

photochemistry under solution conditions that were maximal for
fluorescence intensity.

Tyrosine and norepinephrine exhibited little detectable fluores
cence when excited with the mercury arc used for all other compounds.
have a phenolic residue which is responsible for fluorescence emission.

Tyrosine was studied in neutral distilled water which is in accord
with the reported pH dependency (52).

Norepinephrine was studied at

Both
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Since strong fluorescence emission could

the recommended pH of 1 (50).

not be excited with a mercury arc, the photoactivity could not be

studied in this way.

Both of these compounds were studied using the

combination xenon-mercury arc discussed in Chapter II.
Phenylalanine was studied in neutral distilled water.

The fluor

escence emission is essentially benzenoid, and has a weak maximum emission

peak shorter than 300 nm (47).
The feasibility of applying digital integration to the fluoroes-

cence decay curves for the purpose of assay was investigated for each of

the compounds above.

The approach taken, generally, was to find the

lowest range of concentrations over which a single linear calibration

curve could be constructed.

This was done so that a real estimate of the

advantages of digital integration as applied to trace analysis could
be made.

Usually, concentrations ranging over four or five orders of

magnitude can be determined.

However, due to the nature of the approx

imations made in deriving the fluorescence equation, good linear fits of
data are limited to slightly greater than one order of magnitude in

concentration range.

The procedure described in Chapter II for collecting

data points was followed in all cases.

All concentrated stock solutions

were refrigerated to minimize decomposition.

Data points were subjected

to a linear regression analysis, so the best straight line could be

found.
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RESULTS AND DISCUSSION

A statistical treatment of the data gathered for compounds studied
Unless otherwise stated all instrumental

is presented in Table VIII.

parameters, except analytical wavelength, are the same for all compounds.

This was done so that the sensitivity of determination could be compared
for all compounds.

The sensitivity is defined as the slope of the least

squares fit, and is expressed in millivolts of total integrated signal
per ppb, at a common set of instrumental parameters given in Chapter II.

Standard errors of the slope and of the estimate are common ways
of expressing the quality

of fit for a set of data points (54).

values were obtained from the regression analysis treatment.

These

In addition

a number expressing the relative deviation of experimental data points
from the least-squares line was obtained.

This number is given in

Table VIII as the average of the absolute value of the deviation of all

points from the calculated line, expressed in percent deviation.

Examination of the slopes obtained for all the compounds shows
that the method is more sensitive for the compounds in the tryptophan
class (Scheme I) than for those in the tyrosine class (Scheme II).
This is not surprising since tryptophan and its congeners are substituted

indoles which are highly fluorescent.

substituted phenol-like structures.
in the condensed phase (55).

Tyrosine related compounds have

These are not highly fluorescent

However, substitution of hydroxyl group

to form catechol residues increases the quantum yields for fluorescence
considerably (55).

Also, in both schemes, the amine type structures are

generally more highly fluorescent than the amino acids.

Thus the

TABLE VIII
STATISTICAL TREATMENT OF RESULTS FOR TRYPTOPHAN AND TYROSINE RELATED COMPOUNDS

Intercept^

Blankc

Standard
Error of
Estimate

0.65
0.53
0.32
0.63
0.27
0.50
1.00
3.10

5.7402
5.8916
6.1825
6.3054
8.5008
6.5936
6.0511
6.2781

6.1097
5.9859
6.0480
6.1814
7.1992
6.9287
6.2162
7.1197

0.0696
0.0581
0.0352
0.0686
0.0667
0.3218
0.0327
0.0977

0.60
0.57
0.27
0.69
0.42
1.77
0.48
1.02

9

25.50
16.76
16.90
16.46
16.53

0.80
0.23
0.23
0.22
0.29

8.2751
4.2580
4.1340
4.4114
4.2242

0.99
1.39
1.30
2.34
1.97

II

w■—
4.8338
4.5240
4.3378

0.1225
0.1804
0.2487
0.3277
0.3574

7.35-73.5
29.4-73.5
7.35-73.5
7.35-73.5
0.73-7.35

229.78
221.52
238.66
220.63
156.74

3.62
5.29
4.04
3.51
10.06

17.1651
17.2031
18.3388
16.5621
9.9012

17.3064
17.9130
18.1729
17.8771
9.8262

0.3344
0.3014
0.3723
0.3489
0.0915

1.18
0.78
1.23
1.15
0.70

II

7.50-750

217.80

1.80

20.1858

19.7269

0.0637

0.62

Slopea

Standard
Error of
Slope

20-100
20-100
20-100
20-100
20-200
25-500
40-64
40-64

26.51
26.39
25.75
23.72
24.07
32.00
24.30
21.30

5-OH-TRY
I
II
III
IV
V

1-100
50-600
200-1000
25-1000
80-1000

5-OH-TRYP
I
II
III
IV
V

Compound

Concentration
(ppb) Ranged

Percent Relative
Error from
Regres si on6

Comments

TRY
I
II
III
IV
V
VI
VII
VIII

VI

II

II
II
II
II

II
II

II

II
II

II

II
II

II

Incident Radiation
Attenuated, g
S

9

TABLE VIII CONTINUED

STATISTICAL TREATMENT OF RESULTS FOR TRYPTOPHAN AND TYROSINE RELATED COMPOUNDS

Compound

Slopea

Standard
Error of
Slope

1O-1OOO
10-600
10-100
10-100

61.50
63.12
51.96
50.51

10-100
10-100
10-100
10-100
10-600
10-600

Intercept^

Blank0

Standard
Error of
Estimate

0.54
0.43
0.32
0.68

7.2041
7.2007
7.6357
7.6436

6.4524
7.0025
6.3164
6.9737

0.5345
0.3908
0.3481
0.0727

1.65
2.05
2.76
0.47

g

39.45
43.71
35.94
35.54
4.14
4.18

0.92
1.01
0.92
0.90
0.04
0.06

21.4093
24.3340
22.8991
22.4599
5.6085
5.4264

21.6587
24.4999
22.8758
21.9853
5.6542
5.4459

0.1246
0.1288
0.1010
0.1213
0.0389
0.0266

0.49
0.38
0.30
0.40
0.51
0.34

II

50-800
25-800
100-800

7.92
9.10
7.52

0.17
0.19
0.21

9.7123
10.4957
10.5749

9.7401
10.9516
10.5647

0.1745
0.2315
0.2035

0.95
0.67
0.99

g

25-800
25-800
25-800
25-800
75-800

5.33
4.38
4.51
4.72
6.87

0.08
0.14
0.11
0.10
0.15

3.8480
2.6832
2.4747
2.6427
4.5427

3.6869
2.4711
2.6336
2.6038
4.4444

0.0987
0.1525
0.1211
0.1138
0.1334

1.29
3.16
2.71
2.10
1.41

h

Concentration
(ppb) Ranged

Percent Relative
Error from
Regression0

Comments

TRYP
I
II
III
IV

DOPAMINE
I
II
III
IV
V
VI

II

II
II

g, slit 1.2 rm
g
II

g, MeOH Solvent
II

II

DOPA
I
II
III

II

It

NOR
I
II
III
IV
V

II
II

"

CT>

II

w

TABLE VIII CONTINUED

STATISTICAL TREATMENT OF RESULTS FOR TRYPTOPHAN AND TYROSINE RELATED COMPOUNDS
Standard^

Compound
QUININE
I
II
III
IV
V
VI

Concentration
(ppb) Ranged

0.1-20
0.25-20
0.1-20
0.1-20
0.1-20
1-500

Slopea

53.71
48.33
102.77
103.39
102.87
103.25

Error of
Slope

Intercept^

Blank0

Standard
Error of
Estimate

0.31
0.19
1.23
0.29
0.41
0.23

3.3938
3.0751
1.7999
1.8386
1.6573
9.3099

3.3921
3.0429
1.7103
1.8791
1.7911
9.0395

0.0982
0.0512
0.3329
0.0998
0.1272
1.2630

Percent Relative
Error from„
Regression

1.24
0.90
2.82
1.66
2.60
4.81

Comments

j
II
j,h
j,h
j,h
g, no filters used

TRY = DL-Tryptophan
5-OH-TRY = DL-5-Hydroxytryptophan
5-OH-TRYP = 5-Hydroxytryptamine
TRYP = Tryptamine
DOPAMINE = 3-Hydroxytyramine
DOPA = 3,4-Dihydroxyphenylalanine
NOR = Norphenylephrine

aAs calculated by regression analysis, in units of mv/ppb.
^Extrapolated from line calculated by regression analysis.

integration of solvent before each run.
^See Ref. 54.
^Average deviation of all data points from the calculated line.

^All calibration curves contain between 15-20 data points.
^Mercury arc source used.

kXenon-Mercury

source used.

^Incident radiation attenuated with Corning 7-54 filter, blue transmitting filter used on fluorescence emission.

65

substituted indoles tryptamine and 5-hydroxytryptamine exhibit more
fluorescence than the amino acids in that group, tryptophan and 5-hydroxy-

tryptophan.

The fluorescence quenching effect of the carboxyl group has

been observed and reported by others (2c).

Likewise, within the catechol

like compounds dopamine is more highly fluorescent than the amino acid

dopa.

The other two compounds in Scheme II, tyrosine and norphenyl

ephrine, which are substituted phenols were only weakly fluorescent com
pared to the catechol-type compounds.

Compared to quinine, all compounds

studied in both the tyrosine and tryptophan class exhibit less sensitivity

except the indole amines, tryptamine and 5-hydroxytryptamine.
Another point of interest is the day-to-day reproducibility of
the slope of the calibration curves.

Excellent reproducibility of the

slopes can be attained only if the range of concentrations spanned is the
same and it does not extend much beyond an order of magnitude.

Small

deviations in the slope of calibration curves over the same concentration
range can be attributed to a combination of two factors.

The first is

slight decomposition of the stock solutions used for preparing standard

dilutions.

If this is the case a slight decrease in the value of the

slope will be observed for each successive day.

The second parameter

is the day-to-day change in emission of the light source.

The magni

tude and direction of this deviation cannot be predicted; however, the

size of the blank signal gives a reasonable measure of the output of
the lamp.

A rough correlation between the size of the blank signal and

the slope can be seen in Table VIII.

This correlation is only an

estimate, since the slope of the calibration curve depends on the
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intensities of both the wavelengths exciting fluorescence and those
initiating photochemistry.

The magnitude of the blank, however, is a

measure of the emission from the lamp over a band near the analytical

wavelength, which is outside the range of absorption for the compounds
studied.
The compounds studied having an indole related structure were
determined over concentration ranges from low parts per billion to about
one part per million.

It should be emphasized again, that no attempt

was made to extend the concentration range to the limits of detection.
Since good linear relationships are generally obtained over concentration

ranges not much greater than an order of magnitude, a series of calibration

curves, each one having a different slope, must be constructed to span

wide ranges of concentration.

Results obtained for the indole related

compounds indicated that linear relationships could be obtained in the parts
per billion region over between one to two orders of magnitude with all

points within 2% of the least-squares line.

Each calibration curve was

constructed for between 15 to 20 experimental points, consisting of
triplicate determinations at various concentrations within the range
concerned.

The RSD of replicate determinations for the indoles was always

less than 1% and generally about 0.5%.

This compares with relative

standard errors of conventional fluorimetry of about 2-5%.

Surprisingly,

no indication is given for the range or quality of the linearity of the

calibration curves obtained in previously published fluorimetric analyses

for the compounds studied here (56,57,58,59).
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There are few reports describing assay procedures based on the
native fluorescence of amino acids and related amines. Most assay

procedures reported involve chemical treatment of the analyte to trans
form it to a substance which fluoresces in the visible region.

Guilbault

et al. (56) reported a method for amino acid assay based on their reaction
with amino acid oxidase and the coupled conversion of homovanillic acid
into a fluorescent biphenyl derivative.

Relative errors were about 2%

and the RSD of replicate determinations was also about 2%.

The procedure

was somewhat time consuming and the reagents used were fairly expensive.

No indication was given in regard to the range or quality of the
linearity of calibration curves.

Concentration ranges reported for most

compounds were between one and two orders of magnitude more concentrated

than those used in the present investigation.

The relative sensitivity

of the enzymatic method is difficult to determine since no reference is
made to the actual signal magnitude obtained for a given concentration.

Ninhydrin (triketohydrindene hydrate) has been used extensively
as a fluorometric reagent for selected amino acids and amines.

Fluores

cence is generally shifted to the green region when an amine or amino

acid is treated with ninhydrin (57).

Reports of procedure for assay of

serotonin using ninhydrin have been made (58,59).

The lower limit

detected was reported as 30 nanograms with RSD of 5%.

Employing the

procedure described in this dissertation as little as 10 nanograms can be
determined easily and rapidly with RSD less than 1%, without using micro

procedures.
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Several substances have been used as fluorometric reagents for the

catechol related compounds.

The most common assay procedure for catechol

amines involves the tri hydroxyindole reaction.

Fluorescence of the

oxidation products of the catecholamine, epinephrine, were first observed
by Loew in 1918 (60).

However, it was not until several years later that

the mechanism of the oxidation and rearrangement reaction was elucidated
(61) and applied to chemical assay (62).

Several refinements on the

original method have been made (63) and its applicability has been extended

to include acid and alcohol metabolites of catecholamines (64).

Ansell

et al. (59) have applied the tri hydroxylndole procedure to assay of

dopamine in brain tissue.

The reported limit of detection was 100 nano

grams and the RSD of replicate determinations was 5%.

This compares with

RSD of about 0.5% for dopamine over similar concentration ranges reported
in this dissertation.

None of the fluorimetric methods reviewed for amino acids and
catecholamines generally reported precision of determinations better than

2%.

Moreover almost all procedures involve time-consuming rearrangements

of the basic structure of the fluorophor for the purpose of shifting

fluorescence into the visible region.

A direct fluorimetric procedure for tryptophan in proteins, based
on the natural fluorescence of the amino acid was reported by Duggan

et al. (65).

The concentrations determined were in the ppm region and

the mean recovery was 98.7% ± 1.1%.

This review of presently used fluorimetric assay procedures reveals
that application of the photochemistry-fluorescence technique to the assay
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of several indoles and cathecholamines using native fluorescence and digital

integration is at least as sensitive as reported methods of assay, gives

much better precision and is less time consuming.

The ability of the photochemistry-fluorescence integration

procedure to distinguish between small differences in concentration of
fluorophor at the ppb level was demonstrated with tryptophan.

ition of concentration resolution was given in Chapter II.

The defin

Solutions

were prepared between approximately 40 and 65 ppb at 5 ppb intervals.
Each concentration was determined in triplicate.
in lines VII and VIII of tryptophan in Table VIII.

replicate determinations was less than 1%.

The results are reported
Precision of

This experiment would be

difficult, if not impossible, without the application of digital inte
gration techniques, since the initial fluorescence signals differ by less

than 1 mv.

The average difference in integrated signal for a 5 ppb con

centration interval was experimentally determined as approximately 100

mv.

From this number, and the definitions given in Chapter 2, one can

calculate that concentration differences less than 1 ppb can be easily

resolved for tryptophan.

An interesting point was observed in the study of dopamine.

Dopamine originally exhibited no photochemistry in aqueous solution,
rapid photochemistry, however, was observed in prephotolyzed ethanol
solution.

The first four lines under dopamine in Table VIII are the

results obtained for ethanol solutions.

The last two lines are the

results obtained for dopamine solutions in nanograde methanol.

Photo

chemistry was not inhibited greatly; however, the fluorescence intensity
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was decreased almost by a factor of ten.

The exact reason for this

phenomenon is not understood.
Calibration curves could not be obtained for norepinephrine or

tyrosine using the mercury arc.

Weak fluorescence signals were obtained,

therefore photochemistry could not be observed.

Chen (66) has recently

reported that the quantum yields for tyrosine related compounds in
aqueous solution are considerably less than accepted literature values.

Neither tyrosine nor norphenylephrine exhibited satisfactory fluorescence
signal using the mercury arc.

For this reason the combined xenon-mercury

arc was used for these two compounds.

Results obtained for norphenyl

ephrine using the Xe-Hg arc are reported in Table VIII.

Unfortunately,

good results could not be obtained for tyrosine, even with this light
source.

There are several reasons why good results could not be obtained

for tyrosine.

The first is that, although, the quantum yields for tyrosine

and tryptophan are generally considered to be about equal, the fluores

cence maximum for tyrosine is not shifted as far from the absorption
maximum as for tryptophan.

In fact, there is a good deal of overlap

between the excitation and emission spectra for tyrosine, which leads to
considerable self-absorption.

Moreover the emission maximum for tyrosine

has been reported to be between 305-310 in aqueous solution which coincides
o
with the strong mercury emission lines between 3126-3132A, when slit
widths of 1 mm are used.

Measurement of fluorescence signal near strong

mercury emission lines is very difficult and should be avoided.
Phenylalanine was also studied.

Unfortunately, the quantum yield

for fluorescence is only about 20% that of tyrosine in aqueous solution
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(47).

Consequently, quite high concentrations of phenylalanine are

necessary to obtain a sufficiently large signal.
prepared in the ppm region.

Calibration curves were

All curves obtained showed a good deal of

curvature, even over small concentration intervals.

This behavior is

probably due to concentration quenching.

The results obtained for quinine illustrate the relative merits

of the mercury arc as compared to the xenon-mercury arc.

Calibration

curves were obtained for quinine over the same concentration regions
using each lamp.

All other instrumental parameters were the same.

It

can be seen in Table VIII, that the sensitivity obtained using xenon

mercury arc is about twice that obtained for the mercury arc.

The

precision obtained using the Xe-Hg lamp is not quite as good as the
mercury arc, as is demonstrated by higher errors of the estimate in

Table VIII.

The advantages of the Xe-Hg arc are obvious.

It is partic

ularly useful in combined photochemistry-fluorescence studies, since
both a continum emission, which is useful for fluorescence excitation

and strong emission lines for inducing photochemistry are available.
It is felt that the sensivititles of all the compounds studied could

be improved if a Xe-Hg arc were used.

The relative stability of Xe-Hg

arc compared to the mercury arc used in this investigation is still an
unanswered.question and deserves further study.

CHAPTER IV

DETERMINATION OF A COMPOUND WHICH YIELDS A FLUORESCENT

PRODUCT UPON PHOTOLYSIS
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DETERMINATION OF A COMPOUND WHICH YIELDS A FLUORESCENT
PRODUCT UPON PHOTOLYSIS

Chloroquine, an important quinoline drug which was first developed as
an antimalarial agent, is now being used in treating other parasitic

disorders.

A substituted aminoquinoline, its fluorescence maximum is at

400 nm when excited at 335 nm in a pH 11 buffer solution (7d).

However,

the native fluorescence of chloroquine was not originally used in chemical
assay for the following reason.

The reported excitation wavelength which

gave maximum fluorescence, 335 nm, did not correspond with a strong

mercury line.

Thus the usual excitation source, a mercury discharge arc

combined with filters to isolate an intense line could not be used.

It

was necessary to employ an intense continuous ultraviolet source such as
a xenon arc combined with an ultraviolet selective monochromator as an

excitation source.

Unitl recently this type instrumentation was not

widely available.

Brodie et al♦ (8) devised a photochemical procedure which converted
chloroquine to as yet unidentified fluorescent products with absorption

maxima shifted to coincide more closely to the 365 nm mercury line.

The

procedure, as originally described involved a treatment of chloroquine
with cysteine after its extraction from tissue homogenate.

The purpose

of the cysteine was to consume oxygen, which reportedly interfered with
the photochemical process.

Samples were then placed in tubes and

irradiated with a H-4 mercury arc for 3 hours.

The solutions had to be

cooled by passing air around the tubes since thermal side reactions

complicated the photolysis.

Fluorescence of the chloroquine photochemical

■
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product was measured by exciting at 360 nm and measuring the fluorescence
emitted above 410 nm.

The precise excitation and fluorescence maxima of

the product were not reported.

Sensitivity of the method was sufficient

to measure 0.1 pg in 8 ml or about 12 ppb.

The photochemical procedure described above was reported several

years ago, and instrumentation is now available so that the native
fluorescence of chloroquine may be utilized in chemical assay.

However,

the photochemistry reported was interesting and deemed worthy of further
study.

Also since steps to guard against extensive photolysis, in a

direct fluorimetric technique are still necessary, it seemed that a

method for assay could

be developed employing the combined photochemistry

fluorescence approach.

Chloroquine is an especially interesting compound

since both the decay of native fluorescence and the ingrowth of fluor

escence of the photochemical product can be easily measured.

A

qualitative study of the photochemical reactions of chloroquine was made.

Comparison of several different methods of assay will follow.

EXPERIMENTAL

In order to find the wavelength at which fluorescence is a maximum
for chloroquine, an uncorrected emission spectrum was constructed from
relative intensity readings as described in Chapter II.
and analytical radiation were unfiltered.

Incident radiation

The wavelength of maximum

fluorescence was found to be 400 nm, which agrees with the value reported
in the literature (7d).

The wavelength which showed the fastest decay

rate and also the largest difference between intensity of fluorescence
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emission and backround radiation was 380 nm.

This wavelength was chosen

as the analytical wavelength for assay based on decay of fluorescence.

A study of the fluorescence properties of the product for the

primary photochemical reaction was undertaken.

An uncorrected emission

spectrum for the product of chloroquine photolysis was constructed.

Relative intensity measurements were obtained by displaying the ingrowth

of product fluorescence on a strip chart recorder.

The maximum signal

achieved at a given wavelength was used for the relative intensity
reading.

It was found at this time that the initial photolysis product

was also photochemically active.

Rapid decrease in fluorescence signal

was observed just after the maximum signal was attained at a given wave
The ingrowth and subsequent decay of product

length.

fluorescence took approximately 5 minutes, under the conditions
described.

The decrease in fluorescence intensity could not be attributed

to diffusion of fluorophors out of the region viewed by monochromator

slits, since the solutions were stirred rapidly throughout the time
interval of irradiation.

The wavelength chosen for analytical assay of

ingrowth of product fluorescence was 480 nm.
The emission spectra for chloroquine and its photolysis product
were obtained at a pH of 11 in air saturated solutions.

Since Brodie

et al. (8) reported that the photolytic reaction had an oxygen dependency,
an attempt was made to determine the role of oxygen in the overall photol

ysis scheme.

Recorder traces of fluorescence intensity were obtained at

both 380 nm and 480 nm, under the following conditions: (1) air
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saturated solutions;

(2) solutions extensively purged with nitrogen;

and (3) solutions containing sodium sulfite, which reacts with dissolved
oxygen quickly to effectively deoxygenate the solutions.

A summary of

the oxygen dependency of the reactions in the chloroquine photolytic

scheme is presented in Table IX.

To supplement the information about the photolytic reactions of

chloroquine obtained by fluorescence probe, ultraviolet absorption spectra
were taken at various stages in the overall photolysis scheme. A Cary
Model 15 recording spectrophotometer was used to obtain all spectra.
Spectra were taken for solutions which were initially approximately 1

ppm in chloroquine.

Ten centimeter quartz cells were used so that a

measurable absorption could be obtained for as dilute solutions as possible.
Solutions of chloroquine in pH 11 Borate buffer were photolyzed in the

apparatus described previously using a 50 ml quartz beaker and the

progress of the photochemical reaction was followed by monitoring the
fluorescence signal.

An ultraviolet absorption spectrum was taken for a

solution of chloroquine in borate buffer versus buffer prior to photolysis.

The solution was returned to the photolysis cell and irradiated until
the fluorescence signal at 480 nm reached a peak, then another spectrum
was taken at this point.

Again the same solution was irradiated and the

primary photoproduct concentration decreased as measured by the fluor
escence signal at 480 nm.

A spectrum was taken and the procedure repeated.

Finally, the solution was subjected to exhaustive photolysis i.e. until

the signal at 480 nm returned to the level of the background radiation.
A spectrum was taken in an attempt to learn the nature of the final

TABLE IX
SUMMARY OF THE OXYGEN DEPENDENCY FOR THE PHOTOCHEMICAL REACTION OF CHLOROQUINE

Solution Conditions

Remarks

Wavelength Monitored (nm)

Air saturated

380

Fluorescence signal decreases rapidly.

NapSOg added to
air saturated solution

380

Fluorescence signal decreases steadily
but slower than air saturated solutions.

Nitrogen purge

380

Fluorescence signal decreases very
slowly.

Air saturated

480

Fluorescence grows in rapidly, reaches
maximum then decays at approximately
the same rate.

.

NapSOg added to
air saturated solution

480

Fluorescence signal grows in rapidly
and levels out. Magnitude of signal
less than air saturated.

Nitrogen purge

480

Little or no signal observed even after
extensive photolysis.

Oxygen saturated

480

Fluorescence signal grows in rapidly
reaches maximum and decays at same rate.
Magnitude of peak signal not as large
as air saturated solution.
S
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product.

The changes in the absorption spectrum, as a result of photo

chemical reaction, are presented in Figure 10.

RESULTS AND CONCLUSIONS FOR CHLOROQUINE PHOTOCHEMISTRY

Although this study of chloroquine photochemistry is based com
pletely on spectroscopic evidence and is by no means a complete investi

gation, a few general conclusions can be drawn from the data obtained.
It is apparent that there are at least two steps in the overall photo

chemical scheme.

This scheme can be represented as follows:

A

+ hv

-

B

(17)

B

+ hv

->

C

(18)

where A is chloroquine, B is the product of the primary photochemical
reaction, which is both a good ultraviolet absorber and fluorescent in

the visible region.

The initial photochemical reaction is followed by

a second which yields C.

The product or products of reaction 18 do not

absorb ultraviolet radiation in the region where most fluorophors absorb

strongly.

No fluorescence was observed for the products of the secondary

photochemical reaction.

These conclusions are supported by the ultra

violet absorption spectra displayed in Figure 10.

From Figure 10 it can

be seen that two maxima exist in the ultraviolet absorption spectrum of
chloroquine, the first is at approximately 330 nm, the second is at
about 256 nm.

It should be noted that both of these absorption bands

decrease upon photolysis.

Also a new absorption band appears at about 270

78

FIGURE 10
ULTRAVIOLET SPECTRA OF CHLOROQUINE SOLUTIONS AT
DIFFERENT STAGES OF THE PHOTOCHEMICAL REACTION

A:

1 ppm solution of Chloroquine prior to photolysis.

B:

Fluorescence intensity at 480 nm is maximum.

C:

Fluorescence intensity at 480 nm at intermediate
value.

D:

No measurable fluorescence at 480 nm.

pH 11 Borate as reference using 10 cm cells.

100

370

330

290

nm

250

210
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nm.

This band increases upon photolysis, then disappears when the

solution is subjected to exhaustive photolysis.

Absorption at 270 nm

is attributed to compound B, the primary product of chloroquine photolysis.
Upon exhaustive photolysis the spectrum shows little absorption from

A gradual increase in absorption with a maximum at

350 nm and 290 nm.

237 nm is noticeable. The short wavelength absorption in the solution
which was subjected to exhaustive photolysis is attributed primarily to
absorption of the products, C.

It was found that photolysis of B to C, as observed by a rapid

decrease in fluorescence at 480 nm, was most sensitive to dissolved
oxygen.

Brodie et al. (8) reported using cysteine to consume oxygen,

prior to photolysis of chloroquine solutions to form compound B.

It was

found in the present study that a steady-state concentration of chloro

quine photolysis product, B, could be attained by addition of small amounts
of sodium sulfite prior to photolysis.

Recorder traces of fluorescence

at 480 nm under these conditions showed an increase in signal due to

formation of B, followed by an eventual leveling out, the process took
about 5 minutes.

Extensive photolysis showed a slight decrease in signal

at 480 nm, however, the rate was much slower than that observed in air

saturated solutions.

Unfortunately exclusion of oxygen affects not only

the rate of photolysis of B to C, but also the primary photolysis reaction

of chloroquine to form B.

Recorder traces of fluorescence decay at 380

nm indicated that the rate of photolysis of chloroquine to B was also

decreased by addition of sulfite.
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The fact that the photochemical reaction of A to B is oxygen
dependent was illustrated dramatically by the recorder traces at both

380 nm and 480 nm for solutions of chloroquine that had been purged

exhaustively with nitrogen.

The rate of fluorescence decay at 380 nm

was drastically decreased, and subsequently the ingrowth of fluorescence
at 480 nm was virtually nil, even after photolysis periods ten

times

as long as those necessary to achieve peak fluorescence in air saturated
solutions.

Molecular oxygen, a ground state triplet, can increase the

probability of intersystem crossing (S^AAr>wTp (2b) for chloroquine and
its photolysis products.

Presumably, the photolytic reaction involves

triplet states of both A and B and is accelerated by any species which

facilitates triplet formation.

Saturation of chloroquine solutions with

oxygen affects both the rate of photochemistry and the fluorescence
quantum yield.

It was found that the oxygen saturated solutions of

chloroquine exhibited less fluorescence intensity at 380 nm than air
saturated solutions.

The peak fluorescence intensity at 480 nm, obtained

by photolysis of oxygen saturated solutions was also found to be lower
than that of air saturated solutions.

This decrease in fluorescence

intensity can be attributed to enhancement of intersystem crossing by
paramagnetic oxygen and the subsequent decrease in excited state singlet

population.
Since the product of the primary photochemical reaction in the
scheme is a good ultraviolet absorber and is also fluorescent, it is

probable that the photochemical reaction is a molecular rearrangement.

However, the products of the second reaction are neither ultraviolet
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absorbers nor do they fluoresce.

This implies extensive bond cleavage

to yield a number of much simpler species.

The oxygen dependency of these

reaction implies extensive involvement of triplet states of chloroquine
and its photochemical reaction products, this is substantiated by the
observation that no photochemistry occurs in solutions purged with pure
nitrogen.

Finally, it should be noted that the sulfite-sulfate couple begins
to absorb significantly at wavelengths shorter than 240 nm.

In light of

this evidence two explanations are possible for the effect of sulfite

addition on the stabilization of compound B, the primary photo-product of

chloroquine.

The first is that sulfite reacts with oxygen and the rate

of photolysis of B is decreased as a result of oxygen consumption.

The

second is that sulfite may "protect" compound B to some extent by absorbing
a good deal of the short wavelength radiation.

METHODS OF ASSAY FOR CHLOROQUINE
It would appear that in developing analytical methods for chloro

quine assay based on photolysis, some advantage may be gained by
saturating the solutions with oxygen.

This, however, in addition to being

tedious decreases the fluorescence signal obtained for both chloroquine

and its primary photolysis product.

For these reasons air saturated

solutions were used in developing methods for chemical assay.
Three different approaches for determining chloroquine were

developed and compared.

The first was based on the decay of native chloro
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quine fluorescence at 380 nm.

The second entailed following the ingrowth

of fluorescence of the product of chloroquine photolysis at 480 nm.

The

third was based on developing a steady-state concentration of primary

photoproduct and relating the fluorescence signal at this point to initial
chloroquine concentration.
Since the native fluorescence of chloroquine in the ultraviolet is

strong, the first approach taken was to apply the digital integration
technique to follow the decay of chloroquine fluorescence at 380 nm.

instrumentation described previously was used without modification;

excitation and emission radiation were unfiltered.

both

All solutions were

prepared by dilution from a stock, which was kept refrigerated.

solvent was borate buffer adjusted to pH 11.

The

The

Decay curves were integrated

for thirty seconds, and all concentrations were done in triplicate;

solutions were stirred during photolysis.

Integrated signal was plotted

against concentration and a good straight line calibration curve was

obtained over the range 100 parts per trillion to 600 parts per billion.

No attempt was made to find the lower limit of detection for chloroquine,
but by extrapolation it appeared to be about equivalent to that of quinine.

Results are tabulated in Table X.
Next, the integration technique-was applied to monitoring the
ingrowth of fluorescence as a result of the photochemical reaction of

chloroquine.

The analytical wavelength was 480 nm and all instrumental

parameters were the same as for monitoring chloroquine fluorescence.

Integrated signal was plotted versus concentration of chloroquine and
good straight line calibration curves were obtained over the same

TABLE X

COMPARISON OF THE METHODS OF ASSAY DEVELOPED FOR CHLOROQUINE

Method of Assay

Range over which
linear response
was obtained

Relative
Standard
Devaiation

Slope

Standard
Error of
Slope

Digital Integration of
chloroquine fluorescence
decay curve at 380 nm.

0.1 to 600 ppb

0.67%
@0.1 ppb

87.76

0.08

Digital Integration of
ingrowth of fluorescence
for photoproduct of chloro
quine at 480 nm.

0.1 to 600 ppb

0.51%
@0.1 ppb

7.36

0.13

Peak fluorescence signal
developed for chloroquine
photoproduct at 480 nm.

75 to 600 ppb

6%
@100 ppb

0.44

0.01
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concentration range as for native chloroquine fluorescence at 380 nm.

It should be noted, however, that the sensitivity of this method of

assay is more than an order of magnitude less than that of the native
chloroquine fluorescence technique.

Precision of replicate determinations

at a given concentration were about the same as that for native chloro

quine fluorescence, 0.5%.
The third approach to assay of chloroquine was based on photo
lysis of chloroquine until the peak fluorescence of its photolysis

product at 480 nm was observed on a strip chart recorder.

In this

experiment the backround light was electronically subtracted

so that

the signal displayed on the recorder was due entirely to fluorescence

of the product of chloroquine photolysis.

All other instrumental

parameters were the same as in the two assay procedures described above.
The peak fluorescence signal was read from the recorder display and

plotted versus concentration.

Concentrations less than 100 ppb were

determined with difficulty since the peak fluorescence signal was less
than 1 mv.

Precision for these concentrations was poor and the points

did not fall on the straight line extrapolated from the higher concen
trations.

The poor results obtained in this procedure relative to those

obtained in the experiments described above dramatically point out the
advantages of applying digital integration techniques.

Another important

point is that it was necessary to subtract the backround light, this

made the total signal much smaller and more difficult to handle precisely.
This experiment is representative of the usual procedure followed and

the usual results obtained in present day conventional fluorimetric

85

analysis.

The magnitude of the signal obtained could be improved by

increasing the gain of the amplifier, however; this would also increase
the noise level and no substantial improvement in precision would be
noticeable.

A summary of the results obtained for each method of assay

is presented in Table X.
From Table X it can be easily seen that digital integration of
native chloroquine fluorescence decay provides the most sensitive method

of assay with the instrumentation used.

The relative precision of the

integration techniques are about equal and both are an order of magnitude

better than that of single-point direct fluorimetry.
sitivity and precision are a result of two factors.

Increase in sen
The first is digital

integration and the second is the increase in the total signal by
including the blank.

In this way sensitivity was increased by four

orders of magnitude and precision was increased by an order of magnitude
over direct fluorimetric analysis.

CHAPTER V

FINAL CONCLUSIONS
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FINAL CONCLUSIONS

Significant improvement in the sensitivity and precision attainable
in fluorescence assay has been demonstrated in this investigation.

These

improvements are largely the result of employing digital data handling
The advantages gained as a result of the data handling

techniques.

techniques used fall into two classes:
out;

those related to digital read

and those related to integration of the signal.

The advantages

of digital readout are outlined below:
1)

Digital measurements are vastly superior to analog in their

ability to distinguish between small differences in large numbers.

a)

Large blank signals can be tolerated without requiring

blank subtract.

b)

2)

The concentration resolution is vastly improved.

The ability to accept a very large blank signal along with

the fluorescence signal enables use of high feedback in the amplification
which results in increased stability of amplifier output.
In addition to the advantages gained by using digital readout,

there are advantages resulting from integration of signal.

These

advantages are outlined below:
1)

The ability to handle fluorescence signals with an unfavorable

signal to noise ratio, resulting from the signal averaging capability
of integration.

2)

An increase in sensitivity over instantaneous readout, which

lowers the limit of detection providing chemical factors, such as
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adsorption of fluorophor on the sample container do not interfer with

the measurement.
3)

The ability to easily handle a time-varying signal, such as

that encountered in rapid decay of fluorescence signal due to photolysis

of the sample.

Several consequences of using unfiltered, polychromatic radiation
as an excitation source are noteworthy of mention.
1)

These are:

Increase in sensitivity over excitation with radiation rendered

monochromatic via filters or monochromators.

2)

Since both fluorescence intensity and rate of photochemical

reaction are directly proportional to incident intensity, IQ, reproduc

ibility of rate of photochemistry is accomplished when Io> is regulated

as in conventional fluorescence assay.
3)

Reduction of incident intensity by monochromation results in

a smaller fluorescence signal which must be amplified to a greater

degree.

This in turn

leads to a lesser degree of feedback in the

amplifier and a consequent decrease in stability of the output.

4)

A need for a high intensity, very stable source with a high

output in the deep ultraviolet region still exists.
Finally, the conclusions that can be drawn by comparing photo
chemistry-fluorescence assay with direct fluorescence assay employing
chemical treatment should be mentioned.

1)

These conclusions are:

The sensitivity attained for combined photochemistry-fluor

escence analysis compares with and often exceeds that obtained for
chemical treatment methods, which are much more tedious and time
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consuming.

2)
emission

If native fluorescence cannot be successfully obtained because the
of the light source and the absorption spectrum of a compound

do not overlap significantly, chemical treatment may shift the absorption
to a more favorable wavelength region.

3)

Selectivity in analysis of mixtures of components can presently

be handled more successfully by chemical treatment procedures than by

combined photochemistry-fluorescence assay.
a)

Selectivity of photochemistry-fluorescence assay could be

improved by prudent choice of the photolytically active wavelengths
incident on the sample through use of high transmission band pass

filters.
4)

Photochemistry-fluorescence assay is much faster than chemical

treatment and is also quite amenable to automation.
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