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ABSTRACT

THE METHOD OF CELL ROTATION FOR COMPUTER BASED
CORRECTION OF FLUORESCENCE MEASUREMENTS FOR
ATTENUATIONS DUE TO PRIMARY AND SECONDARY ABSORPTION
By

Karlis Adamsons

An improved computerized right-angle spectrofluorometer capable of
automatically implementing primary and secondary absorption corrections
was constructed. The instrument incorporates a unique approach utiliz-
ing off center cell rotation to allow regulation of the thickness of the
sample solutions through which the excitation and emission beams pene-
trate. Knowledge of the transmittance as a function of pathlength along
both the excitation and emission optical axes permits determination of
fluorescence signal attenuation caused by sample absorption. Equations
have been determined and programs written to allow calculation of the
correction factors to be done in real time. Once the factors are
calculated, they are automatically instituted to generate fluorescence
data corrected for these absorption effects.

Successful primary absorption corrections were obtained for qui-
nine sulfate solutions in the concentration range ‘lxw-B to 1x10_5 M
5 2

with 1° absorbances 7x10™ to 7x10”°. Successful secondary absorption

corrections were obtained for solutions containing quinine sulfate,

1:(10_5 M, and fluoroscein over the concentration range 1x10'6 to 1x10-"l

M with 2° absorbances 6x107> to 2.3x107".
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LIST OF SYMBOLS

E Herein refers to quantized energy equal to the product of
Planck's constant and the frequency of the radiation.

h is Planck's constant.

v Refers to the frequency of radiation.

$ Known as fluorescence quantum efficiency and is defined as a
ratio of the total energy emitted to the total energy absorbed
as a function of time and independent of excitation wave-

length.

Cf. is the fluorophore concentration

-7 is the fluorescence radiant flux

B0 is the incident (excitation beam) radiant flux
is the molar absorptivity.

b is the cell pathlength in centimeters.
is a product of three constants: €, Q and b.

f(e) is the geometrical factor dependent on the effective solid
angle viewed by the detector.

g(\) is the response characteristic of the detector varying with
wavelength.

K' is a product of five contants, f(e), g(\),€,®, and b, for a
particular set of experimental conditions.

Cmax is the concentration level of a fluorophore above which
nonlinearity is observed in a plot of ¢ with C_.

€ is the molar absorptivity at a specific wavelen ';:h of excita-
tion.

Ex is the excitation radiation or source of said radiation.

Em is the emission radiation, fluorescence radiation in particu-
lar.

X )EB are distances of the fluorescence detector axis from the
inner surface of the excitation cuvette face; Xe¢ is the
shorter penetration distance, X g is the longer penetration
distance.

Y‘, Y_‘ are distances of the excitation beam axis from the emission
port cuvette face; Yocis the shorter penetration distance, Yg
is the longer penetration distance.

Ad is the distance between the focal points of fields of detec-
tion along either the excitation or emission optical axes;
refers to distance between foci of positions 1 & 4, 2 & 3, or
1& 2and 3 & 4.

(0) is an ideal (non-existing) cell position which is attained by
correcting for primary and secondary absorption attenuations.
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)

(2)

(3)

)

is a position refered to in the method of cell rotation
possessing the least primary absorption and the least secon-
dary absorption with regard to other attainable cell posi-
tions.

is a position refered to in the method of cell rotation
possessing the least primary absorption and most secondary
absorption with regard to other attainable cell positions.
is a position refered to in the method of cell rotation
possessing the most primary absorption and the most secondary
absorption with regard to other attainable cell psotions.

is a position refered to in the method of cell rotation
possessing the most primary absorption and the least secon-
dary absorption with regard to other attainable cell posi-
tions.

is the wavelength of excitation radiation.

is the wavelength of emission (or fluorescence) radiation.
refers in general to the distance of the detection axis from
the inner source excitation face of the sample cell.

refers to the component of radiant flux being detected in a
slice of solution volume perpendicular to the propagation
axis of excitation.

is the number of component slices of detected radiant flux
across the emission window.

is an idealized component slice of detected radiant flux
across the emission window; here the radiant flux is assumed
identical for each slice regardless of penetration distance.
is the sample transmittance at a specified wavelength.

is equal to the ratio xy /b, a dimensionless emission window
parameter.

is equal to the ratio {s/b, a dimensionless emission window
parameter.

is equal to the ratio Y,/b, a dimensionless excitation window
parameter.

is equal to the ratio ¥A/b’ a dimensionless excitation window
parameter.

is equal to the ratio Yi/b, a nonspecific dimensionless
excitation window parameter.

is the fraction radiant flux in each slice of the detected
emission beam; it describes the ratioﬂ/ﬁo.

refers to the difference in magnitude between W o and Wg,
Wa~Hog:

refers to the difference in magnitude between &gand 8g; ey
-Ou .

is the fluorescence radiant flux detected at wre

is the fluorescence radiant flux detected at wrg

refers to the absorption of excitation radiant energy as a
function of penetration distance along the detected excita-
tion propagation axis.

is the geometric factor required to extrapolate the absorp-
tion of excitation radiation from the inner cell surface to
the focus of position one.

is the detected fluorescence radiant flux at position one.







¢cf1
¢e¢.

Pes
Ao

GF'

is the detected fluorescence radiant flux at position one
corrected for primary absorption.

is the fluorescence radiant flux detected at ©e¢.

is the fluorescence radiant flux detected at ©.a.

refers to the absorption of emission radiant energy as a
function of penetration distance along the detected emission
propagation axis.

is the geometric factor required to extrapolate the absorp-
tion of fluorescence radiation from the inner cell surface to
the focus of position one.

is the effective field generated emission beam radiant flux
prior to penetration of solution toward the emission port.
is the concentration of the secondary absorber, either the
fluorophore itself or another chromophore.

is the detected fluorescence radiant flux at position one
corrected for secondary absorption.

is the correction factor derived from primary absorption
measurements; (GF)AA.o

is the correction factor derived from secondary absorption
measurements; (GF)AA, 0

is the detected fluorescence radiant flux at position one
corrected for both primary and secondary absorption.

is the detected fluorescence radiant flux at position two.
is the detected fluorescence radiant flux at position four.
refers to quinine sulfate

is the ratio of detected fluorescence signal to the back-
ground noise.
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CHAPTER I

INTRODUCTION

When a.beam of electromagnetic radiation passes-through a material
or sequence of different materials (i.e., the sample and its containing
vessel), its energy may be channeled into a variety of processes (Figure
1). Part of the radiation will be absorbed and transduced into whatever
system dependent deactivation processes (Table 1) are in effect, part
will be reflected, part will be tr‘ansmitte/d, and a part will be
scattered in various ways (i.e., Tyndall, Rayleigﬁ and Raman scatter-
ing). Absorption takes place in discrete units of quanta, the energies
of which are equal to the product h), where V is the frequency of the
radiation and h is Planck's constant. Quanta of visible or ultraviolet
radiation are of sufficient energy to raise a molecule to an excited
electronic state, from which this energy may be converted into rotation-
al, vibrational or kinetic energy (i.e., heat) or into chemical energy
(i.e., photochemical reactions, aggregation phenomena) or part of the
energy may be re-emitted as quanta of lower energy (i.e., as fluores-
cence or phosphorescence).

For analytical applications, fluorescence has been the most uti-
lized of the molecular deactivation processes due to its facility for

characterizing excitable chemical systems and its remarkable










Figure 1.

Schematic Diagram of Activation and Deactivation Proces-

ses For Molecules

Key:

(1)

(2)
(3)
(4)

(5)
(6)
(1)

Activation step, excitation of singlet ground
state, So, to the first excited singlet
state, S¥.

Radiationless deactivation of S*

Radiational deactivation of S* (fluorescence)
Intersystem crossing S*¥ to the ground triplet
state, To

Intersystem crossing To —y S¥

Radiationless deactivation of To

Radiational deactivation of To (phosphores-
cence)



FIGURE 1{






Table 1. Activation and Deactivation Pr‘ocesses1

Rate don i Type
Reactants Boriatant Products Description (Figure 1)
S, + hVa ka S¥* Excitation Ste; 1
(o] — P
S¥ + 5, _kﬂ__. 250 Quenching due to 2
Collision with So
S*+ Y ksy So + Y Quenching due to 2
S Collision with Y
S* ksp Products Photochemical 2
S Reaction
S* + So Ksd (S0) Dimerization 2
—_— 2
S¥ + Y ks!‘ So + Y¥* Forster-type 2
R intermolecular
energy transfer
S ke So + hVf Fluorescence 3
—_—
S ksi To Intersystem 4
Er crossing (spin
forbidden)
To kti S* Intersystem 5
o crossing (spin
forbidden)
To + So ktq 250 Quenching due to 6
2 collision with S
To + Y kty So + Y Quenching due to 6
e Collision with Y
To ktp Products Photochemical reaction 6
—lp
To + So Keq (So)2 Dimerization 6
—l
To+ Y kti‘ So + Y Forster-type 6
E———. intramolecular
To kp So + h¥p Energy Transfer
—_— Phosphorescence T

Symbols defined: So = ground singlet state of molecule; S¥ = excited
singlet state of molecule; To = lowest triplet state of molecule; h =
planck's constant;Ya = frequency of absorbed radiation;Vf = frequency
of fluorescence radiation;Yp = frequency of phosphorescence radiation;
Y = solvent or impurity molecule; Y* = excited nonluminescing solvent or
impurity molecule; (So)2 = non-luminescing dimer.
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sensitivity. The initial éxcitation or absorption of radiation by a
molecule in solution is dependent on the energy difference between its
electronic states. In general, the molecules will absorb a narrow band
of radiation the wavelengths of which are equivalent to the energy level
separation between two electronic energy states and associated vibra-
tional and rotational energy levels. Since for each electronic state
there are many vibrational and rotational levels, an absorption band is
observed instead of absorption at a single wavelength.

Sciexztif‘ic literature over recent years spanning.a wide variety of
areas such as trace metal determination, analyses for traces of organic
materials, and particularly for determining trace constituents of bio-
logical systems, attests to the ever increasing interest in and impor-
tance of fluorescence.

Instrumentation for the measurement of fluorescence has evolved

over the last several decades to where it now routinely provides a means

for obtaining accurate qualitative and quantitative information about
these molecules.

In brief, fluorometry, no matter how simple or complicated the
instrumentation, consists of three basic components: a source of radi-
ant energy with which to irradiate (excite) the sample; a sample holder;
and a detector to observe the fluorescence emitted by the sample. The
complexity of the instrument depends on the degree to which the frequen-
cy and radiant flux of the exciting radiation need be controlled, the
egree to which specific frequencies of fluorescence can be selected and
he sensitivity and precision with which the selected fluorescence

adiant flux can be measured.






Table 2a. Instrumental Variables

Source Stability

Source Spectral Distribution
Excitation Monochromator

)13 Intensity Variation

2. Bandwidth Control

s Stray Excitation Radiation
Cell Geometry

Emission Monochromator

1. Intensity Variation

2.  Bandwidth Control

3 Stray Excitation Radiation
Detector

1. Sensitivity

2. Linearity

3. Stability

4,  Spectral Response
Amplifier

1. Stability

2. Linearity

Read Out

1. Stability

2. Linearity

Table 2b. Photophysical Variables

Quantum Efficiency

1.  Radiationless Collisions

2. Internal Conversion

3.  Phosphorescence

Absorption

il Primary

2. Secondary

Reflections and Refractive Index
Light Scattering

Re-Emission






In filter fluorometers, selection of the frequency is made by
inserting appropriate filters in the beams of the exciting and fluores-
cence radiation. If a monochromator is used to select the frequency of
either beam, the instrument by definition becomes a spectrofluorometer.
It can then be used to measure the spectral distribution of the
fluorescence radiation (i.e., "fluorescence emission spectrum"), or the
variation of fluorescence radiant flux with frequency of the exciting
radiation (i.e., "Fluorescence excitation spectrum").

Spectrofluorometry has the advantages over speetrophotometry of
being potentially far more analytically sensitive and providing two
spectra as criteria for identification and characterization instead of

one. It has the obvious limitation that not every absorbing substance

fluoresces.
Molecules that fluoresce do so with a characteristic quantum
ef’ficiency,@, defined as a ratio of the total quanta emitted to the

total quanta absorbed per unit time and is independent of the excitation

wavelength.

§ _ Number of quanta fluoresced

~ Number of quanta absorbed
Where both the quantity in the numerator and denominator are measured in
a given time frame for a specific emission and excitation transition,

respectively. The relationship between fluorescence measured and the

luorophore concentration, CI" is given as:

B.-8.8, (- m

nd expanded,






2 3
& .4 (1-1+ eve, LE2)", [Ebe sg‘;r) Frd @

Where :ﬂf = fluorescence radiant flux; ¢0 = incident radiant flux; € =
molar absorptivity; b = pathlength of cell; Cf = molar concentration of
fluorophore.

For dilute solutions in which only a small fraction of the exciting
radiation is absorbed (Ebcf is small and only the first term in Equation

2 is significant):

Bo=x. A .o 3

Where k represents the product of the constants é, € and b. A plot of
¢f vs Cf. should yield a straight line. The linearity, however, breaks
down at higher concentrations when €bcf> 0.01 and higher order terms in
Equation 2 become significant. Table 2 provides a listing of instrumen-
tal and photophysical factors which can account for observed deviations

from linearity.

| The above equation demonstrates ¢f’ is directly related to ¢°. To
\

obtain higher analytical sensitivity, ¢o can be increased. With modern
:photomultiplier-s and amplifiers the detection of very low concentra-
| tions of fluorescent substances is feasible. A fundamental distinction
’\‘of‘ spectrofluorometry from spectrophotometry becomes apparent in that

| for the latter the detection limit is set by the minimum detectable

| difference in radiant flux between the incident and transmitted radia-

|
tion and extremely precise measurements of radiant flux are required to

|attain as high a sensitivity. Furthermore, in spectrophotometry, a
{ratio ¢/¢o is evaluated. Increasing ¢o will increase ¢ in a proportion-

|ate amount so that the ratio is constant for a particular concentration.
|







Outside of instrumental factors quenching and inner filter effects
(i.e., primary and secondary absorptions) are the major influences on
the accuracy of quantitative fluorometric measurements. Lack of appre-
ciation of the elementary principles governing these two effects, or
confusion between the two, has in the past led to the use of unsatisfac-
tory equipment or procedures and to the incorrect interpretation of
fluorescence measurements. Quenching includes all those processes that
result in lowering the quantum efficiency from that of the isolated
ideal state by diverting radiant energy absorbed by the molecule into
channels other than the fluorescence emission process. Primary absorp-
tion involves absorption of the exciting radiation by the fluorophore or
other chromophores in the background matrix. Secondary absorption
involves absorption of the fluoresced radiation either by self-absorp-
tion due to partial overlap of the absorption and emission bands or by
absorption by other chromophores. The combined effects of the absorp-
tion processes have been called the innter filter effects in the period
prior to clear definition of causation. This term is still used by some
authors.

Over recent years, investigators have evaluated these inner filter
effects and have, to varying degrees, succeeded in compensating for the
associated attenuations. Historical aspects leading up to the current
state-of-the-art instrumentation, optical geometries and data correc-
tion procedures follow.

The goal of this present work was to design an improved computer-
ized instrument to make accurate and correct corrections in fluores-

cence measurements for primary and secondary absorption effects and to






evaluate its performance. To this end, a novel method employing cell
rotation was developed which allows regulation of the thickness of

sample through which the excitation and emission beams pass.






CHAPTER II

HISTORICAL

A. Problems

A lucid and exhaustively detailed account of the problems caused by
excessive sample absorption, the conventional methods applied in deal-
ing with excessive sample absorption, and the mathematical expressions
used to correct spectra attenuated by primary and secondary absorptions
is compiled in Christmann's Ph.D. dissertationz.

Inner filter effects diminish the quality, and therefore, the
usefulness of the fluorescence data obtained from a particular chemical
system. Both quantitative fluorescence measurements and qualitative
spectral determinations are adversely affected. The discussion will

focus individually on these aspects of spectrofluorometry.

1. Quantitative Fluorescence Measurements.

The analytical versatility of fluorescence spectroscopy is due not
nly to its inherently high sensitivity, but also to the relationship
etween observed fluorescence and fluorophore concentration in ideal
ituations. This point is made in many current analytical textbooks
hat include even rudimentary descriptions of the processes of photo-

uminescence. This relationship can be represented as follows:
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Where f(e) is the geometry depending on the effective solid angle viewed
by the detector, g(A) is the response characteristic of the detector
varying with wavelength, and € , b and ¢ have their usual Beer's law
connotations.

When the fluorophore is very dilute (i.e., when the primary
absorbance of the solution is less than 0.011, only the first term of
the power series is significant. The expression reduces to the linear

form:

Z. - £(e).gN B .H.€ b.c. (5)
= K'. ¢o.c. (6)

luorescence radiant flux is a linear function of concentration and of
ncident radiant flux. The term K' for a particular set of experimental
onditions is equal to a collection of constants, f(e).g(?s).&.e.b.
At higher fluorophore concentrations it becomes necessary to in-
lude additional terms from the power series. Examination of the
xpanded equation shows that the terms alternate in sign. As more terms
re evaluated (for higher concentrations), those which are negative

egin to influence the overall value significantly.
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The concentration level above which non-linearity becomes apparent

an be determined by:

& _ 0.0
maximum ~ €D

(7)
Where €+ is the molar absorptivity at the wavelength of excitation and
b is the sample pathlength along the axis of excitation. For establish-
ing a standard curve it is important to determine the fluorophore
concentration at which the ¢f vs. Cf, plot becomes significantly non-
linear for the accuracy desired.

At sufficiently high concentrations the fluorescence radiant flux
reaches a peak and then decreases rapidly. This obser‘vation1 demon-
strates that fluorescence radiant flux is a function of the penetration
distance of the exciting radiation and increasing fluorophore concen-
tration (Figure 2). Recently investigators have described this pheno-
menon as an apparent shifting of the most intensely fluorescing region
of the sample solution toward the excitation face of the cell as the
penetration depth of the exciting radiation is reduced by increased
absorption (Figure 3). It has been shown that the position of the
geometrical detection window is directly related to the curvature of the
fluorescence responsew. Departure from linearity is mainly due to
primary absorption (Figure 4). Other key processes involved are self-
quenching and secondary absorptions (Figure 5).

The primary absorption process is responsible for supplying energy
that is subsequently reemitted as fluorescence radiation (Table 1). Its
olecular basis had been first identified in the early thirties. Later

s?;uclies”'13 further described these forms of energy transition, both
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Figure 3. Apparent Fluorescence Emitting Region As a Function of
Fluorophore Concentration

Key: EX = Excitation Radiation
EM = Detected Fluorescence Radiation
CONC = Fluorophore Concentration

Emission Port Detector
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Figure 4.

Effect of Primary Absorption Along Excitation Axis With
Respect to Apparent Luminosity

Top = Reference medium (negligible primary absorption)
Bottom = Sample medium (detectable primary absorption)
Key: X1,X2 = distances of fluorescence detector axis from

the excitation cuvette face
Excitation Source Radiation
Emission Radiation

EX
EM
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FIGURE 4
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Figure 5. Effect of Secondary Absorption Along Emission Axis With Res-
pect to Agparent Luminosity

Top = Reference medium (negligible secondary absorption)

Sample medium (detectable secondary absorption)

Bottom =
Key: Y,I,Yz = distances of excitation beam axis from the
emission port cuvette face
EX Excitation Source Radiation

EM = Emission Radiation
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FIGURE 5
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theoretically and experimentally. It was not until the sevent:‘tesg"|1

that an instrument was developed to correct fluorescence measurements
conveniently for this attenuation. Prior to the advent of correction
procedures, accurate analysis could only be attained by working with
dilute solutions where the attenuation caused by primary absorption was
negligible. However, the limitation of measuring only dilute solutions
is not a universal remedy. This point will be further discussed in the
section under conventional methods.

The secondary absorption processes include self-absorption and
absorption of fluorescence by other chromophores in the matrix. Both

processes will cause attenuation of the ¢f vs. C_. analytical curve.

f
Self-absorption is a result of overlap between a molecule's absorption
and emission bands. The effect is noticeable when the fluorescence is
measured on the short wavelength side of an emission band so that the
fluorophore itself may absorb its own fluorescence radiation. This
attenuation is observed as an exponential decrease of the relative
portion of radiation transmitted by the solution at the emission
wavelength with increasing concentration of the fluorophorew. Usually
fluorescence is measured outside of this region of the spectrum unless
it is necessary to use this region to avoid more severe interferences
from other absorbing species. Fluorescence absorption by other solu-
tion components depends on their respective concentrations and overall
characteristics of the absorption spectra. When possible the back-
ground matrix should be prepared without inclusion of such component
species. If they cannot be eliminated and these effects are signifi-

cant, then a correction for the attenuation must be applied.
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Performance of routine fluorescence analyses requires that the
calibration (standard) curve is prepared with a set of standards
possessing an identical background matrix. If this practice is not
observed, there is no compensation made for the different degrees of

primary and secondary absorption encounteredﬁ’w.

2. Qualitative Fluorescence Measurements

Fluorescence and ultraviolet-visible spectrometry provide similar
information regarding qualitative analyses. The excitation spectrum of
a fluorescent molecule theoretically is similar to ‘its uv-vis absorp-

17,18

tion spectrum This signifies that fluorophores may be character-

ized by direct comparison to universally available uv-vis standard

spectra reference files such as those published by Sadtler Resear‘ch19

and APIZO.

In theory, the emission spectrum should be a mirror image of the
excitation spectrum. However, since an excitation spectrum is normal-
ized with respect to energy along the wavelength or wavenumber axis and
that the emission spectrum is not, severe distortions from the expected

may r'esult”"lg.

Also when complex transitions are involved, as in the
case of quinine sulfate, emission spectra will not be a mirror image of
excitation spectra.

Instrumental factors such as the variation of the source energy
with wavelength and variations in the spectral sensitivity of the
detection system distort the fluorescence excitation and emission spec-

tra12’13’21'26. Several commercially available spectrofluorometers

correct for these effects.
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Photophysical factors such as primary and secondary absorption can

result in severe spectral distortions12

In dilute solutions of primary
absorbance of less than 0.01 these factors are usually negligible. An
exception would be a system containing a strong secondary radiation
absorbing species which is transparent to the excitation radiation. As
primary absorption begins to exceed 0.01 a decrease in the fluorescence
excitation spectrum relative to the uv-vis absorption spectrum is
obser‘ved27. As was noted in making quantitative measurements, even
higher increases in absorption will reduce the effective penetration
distance of uv-vis radiation through the media (Figure 2). This will
cause the ¢f vs. Cf plot to pass through a maximum and proceed to bow
down toward the concentration axis. This may grossly distort the
excitation spectrum further departing from it's expected "true" charac-
teristics.

Attenuations caused by the absorption of emission radiant energy
will incorporate a negative error in relative quantum yield determina-
tions employing area integration techniqueszs.

Self-absorption can be differentiated from other chromophores
since the loss of radiant flux will be greater on the short wavelength
side of the fluorescence emission spectrum.

Cecondary absorption by the background matrix will reduce the
observed fluorescence emission. The matrix components will affect the

emission spectrum only in the spectral regions where they themselves

absorb. In this case quantum yields will also be low.
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3. The Effects of Primary and Secondary Absorption on Other Forms

of Information Derived From Fluorescence Measurements

Thermodynamic quantities and associated chemical equilibrium con-
stants have been extracted from fluorescence dataze. Unfortunately,
these data, unless corrected for both instrumental and photophysical
errors, will give erroneous values for such quantities. Calculations of

this nature assume linearity in the ¢f vs. C, interrelationship through-

f
out the concentration range under study. The most highly regarded
determinations of these cuxam:ities2 involved preparation of calibration
curves to encompass the concentration range. In all cases, background
matrices were matched to that of the sample.

If there are absorption changes, the fluorescence data collected
over time as a reaction proceeds must be continually corrected. In a
monitored reaction one must be aware of the potential for a changing

background matrix. These changes must be accounted for prior to

‘evaluation of rate constants and activation parameters used in estab-

lishing system specific rate laws. In recent years correction factors
for primary and secondary absorption have been applied to static

system52’9'29’30.

An automatic and rapid absorption correcting instru-
ment adaptable to repetitive scanning of dynamic chemical systems has
not yet been reported. Until the advent of such instrumentation, the

meaningfulness of these quantities should be viewed with suspicion.
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B. Conventional Methods

Various approaches, both in experimental procedure and in instru-
mentation, have been devised in overcoming or correcting for primary and
secondary absorption. The following methods will be discussed: sample
dilution; optimum choice of excitation and emission wavelengths; detec-
tion geometries (i.e., transmission, front-surface, right-angle (Figure
6); non-typical designs of sample cells; and two-photon excitation.

Limitations encountered in each method will be emphasized.

1. Sample Dilution

A common "textbook" approach for minimizing excessive sample ab-

sorption was to dilute the sample until the linear portion of the ¢f

with Cf curve was attained17’31.

the easiest method for reducing the attenuations due to these absorban-

For many chemical systems, this was

ces. This remedy was not found universally applicable. Chemical
systems containing a fluorophore at very low concentrations and a highly
absorbing background matrix are an example. Further dilution of such a
system must encounter the trade-off of decreasing Cf below detection
sensitivity of the instrument and never attaining the linear region of
the calibration curve. Also, since a wide variety of chemical species
are concentration dependent (i.e., possible conformational changes,
alterations in intermolecular or intramolecular bonding, formation of
different solvent structures) unidentified chemical events can reduce
the concentration of the fluorescing species or may cause other signifi-
cant changes in fluorescence. As a result, errors of unknown magnitude

are introduced into the measurements.
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As simple as dilution appears, extreme care must be exercized to
avoid contamination of the sample by the dilution procedure. Purity of
all media used in dilution must be ascertained and an identical back-
ground matrix should be included. These precautions will give more

confidence to the resulting measurements.

2. Optimum Choice of Excitation and Emission Wavelengths

The use of filters and monochromators has made possible the
selection of narrow bandwidths of either the excitation or emission
radiation. The chosen excitation or emission wavelengths are those at
which primary and secondary absorption interferences are minimal. This
approach is convenient with commerically available spectrofluorometers
since they have both an excitation and an emission monochromator.

Problems with this approach arise when the sample complexity
precludes the existence of such wavelengths where it may be impossible
to find wavelengths where primary and secondary absorption effects are
negligible. Where one chromophore does not absorb, another may. The
absorption and emission characteristics of other fluorophores may cause
spectral interferences.

A fundamental limitation is in the reduction of sensitivity by
selection of wavelengths shorter or longer than the excitation or
emission maxima.

Wavelengths should be chosen to minimize Rayleigh scattering. The
magnitude of the scatter peak depends upon the absorption characteris-
tics of the solvent and sample, the size and number of particles

suspended, and the wavelength of the exciting radiation.
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Also wavelengths that encompass intense Raman scattering should be
avoided. Raman scatter is the result of interaction of photons with the
vibrational energy levels of solvent or solute molecules which results
in inelastic scattering of photons of lower or higher energy. A blank
is used to determine the radiant flux of the Raman bands which can be
subtracted from the sample fluorescence radiant flux. Often it is
possible to minimize Raman interferences by exciting the sample not at
the peak of the excitation band, but at a shorter wavelength on the
shoulder of the excitation band. This reduces sensitivity to some
extent, but in the process moves the Raman band toward shorter wave-
lengths, thus reducing its interference with the emission band of
interest.

Many commercial double beam spectrofluorometers subtract fluores-
cence radiation from a reference solution containing only the back-
ground matrix from the sample solution. This will eliminate the scatter
bands and the effect of matrix chromophores and fluorophores which do

not interact significantly with the fluorophore of interest.

3. Detection Geometries
Cell geometry describes the cell orientation as it relates to the
excitation beam and emission opties. The evolution of geometries
applied to account for the absorption artifacts will be briefly presen-
ted here and with regard to applied correction factors in the following

section.










Figure 6. Detection Geometries

A. Transmission
B. Front Surface
C. Right Angle

29
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a. Transmission Geometry

The arr 1t in transmission geometry is shown in Figure 6a.
Fluorescence is viewed along the same axis that the excitation radiation
propagates. Generally an emission monochromator is required to isolate
only fluorescence wavelengths.

The advantage, aside from the simplified instrumental set-up, is
that attenuation of of measured fluorescence due to primary absorption
is much less pronounced than in instruments using a right-angle geome-
try32. The actual primary absorption over a constant.distance, Ad, is
unchanged between geometries, but as this attenuation increases and,
subsequently, the maximal (apparent) fluorescing region compresses
toward the source of exciting radiation a dramatic difference between
the two geometries becomes apparent. In the right-angle mode of

detection the region of maximal fluorescence on increasing primary

absorption will be at the entrance cell wall for the excitation beam

from where it is virtually impossible to isolate emission radiation.
With the transmission arrangement all emitted radiation within the
detection window is monitored. Negative deviations from the ideal
linear ﬁf‘ and Cr plot are thus reduced in the ideal case, dependent only
on the inverse square loss of the emitted radiation as its origins

become more remote from the viewing detector.

The major drawback to transmission geometry remains, however, the
quality of the emission optical systems needed for viable separation of
stray light from the desired fluoresced radiation.

A disadvantage relative to right angle detection is the apparent

increase in the effect of secondary absorption32. This is caused by an






32
increase in the average pathlength traversed by the fluorescence radia-
tion in the transmission geometry. This average is further increased if
33

the primary absorption is high The reason, discussed in the problems

section, for this observation is depicted in Figures 2 and 3.

b. Front Surface Geometry

The arrangement in front-surface geometry is shown in Figure 6c.
Fluorescence is viewed at a 45° (or smaller) angle of reflection from
the axis of propagation for the excitation radiation.

Frontal illumination has the advantage of permit‘ting the measure-
ment of the emission spectrum of a solution containing a high concentra-
tion of a fluorescent substance. Obtaining such a spectrum with right-
angle or transmission geometries may be impossible since in very
concentrated solutions a large portion of the exciting light is absorbed

close to the region of entry into the cell. For concentrated systems,

this geometry is the only feasible way of keeping the fluorescing region
in the detection window. This greatly reduces the primary and secondary
absorptions that are encountered by further penetration of the solu-
tion. However, this approach only reduces the magnitude of these
absorptions, they are not eliminated. Various investigators have
demonstrated that, indeed, secondary absorption can be quite high with

33,35,

some systems Later, suggestions were made for exciting only at

absorption maxima and thereby reducing the high concentration of fluor-
ophore requir‘ed”’Bs.

When dilute solutions of a fluorophore are measured, the observed
fluorescence is proportional to concentration and an excitation spec-

rum unattenuated by primary absorption is recorded. At higher concen-

rations where primary absorption begins to attenuate the ¢fwith Cf
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lot, distortions appear in the excitation spectrum.
The major disadvantages inherent in this mode of detection are high
econdary absorption effects, an increase in the probability of quench-
ng because of the high concentrations, significant distortions of the

32,34 -
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