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4.1 INTRODUCTION

The mechanisms by which molecules absorb electromagnetic radiation in
the visible and ultraviolet regions of the spectrum and are, as a result, raised

167
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to excited clectronic states were discussed in Chapter 1. The reverse process,
loss of encrgy and concomitant transition ol molecules from excited states
to ground states ol energy, can occur with reemission of radiatidn. Such
emission is known as !umim-scrm'f)fThc intensity and composition of the
_ emitted radiation can be megsured andSuch measurements form the basis of a
sensitive methad of analysis called _ﬂuurrmu-rr_d! Fluorometric methods of
analysis have found application in many situations of pharmaceutical interest
such as in the analvsis of riboflavin. thiamine, and reserpine in drug dosage
forms. More significant and widespread. however, has been the application
of fluorometric techniques in the analysis of trace amounts of drugs and meta-
bolites in biological tissues and fluids.

41 THEORY

“Absorption of ultraviolet and visible light by molecules of an irradiated
sample generates a population of molecules in excited electronic states. Each
excited electronic state has many different vibrational energy levels, and
excited molecules will be distributed in the various vibrational energy levels
of an excited state. Most usually this state is a singles siate, i.e., one in which
all of the electrons are paired and in cach pair the two electrons spin about
their own axes in opposite directions. It is intuitively apparent that since the
amount of radiation absorbed by a sample does not decrease if vadiation is
continucd, cfficient rapid processes must be operant which result in the loss of
encrgy by cxcited molecules and their return to the ground state. It has been
calculated, in fact, that the average lifetime of a molecule in the singlet excited
state is of the order of 10-® sec. Molecules at each vibrational level of the
excited state could, for example, lose encrgy by emitting photons ‘and as a
result fall to the original condition of the ground state. The energy and, there-
fore, the wavelength of emitted light would then be exactly the same as that
" absorbed. Such a process is termed re:anarzceﬂuor'esccnce.) It is an improb-
able process and is rarely encountered in solution chemistty. Rather, mole-
cules initially undergo a more rapid process, a radiationless loss of vibrational _
encrgy. and so quickly fall to the lowest vibrational encrgy level of the excited
slalc.)k'_l'hr: vibrational energy is thought to be lost to solvent molecules. The
process is known as vibrational relaxation. From the lowest vibrational level
ol the excited state..a molecule can cither return ta the ground state by photo-
emission or by radiationless processes. If indeed the former occurs, the emis-
sion is a type of luminescence referred to as fluorescence. FMcsc:ncc is_
defined us the radiation emitted in the transition of a molecule from asinglet
excited slate fo a singlet ground state. Because of vibratignal relaxation in the
excited state and because a malecule may return to a vibrational level in the
ground state which is higher than that initially occupicdlprior to excitation,
the radiation emitted as fluorescence is of lower energy and. therefore, of
longer wavelength than that origmally absorbed. ~- ...
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Other processes involving the excited state can occur to compete with
fluorescence emission, and not all of the absorbed energy will be emitted as
fluorescence. The extent to which such other processes occur is characterized
by a paramecter known as the quantum efficiency of fluorescence which is
symbolized by ¢ and defined as the ratio of the number of light quanta emitted
to the number absorbed. Quantum efficiency approaches 1 for highly fluor-
escent compounds and 0 for those which fluoresce weakly. It is interesting and
pertinent to consider the processes which occur to decrease the efficiency
of fluorescence('An excited molecule could, for example, undergo a radiation-
less loss of energy sufficient to drop to the ground state. This process is termed
internal corrersion. With some compounds a process known as intersystem
crossing ¢an also occur. Here a molecule in the lowest vibrational level of the
excited state converts to a-4Mp/eFFaTr; a state lying at an energy level inter-
mediate between ground and excited states and characterized by an unpaifing
of two electrons. Thus, in contrast to the singlet state, there is a spin reversal
involving one electron of a pair and the two electrons spin about their axes in,
the same direction. Once intersystem crossing has occurred, a molecule
" quickly drops to the lowest vibrational level of the triplet state by vibratiqnal
relaxation. The triplet state is much longer lived than the corresponding
singlet state with lifetimes of 10~* to 10 sec. From the triplet state a molecule
can drop to the ground state by emission of radiation. This type of lumines- .
cence is termed phasphorescence and is formally defined as emission of radia-
tion resulting from the transition of a molecule from a triplet excited state o a
singlet ground state) Phosphorescence is often characterized by an afterglow,
i.e., because of the long life of the triplet state, luminescence can be observed
after the source of exciting radiation has been removed. In contrast, no
afterglow is observed in fluorescing systems because of the short life of the
singlet excited state. A molecule in the triplet state can also undergo radia-
Lionless conversion to the ground state. Such a conversion is enhanced by the
relatively long life of the triplet state so that collisions fruitful in dissipating
cnergy can occur and by the fact that the energy difference between triplet
state and ground state is not inordinately large. These processes are dia-
grammatically illustratcd by Fig. 4.1. ;

\/4; FLUORESCENCE AND CHEMICAL STRUCTURE

Quantitative aspects of the processes which can involve the excited “elec-
tronic state are not sufficiently well understood to permit predictions as to
whether ornot a particular compound will fluoresce to a degree necessary for
analytical purposes.( Fluorometric methods are, of course, limited to those
compounds which possess a system of conjugated double bonds. A com-
pound must absorbradiation in orderto fluoresce, and it is the presence within
a molecule of the mobile = electrons which s responsible for absorption
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charactenstics i the visible and ultraviolet regrons of the spectrum. The
presence of a “chromophore™ does not necessanly endow a compound with
the ability to fluoresce since radiationless processes and intersystem c1i|ossin_g
can oceur to decrease the quantum etficiency of fluorescence to zero or to a -
degree that makes practical measurement impossible. It would be expgcted,
hawever, that structural features which influence the degree ol conjugation of
a molecule and the delocalization of  electrons mignt influence the likeithood

=N
\<
£

Excilad. S "
singlat state S @

\@‘E Excited
OO _

tripiet state

®)

Y s o
< 1

Ground state _ﬂ

FIGURE 4.1: A diagrammatic representation of the changes in encrgy levels of a molecule
that can occur as a result of the absorption of dectromagnetic radiation: (1) absorption of
radiant energy boosting molecules to various vibrational energy levels of the excited singlet
state; (2) radiationless vibrational relaxation 1o the lowest vibrational level of the excited
singlct state: (3) radiationless internal conversion from cxcited singlet state to ground state
followed by vibrational relaxation; (4) fluorescence followed by vibrational relaxation;
(5) intersystem crossing from excited singlet state to cxcited triplet state; (6) vibrational
rclaxation 1o the lowest vibrational level of the excited triplet state; (7) radiationless inter-
nal conversion from excited triplet state to ground state followed by vibrational relaxation;
(8) phosphorescence followed by vibrational relaxation.

of measurable fluorescence. Thus, for example, saturated compounds such as
cyclohexane are nonfluorescent, while benzene is weakly fluorescent, and
highly unsaturated polycyclic aromatic compounds such as anthracene are
strongly fluorescent. Similarly, the reduced form of riboflavin (I) does not
have the degree of conjugation of the parent compound (II) and does not
possess the fluorescence characteristics of riboflavin.

(I'H,—(CHOI{],——CH,O}{ CIH,—{CHOH),—CH,OH
H CH,
CH, N N0 \[;N\rso
O J ‘l;n H
CH B CH;
' i O ‘.

t ’ «an

Definite correlations between chemical structure and fluorescence cannot be

. . - ™ = -
made. However, the work and review of Williams and Bridges' does provide
some sight to the mfluence of structural features vn the fluorescence of
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organic compounds. Monosubstitution of benzene with alkyl groupings, for
example, was found to have little influence on the intensity of fluorescence of
the substituted benzene relative to that of benzene. However, monosubstitu-
tion with groups known to increase electron delocalization (ortho-para-
directing groups), such as fluoro, amino, alkylaminodialkylamino, hydroxy,
and methoxy, yielded compounds that fluoresced more intensely than did the
parent compound. Substitution with iodine, chlorine, and bromine resulted
in benzene derivatives which either did not fluoresce or fluoresced to a lesser
degree than benzene in spite of the fact that these substituents are also ortho-
para directing. This influence of halogen substitution was also reported by '
McClure® and is apparently due to an enhanced intersystem crossing process
since bromine- and iodine-substituted aromatic compounds exhibit intense
phosphorescence but only weak fluorescence. Most meta-directing substitu-
ents (which tend to localize = electrons) were found to markedly decrease
fluorescent intensity. Thus, benzoic acid, nitrobenzene, benzenesulfonic acid,
benzenesulfonamide, and benzaldehyde were found to be nonfluorescent:
Benzonitrile, in contrast, fluoresced more intensely than benzene, even though
the C=N group is meta-directing. It was postulated that electrons of
the C=N group interacted with the = electrons of the benzene ring to result
in a distribution that favored fluorescence.

The fluorescence characteristics of disubstituted benzenes were also studied,
but few generalities could be generated from the results. Observed effects
were not predictable and apparently were the result of a combined influence
on the mobility of = electrons. For example, it might be expected that sub-
stitution of the fluorescent compound, aniline, with a meta-directing group
such as —SO,NH, would result in a compound which would fluoresce to a
lesser degree than aniline. Sulfanilamide, however, was found to be five times
as fluorescent as aniline. =Similarly, guides to predicting the behavior of
heterocyclic compounds could not be made because of the uncertainty of the
substituent effect. In general, it was found that a doubly bonded nitrogen
(=N—) in a ring tended to decrease the likelihood of fluorescence, while the
presence of —NH—, —O—, and —S— appeared to contribute to the likeli-
hood of fluorescence.

Molecular geometry must also be considered in attempting to relate chemi-
cal structure and fluorescence. That geometric considerations are important
is well illustrated by examples cited by Wehryand Rogers.” Fluorescein (LII),
for example, is highly fluorescent, while plicnolphthalein (IV) is nonfluores-
cent. The oxygen bridge in fluorescein imparts in the molecule a rigidity and
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planarity that s cot present i phenolpithalein, 1T he absence ol a planas,
rigid structure persits vibrations and rotations of the aromatic rings to occur
which result mn radiationicss dissipation ol excitation eneryy. Snmi.‘;rl:-', with
LA numrer 0] uw‘np-lurld; thdl f‘h!i‘ll CIN-rQHS ISONIErism, ‘HC ('fﬂl‘ 1somer
fluoresces much lessintensely than thetrans. Stilbene (V) iy sun.h 4 compound.
This can also be ascribed to a planarnty cflectavith the crs 1somer being nan-
planar due to the bulkiness of the aromatie rnings
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That a compound does not fluoresce or has a fow intensity of fluorescence
docs not necessanly dismiss uorometry as a potential tool for the analytical
determination of that compound. Many weil-accepted and widely used
fluorometric procedures are based on chemical conversions of weakly fluores-
cing compounds to dervatives which fluoresce intensely. For example,
tetracycline (V1) has a weak native fluorescence. but complexes of the anti-
biotic with Ca*" and a barbiturate fluoresce quite intensely.* Corticosteroids

such as hydrocortisone (V1) do not fluoresce. However, they form, in
concentrated sulfuric acid and in the presence of ethanol, strongly fluorescing
compounds.® N-Methylnicotinamide (VIII) is determined in biological fluids

(r:}{,on

(Vi

by a fluorometric method even thoush it has httle native fluorescence. Here

the amide is condensed with acetone and treated with buse to vield fluorescent
!

NVin
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products.® Similarly, epincphrine (IX) is assayed fluorometrically by measur-
ing the fluorescence of products resulting from oxidation and hydroxylation.”

uo-@—iﬂ—cm—rxu—cm W
H .

HO
(G

44 INSTRUMENTATION FOR FLUOROMETRY

In contrast to spectrophotometry, the intensity of light transmitted by a
sample is not of direct concern in fluorometry. Rather, it is the intensity of
radiation that is emitted as fluorescence that is measured and related to the-

Excitalion Monothrometer
or Filter Sample Holder

Emission Monochromeler

@)
I}

| LS
Il

/ or Filter
Light Source
Detector

/ Meter or Recorder

Amplifier i
FIGURE 4.2: A diagrammatic represcntation ol an instrument used to measure intensity
of fluorescence.

concentration of fluorescing species. The components of instruments which
are used in fluorometry arc, however, quite similar in design and function to
those employed in spectrophotometers.and colorimeters. A diagrammatic
representation of such a device is shown in Fig. 4.2.

The chief components are: a source of exciting radiation, an excitation
filter or monochromator by which a band of exciting light can be isolated to
be passed on to the sample, a sample holder, an emission filter or mono-
chromator by which a band of fluorescence can be selected for detection, a
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detector, and sume means for amplhilying and indicating the detector response.
In most commercially available instruments, the detector is placed at a right
angle to the direcuon of travel of the beam of exciting light. This arraﬁgcmcm
has*been found to be the most-advantageous for mcasuriné.&hc fluorescence
of dilute solutions. Other arrangements arc possible. however, since fluores-
cence is emitted in all directions. The'light source is usually a mercury or
venon arc. Those instruments which usc filters as coarsc monochrometers
are referred to as fluorometers. Those employing more sophisticated and cxact
graung or prism monochromators arc termed specrraﬁuaramcrer:.ﬂuaresccncc
spectrometers. or spectrophotofluvrometers. The first term appcars to be
the one most commonly used to designate this type of instrument. The other
components of an instrument such as sample holders. detectors., amplifying
and indicating devices arc much the same as those discussed under spectro-
photometry.

Spectrofluorometers arc used in fluorometric work
to the use of spectrophotometers in absorption spectrophotometry. They
cnable an investigator to generate two types of spectra which are pertinent to
fluorometry. The excitation spectrum is obtained by setting the emission
monochromator at a suitable wavclength and measuring the intensity of
fluorescence as a function of the wavelength of the exciting radiation. In
theorr, the maxima and minima cxhibited by the excitation spectrum should
be at wavelengths which arc identical to those found in the absorption spec-
trum of the compound. In practice, exact coincidence may not be found duc
to instrumental artifacts. The emission spectrum of a compound is obtained
by sctting the excitation monochrometer at an appropriate wavelength corre-
sponding to strong excitation and measuring the intensity of fluorescence as a
function of the wavelength of emitted light. An example of excitation and
emission spectra is shown in Fig. 4.3 for grisocfulvin in 1% ethanol. As
would be expected from the considerations discussed in the theory section,
the emission spectrum is found at longer wavelengths than the excitation
spectrum. Some overlap of the two spectra is frequently observed.

Fluorometers arc used in a manner somewhat analogous to colorimeters in
absorption work. The excitation and emission spectra of a compound dictate
the transmittance characteristics of filters that should be employed for a
particular analytical determination with a fluorometer. The filters should be
as much as possible mutually exclusive. That is, the emission filter should not
pass wavelengths which are transmitted by the excitation filter. This pretau-
tion is necessary to preclude interferences from light whichymay be reflected
by the sample holder and other parts of the instrumentand from lightscattered
by the solvent used. Fluorometers are somewhat more sensitive than spectro-
fluorometers since filters pass a more intense radiation than prism or grating
monochromators. Fluorometers are recommended for routine quantitative
work, while spectrofluorometers arc necessary research tools in the develop-
ment ol fluorometric assay methods.

in a manner analogous
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A varieiy of fluorometers and spectrofluorometers arc available from manu-
facturers of scientific equipment. Figure 4.4 is & schematic diagram of the
optical system of a widely used filter fluorometer (model 110, G. K. Turner
Associates). Figures 4.5 and 4.6 illustrate the appearance and optical charac-
terisgics of a spectrofluorometer (Aminco-Bowman spectrophotofluorometer,

100 p—
Excitahon Spectrum Emission Spectrum
b {emission monochromeler) {excitalion monochromeler]
L sel o 450 mu 0l ol 295 mu
80 \'\ l,-‘.j
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Wavelength, mu .

FIGURE 4.3: Excitation and emission spectra of griscofulvin in water containing 1%
ethanol. Reprinted from Rel. 41, p. 365, by courtesy of Nature.

American Instruments Company, Inc.). The characteristics and features of
manyavailable instruments have been the subject of recentexcellent reviews.®?
It is recommended that the reader consult such reviews and the literature
available from manufacturers for specific information on commercially

availab!e instruments.

\%.s' FACTORS INFLUENCING IN'I';ENSITY_OF

“"" FLUORESCENCE o

* A. CONCENTRATION OF FLUORESCING SPECIES

(The relationship between observed intensity of fluorescence and the con-
centration of fluorescing species is considerably more complex than that
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FIGURE 4.4: A schematic diagram of the optics of the Turner, model 110 fluorometer,
Courtesy of G. K. Turner Associates,

between absorbance and the concentration of absorbing species which is
dictated by Beer's law J Complexities arise from both theoretical considera-
tions and from practical aspects of the instrumentation used to measure
fluorescence. It might be intuitively anticipated that{a lin clationship-
might not exist since fluorescence intensity would be expected to be propor-
tianal to the concentration of molecules in the excited state and, therefore,
proportional to the intensity of radiation responsible for excitation) However,

FIGURE 4.5: The Aminco-Dowman spectrophotofluorometer. Courtesy of the American
Instrument Company, Inc.
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FIGURE 4.6: A schematic diagram of the optics of the Aminco-Bowman spectrophoto-
fluorometer. Courtesy of the American Instrument Company, Inc.

light is absorbed by the sample and the intensity of exciting light does not
remain constant, but diminishes as the light beam traverses a sample. If
the solution is dilute, significant absorption will not occur and the decrease in
intcnsity of exciting light will not be significant. In a more concentrated
solution, the intensity of exciting light might well be different in different
regions of the sample being irradiated. This consideration was formalized by
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Kavanagh'® and in more detail by Braunsberg and Osborn,*! who reasoned
that fluorescence rmcnsuty should be proportional to the amount of light
absorbed by the sample, i.c.,

F=k¢(ly—1T) (4.1)

where F is the intensity of fluorescence, k is the proportionality constant,
¢ is the quantum efficiency of fluorescence, I, is the intensity of light incident
. on a sample, and [ is the intensity of light transmitted by a sample. Since, by

Beer's law,
I = e~ (4.2)

where ¢ is the molar absorptivity of the compound at the wavelength of*the
exciting light, & is the path length along the axis of irradiation, and c is the
concentration in moles per liter, Eq. (4.1) can be rewritten:

F =kl (1 — ™) (4.3)
The term in parentheses can be represented by a series expansion
. 58
PmldermT Ay
to yield: .
be | (ebec)? (ebe)* e
F = kolyebe| 1 — 25 4 1260 ... 4 1€0€) 4.4
¢'”[ 2 +(n+1)!] .

The detector of a fluorometer does not measure total fluorescence intensity,
but rather the intensity from only a segment of the sample. Equation (4.4)
must then be modified:

= kdgblpebe| 1 — 2 4 (b _ . __<=bc>“] .
Sy = kgt .«bc'[l - & +(n+l)! (4.5)

where S, is the electric signal generated by the detector, g is the constant re-
ficcting the sensitivity of the detector and the amplification of the detected
signal, and 6 is the constant refiecting the gecometry of the system, particularly
the solid angle of light viewed by the detector. As recently discussed by Her-
cules,'* there are two concentration regions where Eq. (4.5) can be con- .
veniently simplified. When the concentration ¢ is very small, the equation

can be approximated byv: .
S, = kdgblebe (4.6)

Such an approximation is reasonably valid when ebc < 0.05. Under such
conditions, a linear relationship between measured inlcnn‘y of fluorescence
and concentration exists. When the concentration is large,'e~*¢ approaches
zero and Eq. (4.5) can be approximated by:

S, = keghl, (4.7

Under this concentration condition, measured intensity is independent of
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conccnirauon( At concentrations intermediate to the two extremes, a non-
linear relationship would be theoretically expected. Itis interesting and rele-
vent to note that the concentration range over which linearity is theoretically
expected is dependent on the molar absorptivity of the compound.” This i3
illustrated in Fig. 4.7, which shows the types of intensity-concentration pro-
files which can be theoretically expected for compounds having different
absorptivities. [t can be seen thatover the concentration range of the graph,
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FIGURE 4.7: Intensity-concentration profiles for three different solutes having different
molar absorptivitics. Reprinted from Ref, 12, P- 31 A_ by courtesy of Analvrical Chemistry.

a linear relationship holds for the compound with the lowest absorptivity,
while the compound with a high absorptivity exhibits a linear relationship
over a rather small range of concentrations.

A further compiication ariscs if the excitation and emission spectra of the
compound overlap. In such a case, photons emitted as fluorescence can be
absorbed in exciting other molecules and will not be measured as fluorescence.
In dilute solution, such an occurrence will probably not be significant.
However, in concentrated solutions, scli-absorption of fluorescence radiation
can occur and wiil result in a measured iatensity which 1s less than that pre-
dictable on the basis of Eq. (4.3). )
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A more serious problem which is concentration-related can result due to
the geometry of the measuring system. A detector set to view fluorescence
at a 90° angle “'sees™ only a small band in the center of the sample. Withdilute
solutions, this band emits fluorescence which is representative of the whole
cell. However, if the sample is concentrated, sufficient light absorption
might occur so that the portion sensed by the detector is only weakly irradi-
ated. This results in the phcnomr:non'of concerurarifr_r‘f_'_el'gr.\_'gf', i.e., an

80 p—
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FIGURE 4.8: A plot showing the influence of concentration on the intensity of fluorescence

of solutions of phenol. The excitation wavelength was 295 my and the emission wavelength

was 330 my. Reprinted from Ref. 1, p. 377, by courtesy of the Journal of Clinical Pathology

by permission of the authors, the editor, and the publishers, B.M.A. House, Tavistock
’ Square, London W.C.1.

. :
increase in concentration results in a decrease in measured fluorescence in-
tensity. Such behavior is illustrated in Fig. 4.8 for phenol.

For these reasons, fluorometric measurcfents made for assay purposes
are restricted to dilute solutions where a linear standard curve can be obtained.
In general, a linear response can be expected for solutions which absorb less
than 5 %of the exciting radiation. Itis apparent from Eq. (4.f) that a decrease
in measured fluorescence resulting from a reduction in concentration can be
compensated for by an increase in the intensity of exciting radiation andfor
an increase in the sensitivity of the detector. Becausc of this, accurate meas-
urements can be made on relatively dilute solutions and a wide range of
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concentrations can be covered in the lincar portion of the intensity-concen-
tration profile. This is in marked contrast to absorption spectrophotometry,
where a limited.range of concentration is necessary for accurate measure-

ments. i i
: S \/s/ PRESENCE OF OTHER SOLUTES

The presence in a sample of solutes other than the solute being analytically
determined can influence the intensity of fluorescence by one or more of a
number of different effects.

| vfluorescent Impurities

"An obvious possibility is that another component of the solution might also
fluoresce and thus interfere with the determination. Impurities introduced
into the sample from solvents, buffers, detergents which are residual on
glassware, and from the source of the sample can fluoresce and can introduce
error. This possibility should always be anticipated in fAuorometric work,
particularly if measurements are made on very diute solutions, and especially
il the excitation radiation is in the ultraviolet region of the spectrum. Appro-
priate precautions must be taken which include the use of pure solvents and
chemical reagents and cleanliness in all operations.

2. Inder-Filter Effect
T

The presence in solution of other solutes which are nonfluorescent can
effect fluorescence intensity by the so-called inner-filter effect. The influence
here is due to the absorption of light and is similar to the situation discussed
previously where excitation and emission spectra overlap. Thus, if the non-
fluorescent components absorb cither excitation or emission radiation, a
reduction in measured intensity of fluorescence will result. Hercules!* has
considered some theorctical aspects of the inner-filter effect and has con-
cluded that if absorption due to other species is constant and if absorption
due to the fluorescing species is ‘small, then a lincar relationship between
measured fluorescence and concentration should still be observed. In such a
case, Eq. (4.6) assumes the following form:

S, = koghlebe(K) (4.8)
where K is the constant resulting from the presence of other absorbers in the
system. It is apparent that if this effect is encountered the concentration of
the nonfluorescent absorber must be eliminated or be maintained constant
from sample 1o sample and a standard curve must be used which was deter-
mined at that concentration of absorber. An alternative might be to change
the wavelength of excitation or emission radiation to minimize this effect.

3., Chemical Quenching

In addition 1o the eflects Just discussed, dissolved solutes can resuit in
decreased Auorescence by at least two types of chemical quenching processes.
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Vé)nc is known as collisional quenching and results from a diffusion-controlled
process in which thr” interacts with an excited molecule
of the potentially fluorescing substance. Interaction results in the dissipation
of excitation energy not by fluorescence but by transfer of energy to the
quenching molecule.. A simplified mechanism can be written to describe this

situation:

ky
F 4 hr, ——»> F*
k
F*——F + Ar,

FP+Q—>F+Q

Here, excitation radiation /v, converts the “fluorophor™ F to the excited
state. The excited molecule F* can dissipate excitation energy by fluorescence
hv, or by interaction with the quencher molecule Q. The rate constants ky, ky,
and k, characterize the rates of the various processes. The intensity of fluo-
rescence will be proportional to the steady-state concentration of molecules in
the excited state. In the absence of quenching agent, this concentration is
given by: T

(F*)o =%(F) (4.9)

In the presence of quencher, the concentration- of excited molecules will be
reduced and is given by:

ky(F)
(F%), wm aetlbs) (4.10)
Y ket k(Q)
The ratio of intensities in the absence (f;) of quencher to that in the presence
(/) is, therefore,
Jolfe=1+ ks/ko(Q) (4.11)

Equation (4.11) is known as the Stern-Volmer law and predicts that the ratio
of the two intensities will be linearly dependent on the concentration of quen-
ching agent. )

The molecular: basis for dissipation of energy by callisional quenching is
poorly undersicod. A recent hypothesis was discussed by Hercules?? and
involves electron transfer between excited state and quenching agent. It may
be represented as follows: fid

F*+Q—~F-:Q*

- / l- i ."

F+Q F+0Q

The excited molecule F* interacts with quencher @, abstracting an electron to
form an ion pair F~:0=. The ion pair can dissociate to give either a triplet
state *Fand Q or a ground state F and Q. Both processes result in thermal
dissipation of energy,
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Another type of quenching is called Static quenching. Here, complex forma-
tion occurs between a potentially fluorescing molecule in the ground state
and a quencher molecule. [f the complexed form of the potentially fluores-
cing molcculc has different spcclral characteristics than the_ free form, it
may not undergo excitation or may be excited to a lesser dczrcc that the non-
complexed species. Suppose, for* cxamplc that complex formation occurred

. and resulted in the formation of a,complex, with a stability constant of X,.
that was not fluarescent. i.c.,

F+Q = F:Q
F + hiv,—» F*
F*—n F 4 Ay,
The steady-state concentration of £* in the absence of Q is given by
(F*)o = kufks(F), (4.12)

where (F), is the total concentration of potentially fluorescing compound
In the presence of quencher, '
(F*),= 0 & (4.13).

1 + K(Q) &k,

The ratio of fluorescence in the absence to that in the presence of static
quencher is then given by:

flf. =1+ K@ — T (419

The reduction in fluorescence caused by this type of quenching is thus dic-
tated by the stability constant of. the complcx and by the concentrauon of
- quenching agent.

Many examples of chemical qucnchmg are l'ound in the literature. Halide
ions such as iodide and chloride are well known examples of collisional
quenchers. Cafleine, related xanthines, and purines!! have been shown to
influence the fluorescence of riboflavin by static mechanisms. In the usual

. case. quenching is an undesirable effect and the possibility of encountering
this type of interference should always be evaluated in developing a fluoro-
metric assay. Itis possible to utilize this phenomenon, however, as an analyt-
ical means for determining the concentrations of compounds known to
quench fluorescence. In addition, it is apparent from Eq. (4.14) that it is
possible to employ fluorometric methods for the investigation of complex-
forming equilibria.

- C. HYDROGEN-ION CONCENTRATION

. The intensity of fluo itted i eak-aci weak
-_bases can exhjbijf a 4 he pH of the solution. e effect here
e cflect ere
o

o
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may be due simply 10 a change in the degree of ionization of the weak electro-

lyte. For example, suppose that the fluorescence of a weak acid HA was
investigated in dilute solution using an emission filter or monochromator

100 ’—-

Fluerescance

Inlensity of

40 |-

Relative
I

20 =

' - a3

setting that transmitted fluorescence that was specifically due to the un-

ionized form of the acid. Then o
' S, = k"(HA) . (4.15)
where &% s a combjnalion of all the constants of Eq. (4:6). Hopwever, since
(HA) = LuaHT) ¢ (4.16)
K, +(H")

where Cy, is the stoichiometric concentration of weak acid, K, is the disso-
ciation constant of the weak acid. and (H*) is the concentration of solvated
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protons, Eq. (4.15) becomes .
) 5= E—E‘&ﬂ_) (4.17)
- K. + (H*) = -

—am
-

An intensity-pH proﬁ!;: such as that shown in Fig. 4.9 would be expected.
Similarly, if fluorescence which is specific for the conjugate base js detected,
- —
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-
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|
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=
=

PH

FIGURE 4.10: A plot showing the influence of PH on the fluorescence of a solutjon of a
weak acid witha pK, of 7. The measured fluorescence is assumed to be due 1o the conjugate

base. The fluorescence intensity of a strongly alkaline solution was assigned a value of 100
and the intensities at other values of pH were calculated relative to this.,

then Eq. (4.6) becomes
S, = .k-_c_"—ﬁ(-_ (4.18)
K.+ (H™)

and the pH profile illustrated jn Fig. 4.10 would be cxpected.

A more complex PH cffect can be observed with some compounds and
1S due to the acid strength of a molecule in the excited state being different
from the acid strength in the ground state. This difference has been shown to
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be quite marked for a number of compounds. The phenomenon is known as
excited-siare dissociation. 1t was first studied by Forster!® and was recently
discussed by Ellis.}** The occurrence is best illustrated by example, and
Fig. 4.11 illustrates such a case. Here, the relative intensity of fluorescence
for solutions of 2-naphthol was plotted as a function of pH. This phenolic

40

Intensily of fluorescence (arbitrary units)

2 3 4 5 6 7 8 9 10 u 12 13

. i
FIGURE 4.11: A plot showing the influence of pH on the intensity of fluorescence of solu-
tions of 2-naphthol. An emission filler which passed wavelengihs longer than 415 mu was
employed. The measured fluorescence was, therefore, due 10 excited-state anions. Re-
printed from Ref. 16, p. 261, by courtesy of the Journal of Chemical Educarion.
>

compound has a pXk, of 9.5. Both jonized and un-ionized species fluoresce,
but the fluorescence peak for the ionized form is at 429 mu, while that for the
un-ionized species is at 359 mu. The fluorescence measurement plotted”in
Fig. 4.8 was, therefore, due to the 2-naphthoate anion, If the degree of
ionization of the acid in the ground state was the only property influenced by
a change in the concentration of hydrogen ion, then no observable fluores-
cence would be expected until a pH was achieved where a detectable degrec of
ionization occurred, i.e., a pH of 8.5 (pK, — 1). That fluorescence was
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observed in the region of 2 to 8.5 is indicative of excited-state dissociation. A
possible mechanism, consistent with the darta. is given by:

ROH RO-

- H\ 6 > -
1 L /

ROH + Ar, — . ROH* —= RO-* + H-

TN

ROH + Arunicnuas RO- + Ariomizea
The processes are

-

I. Absorption of radiation by the un-ionized form

2. Fluorescence of the un-ionized form

3. Radiationless dissipation of energy

4. Excited-state dissociation to produce a proton and an anmion in the
excited state

5. Fluorescence of the anion

6. Radiationless dissipation of energy

The fluorescence at 429 mu exhibited by 2-naphthol in the pH range of 2 to
8.5 means that excited-state anions did exist in this range and must have re-
sulted from excited-state dissociation of the molecular specics. The first
inflection point in the pH profile corresponds to the excited-state dissociation
constant, which is approximately 2.8 for 2-naphthol. The second inflection
point, of course, corresponds to the ground-state dissociation constant.
Practical consequences of the pH effects on fluorescence are the same as
those encountered in spectrophotometry. Thus, with certain compounds,
pH must be considered as an experimental variable that is important to con-
trol. In some instances, it may be possible to utilize the influence of pH to
minimize interferences and to conduct differential fluorometric determina-
tions by appropriate pH adjustment. Additionally, fluorometry might offer
a convenient approach to the determination of acidity constants of some
compounds.

6. TEMPERATURE

The quantum efficiency of fluorescence is found to decrease with an increase

ims. The higher the temperature Ye—mrorcefficient and

cflective are radiationless processes in dissipating excitation energy. It is felt
that The process of internai-comversion is the onc whosErTETemost signifi-
cantly influenced by temperature changes.~The effect is most probably due to
an increase in the thermal motion of molecules at higher temperatures. The
increased motion favors the probability of intermolecular collision and
subsequent energy loss. In general, a rise in temperature of 1°C results in a
decrease in the intensity of, fluorescence of about 1 7e- For some compounds,
the sensitivity of Auorescence to lemperature is even more pronounced.
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Because of the temperature effect, a reasonable degree of temperature control
is necessary in fluorometric methods. It is recommended, for example, that
analytical samples be equilibrated to the same temperature before measure-
ments are made. Similarly, readings should be taken within a reasonable
period of time to preclude the heating of a sample contained in the sample
holder of an instrument. TUTT

‘ \/(;THER FACTORS

|. Degradation of Sample

The stability of a compound in an analytical sample is of concern in fluoro-
metric methods, as it is in other methods of analysis. Here, in addition to
autoxidative and solvolytic degradative routes, the possibility of photolytic
degradation should always be anticipated. Many compounds are subject to
light-catalyzed degradations and rearrangements. In fluorometric measure-
ments the intensity of light used and the amount of sample irradiated can be
sufficiently large to cause measurable loss of material during the time required
for measurement. The error introduced by photodecomposition can be
reduced by decreasing the intensity of exciting light and by making the meas-
urement in as short a time period as possible.

2. Solvent Effects

The medium in which a potentially fluorescing material is dissolved can
influence the intensity and characteristics of fluoresced light. As previously
mentioned, impurities in solvents can contribute artifactual fluorescence.
In addition, Raman scattering of the exciting light by the solvent might be
erroneously measured as being due to the fluorescence of a sample. This
effect is usually not of practical significance except whea measurements are
made on very dilute solutions. Other effects can be encountered such as the
quenching of fluorescence by the solvent or by substances such as oxygen
dissolved in the solvent. The spectral characteristics of fluoresced light can
vary from solvent to solvent due to polarization effects and hydrogen bond-
ing. Since these effects cannot be quantitatively predicted, the solvent cannot
be changed at random in fluorometric methods of analysis.

>

v(commmsous OF FLUOROMETRY WITH
SPECTROPHOTOMETRY . -

A. SENSITIVITY p

_Fluorometry is significantly more sensitive as an analytical tool than is
spectrophotometry. In spectrophotometry the intensity of light transmitted
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by a samplc is measured and compared to that transmitted by a blank. The
lower limit of detectability is determined by the smallest concentration that
will yicld a detectable intensity difference between sample and blank. As the
transmittance of a sample approaches 1, small errors made in measuring the
difference between the two intensities result in large errors in caiculated
concentration. The lowest limit of concentration that can be detected with
accuracy is, for all practical purppses, established by the molar absorptivity
of the compound under investigation. A fluorometer measures directly the
intensity of fluoresced light. Moreover, a decrease in the concentration of
fluorescing species can be compensated for by an increase in the intensity of
exciting light andfor an increase in the sensitivity of the detector. [t is the
latter variable that most significantly contributes to the sensitivity of the
method: The directly measured intensity can be amplified more readily and
accurately than the intensity difference measured in spectrophotometry. The
lower limit of concentration here is, therefore, established by characteristics
of the instrument and not usually by characteristics of the fluorescing species.
In practice, it is the level of inherent **noise™ of the instrument relative to the
signal caused by sample fluorescence that dictates the lower limit of detect-
ability. It has been calculated!? that fluorescence measurements can offer
sensitivity increases of as high as 10°-10* over absorbance measurements.

'B. SPECIFICITY

A fluorometric assay can offer a degree of specificity that might not be
attainable with a corresponding spectrophotometric technique. Not all
compounds which absorb ultraviolet and visible light fluoresce, and so a

. potentially interfering compound which absorbs light will not necessarily be
a source of interference in a fluorometric method. In addition, the analyst
has the ability to vary the wavelengths of both exciting and fluorescing light
and to choose a combination of wavelengths which will maximize the meas-
ured fluorescence from the compound in question and minimize contribu-
tions from interfering substances. It should be noted in this respect that
measurements need not be made at wavelengths corresponding to maxima or
minima of the spectra. The equations relating fluorescence intensity to con-
centration hold for any region of the spectrum.

C. EXPERIMENTAL VARIABLES

It is obvious from the previous discussions that there are a larger number
of experimental variables that must b€ controlled in fluorometric methods
of analysis than in corresponding spectrophotometric methods. For exampie,
temperature and the intensity of incident light must be maintained reasonably
constant in a fluorometric method, but need not be rigidly controlled in a
spectrophotometric procedure. Extrancous solutes can markedly aifect the
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intensity of fluorescence by quenching effects, whereas in spectrophotometry
it is unusual to encounter a system in which the absorbance of a compound
is significantly altered by the presence of other solutes. In addition, the
influence of pH on fluorescence can be much more complex than on absor-
bance and might necessitate closer control of pH in fluorometric procedures
than in spectrophotometric assays.

47 APPLICATION - OF FLUOROMETRY TO
PHARMACEUTICAL ANALYSIS

An examination of official compendia might lead to the impression that
fluorometry has limited application in the analysis of drugs. There are, for
cxample, only thirtcen monographs in USP XVII, BP (1963), and NF XIT
that specifly the utilization-of fluorometry as an assay tool and these arc
concerned with the determination of only two compounds, riboflavin and
thiamine. However, a survey of the literature reveals that fluorometry has
eojoyed widespread use in the analysis of drugs in systems other than dosage
forms. The sensitivity of the method has resulted in its application in a host of
pharmacological, biochemical, toxicological, pharmacokinctic, and bio-
pharmaceutical studies for the analysis of small amounts of drugs in biological
fluids and tissues. It is not practizal nor necessary to review all such applica-
tions in this chapter. These have been discussed in some detail by Uden-.
friend,® Phillips and Elevitch,"” and Williams and Bridges.! More recent
reviews are found in the annual Analytical Review editions of the journal
Analytical Chemistry. In 1965, Wimer et al.™® reviewed the literature appear-
ing in the period 1962-1964 which dealt with the analysis of pharmaceuticals.
In 1966, White and Weissler' reviewed publications pertinent to the subject
of fluorometric analysis, including those relating to pharmaceutical analysis
and which appeared in the period 1963-1965. Itis illuminating and illustrative
of the wide applicability of fluorometry to drug analysis to note from these
reviews that in the period 1962-1964M which described
fluoromietric procedures for the analytical -determination ‘of the following
drugs or classes of drugs: adrenaline, aldosterone, androsterone. antic,
histamines, atropine, barbiturates, chlorpromazine, chlorprothine, codeine,
dipyridamole, emetine, ergot alka_tloids. estradiol, estriol, esterone, ethinyl
estradiol, fursemide, imipramine, isoniazid, mephenesin, mescaline, mor-
phine, narcotine, panthenol, papaverine, quinidine, quinine, reserpine,
riboflavin, salicylates, streptomycin, sulfonamides, testosterone, tetracyclines,
thebaine, tubocurarine, yohimbine. : '

A limited number of examples are discussed in the following section to
more specifically illustrate the applicability and utility of fluorometry as an
analytical tool. These examples will-also demonstrate that in most instances
the actual determination of the intensity of fluorescence of a sample prep-
aration is the terminal step in a series of operations which demand that the
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analyst be cognizant of a variety of separatory and chromatographic tech-
niques, and the chemical and physical propertics of the constituents of a
sample.

Aminocrine. “A simplc procedure for the determination of aminocrine
(X) in drug preparations was recently described by Roberts® and illustrates
a relatively direct fluorometric assay method. Here. the aminocrine was
extracted with chloraform from a-basic solution; the chloroform was evap-
orated and the residuc was dissolved in acidic ethanol. The fluorescence of the
resulting solution was determined using an excitation filter having maximum
transmittance at 365 mu and an emission filter which transmitted light of
wavelengths greater than 415 mu. The concentration of aminocrine was
determined by comparing the fluorescence of the sample preparation to that
of a standard preparation. The method was applied to a varicty of amino-
crine-containing dosage forms, including suppositories, creams, ointments,
jeilies, and tablets. Other constituents of the dosage forms did not interfere

o

OO

x)

with the determination. The method appears to be sensitive, as evidenced by
the recommended use of a standard preparation having a concentration of

1 pg/ml.

Phenothiazines. Mellinger and Keeler® published an interesting study
on the fluorescence characteristics of phenothiazine drugs. Thioridazine
(XI) is representative of the compounds studied. All of the phenothia-

© OG0

Xn

zines exhibited similar excitation and emission spectra. The emission spec-
trum of a solution prepared in 0.2 N sulfuric acid was characterized by a
single peak in the range of 450 to 475 mu. The excitation spectrum was
found to have two peaks, one at appréXimately 250 mu and the other in the
range of 300 to 325 mu. Addition of potassium permanganate to such solu-
tions resulted in marked changes in spectral characteristics. The wavelength
of maximum emission shifted to much lower wavelengths and the intensity of
fluorescence at this maximum was much greater (15-20 times) than that
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exhibited by untreated drug at its maximum. In addition, the excitation
spectrum, after permanganate treatment, exhibited four peaks. Evidence
was obtained to indicate that oxidation of the phenothiazine to the corre-
sponding sulfoxide was responsible for this behavior. The spectra of pheno-
thiazine-like compounds such as prothipendyl (XII), chlorprothixene (XIII),
and imipramine (XIV) were affected by permanganate treatment, but the

oL

it —cw—ca,—n—(cHy), £

' v
effects were qualitatively much different than those observed with pheno-
thiazines. : i el
Pretreatment of phenothiazines with potassium permanganate permitted
quantitative fluorometric analysis of simple solutions in concentrations as
low as 0.01 to 0.05 ug/ml. The sensitivity was somewhat less for samples
obtained from biological sources 'but was, significantly greater than that
afforded by other techniques. For example, thioridazine in urine could be
detected fluorometrically at a level aslow as 0.8 ug/ml. In contrast, 2 con-
centration of 4 ug/ml was required for spectrophiotometric detection, while
6 pg/ml was necessary for detection by a colorimetric method which was based
on the treatment of a phenothiazine with concentrated sulfuric acid.

- .

Salicylates. In 1948, Saltzman® described a fluorometric method for the
estimation of salicylates in blood. 1t was based on the observation that
salicylates, in alkaliac medium, exhibit a blue fluorescence.” The procedure
. involved precipitation of proteins from a sample with dilute turigstic acid and
. treatment with strong alkali.. Alternatively, 2 sample of plasma was acidified
and extracted with ethylene dichloride. The salicylate was then back-
* extracted into strong alkali. The fluorescence of the resulting solution was
measured using a 370-mp excitation filter and a' 460-my emission filter.
Chirigos and Udenfriend® studied the fluorescence characteristics of sali-
cylate in more detail and determined from spectrofluorometric studies that
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the excitation maximum was at 310 mu and the cmission maximum was at
400 my.’ Salicylate content of biological tissuc was determined by extracting a
sample with ether, back-extracting into a borate buffer, and fluorometric
examination of the borate solution. More recently, Lange and Bell?* used
fluorometry coupled with paper chromatggraphy as the basis for a micro-
method for the determination of acetylsalicylic acid and salicylic acid in blood
sample. Here, a small sample of blood (100 ul) was extracted with ethylene
dichloride. Aliquots of the ethylene dichloride cxtract were spotted on paper
strips and the strips were developed by the ascending technique using 0.75%
nitric acid as the solvent system. Segments containing the aspirin and the
salicylic acid were cut from the strip and eluted with 5 ¥ sodium hydroxide.
The fluorescence of solutions prepared in this manner were determined using
as a blank a solution prepared by treating another portion of the chromato-
graph strip with alkali. Standard curves were prepared for the two com-
pounds by subjecting blood samples containing known amounts of the drugs
to the procedure and relating observed fluorescence to concentration. The -
method was applied to an investigation of aspirin and salicylic acid blood
levels after the oral administration of aspirin tablets.

Homovanillic Acid.; Homovanillic acid (3-methoxy-4-hydroxylphenylacetic
acid, XV) is derived from the metabolism of 3,4-dihydroxyphenylalanine and
3,4-dihydroxyphenylethylamine. The urinary excretion of homovanillic
acid (HVA) is elevated in patients with peuroblastoma and pheochromo-
- cytoma and interest has been expressed in utilizing urinary levels of HVA asa
diagnostic tool. Anden et al.* and Sharman?®, discovered independently that
HVA reacted with oxidizing agents such as potassium ferricyanide and
ferric chloride, in alkaline medium, to yield a highly fluorescent solution.
Although the product responsible for the fluorescence was not identified,
both groups developed fluorometric procedures for the determination of
HVA in biological tissues. The procedure of Anden ct al. was modified by
Sato,* who incorporated an ion-exchange treatment and solvent extraction
into the procedure to isolate the HVA, which was then treated with ammonia
and potassium ferricyanide. The fluorescence of the resulting solution
was then determined. Corrodi and Werdinius®*® more recently studied the
procedure in more detail and determined that the compound which was re-
sponsible for the fluorescence was 2,2-dihydroxy-3.3'-dimethoxy-biphenyl-
5,5 -diacetic acid (XVI). This compound exhibited an excitation maximum

. N COOH  COOH 2
CH,COOH CH, CH,
OCH, CH,0 @ © OCH,
OH OH OH
{(XV) (Xvn

at 315 mu and an emission maximum at 425 my.
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An interesting application of this oxidative transformation of HVA was
suggested by Guilbault et al.3® They found that the conversion of (XV) to
(XVI) could be accomplished enzymatically in a hydrogen peroxideperoxi-

dase system. They formulated solutions containipg HVA!, hydrogen per- -

oxide, and peroxidase and measured the rate of change of fluorescence. Ata
constant concentration of HVA, this rate was found to be directly propor-
tional to the peroxidase concentration and to the concentration of hydrogen
peroxide. They recommended this approach for the analysis of oxidative
enzymes and of hydrogen peroxide. They reported that as little as 10!
molefliter of peroxide and 10~2 unit/ml of peroxidase are determinable by this
method.- ‘

Cardiac Glycosides. Jakovljzvic® reviewed the many methods which have
been proposed for the determination of cardiac glycosides. He noted that a
number of the reported methods are fluorometric and are based on the gen-
eration of fluorophors by the action of dehydrating agents on the steroid
moiety of the glycoside. He proposed a new reagent for this purpose, a
mixture of acetic anhydride, acetyl chloride, and trifluoroacetic acid. He
described the use of this reagent and a procedure for the simultaneous deter-
mination of digitoxin (XVII) and digoxin (XVIII) in mixtures by fluorometry.
The method is an interesting illustration of how assay specificity can be
attained by utilizing a knowledge of both excitation and emission charac-
teristics of fluorescing compounds.

0
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Digoxin differs from digitoxin by one hydroxyl group at position 12.
However, when the two compounds were treated under anhydrous conditions
with the dehydrating agent, they yiclded products which had significantly
different fluorescence characteristics. The fluorophor generated from digi-
toxin exhibited a single excitation peak at 470 myu and a single emission peak
at 500 mu. The digoxin fluorophor exhibited two excitation peaks at 345
and 470 mu. Excitation at 345 mu resulted in an emission peak at 435 mu,
while excitation at 470 mu gave an emission peak at 500 mu. Under the
latter conditions, the fluorescence was approximately 30% of that obtained
with digitoxin. When the digitoxin preparation was cxamined atan cxcitation
wavelength of 345 my and an emission wavelength of 435 my, no fluorescence
was observed. The author suggested that the treatment of digitoxin resulted

o e e b
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in the formation of a substituted 3.4-benzpyrene, while digoxin viclded a
mixture containing compounds related to 3,4-benzpyrene and chrysine. The
differences in spectral characteristics permitted the simultaneous determina-
tion of digitoxin and digoxin in samples prepared from digitalis leaf and

~._digitalis tincture. Here, the glycosides were isolated by cxtraction from a
samplé;treated with the dehydrating agent for 30 min at 45°C, and diluted
with dichloromethane. The fluorescence of the resulting solution was deter-
mined with 2 fluorometer using two different filter combinations. One com-
bination was equivalent to an excitation wavelength of 470 mu and an
emission wavelength of 500 mu. The measured fluorescence under these
conditions resulted from both digitoxin and digoxin. The other combination
was equivalent to an excitation wavelength of 345 mu and an emission wave-
length of 435 mu. Fluorescence here was due to digoxin. The later reading
could be used to calculate, by comparison to a standard, the concentration of -
digoxin. A knowledge of this concentration was then used to calculate the
fluorescence due to digoxin under the excitation and emission conditions of
the first filter combination and to obtain a corrected fluorescence which
refiected the digitoxin concentration. The corrected fluorescence was then
used to calculate the digitoxin concentration by comparison to that exhibited
by astandard. The method was also applied to the determination of digitoxin
in tablets and ampoules,

Reserpine.” The reaction of nitrous acid with reserpine (XIX) to yield a
yellow fluorescent pigment was described by Szalkowski and Mader® and

OCH,
CH; -

CH,

forms the basis for a widely used colorimetric method for the determination of
reserpine in pharmaceutical preparations. Reserpine has been uscd as an ad-
ditive to poultry feeds, where it is foiind in concentrations as low as 0.0001 %.
The low levels encountered in such systems could not be satisfactorily deter-
‘mined by the colorimetric method of analysis. Madcr et al.3*3 ytilized the
fluorescence characteristics of nitrous acid-treated reserpine to obtain the
desired sensitivity. Treatment of reserpine with nitrous acid was found to
result in.the formation of a product whith possessed an excitation maximum
at 390 my and an emission maximum at 510 mu. The intensity of fluorescence
was linearly related to concentration over a wide range. The reserpine in a
feed sample was isolated by a series of extractions and was cventually ob-
tained as an assay preparation in chloroform-methanol. An aliquot of this
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solution was treated with sodium nitrite and the mixture was acidified with
hydrochloric acid. After an appropriate reaction time, sulfamic acid was
added to consume the excess nitric acid and the fluorescence of thasolution
was determined. A blank was prepared by treating an aliquot of the assay
preparation in a similar manner, but with'the omission of the sodium nitrite.
The concentration of reserpine in the assay preparation was calculated by
comparison of the measured fluorescence to that found with a standard
preparation which was obtained by carrying a known amount of reserpine
through the extraction and reaction procedures.

Haycock et al.* recently reported the results of a study in which the kinetics
and mechanisms of the nitrous acid-induced fluorescence of reserpine were
investigated. They presented evidence to show that the fluorescence was due
to the formation of 3-dehydroreserpine. The kinetics of the reaction indicated
that protonated reserpine initially reacted with nitrous acid to form an inter-
mediate complex, which then underwent an acid-catalyzed reaction to form
3-dchydrorc(scrpiu_e.

Vitamins. Udenfriend™ reviewed the many fluorometric methods that have
been used for the determination of vitamins. He discussed, in some detail,
procedures for vitamin A, thiamine, riboflavin and related flavins, nicotin-
amide, pyridoxine and related compounds, ascorbic acid, vitamin D, folic
acid, p-aminobenzoic acid, cyanocobalamin, tocopherols, and vitamin K.
The fluorometric determinations of thiamine and riboflavin are of special
interest in that they serve as rather classic examples of the application of
fluorometry to pharmaceutical analysis. ‘

Thiamine (XX) possesses little native fluorescence, but is readily oxidized
to thiochrome (XXI), which is highly fluorescent. Thiochrome has been

CH,OH & S.__CH,CH,OH
OOCTT ™
o o H,
xXx)

(Xxn

reported to have an excitation maxima at 365 mu and an emission maximum
of 450 mu.*! The procedure described in the seventeenth revision of the
USP serves as an example of the flusrometric assay. An aliquot of a sample
solution of the vitamin is treated with an oxidizing reagent (an alkaline
solution of potassium ferricyanide). The thiochrome which is formed is
extracted into isobutanol and the fluorescence of the resulting solution is
determined. The fluorescence is corrected by usc of a blank and is compared
to that of a standard preparation.

(Riboflavin has a characteristic pronounced native fluorescence and can be
assayed by direct fluorometric examination of a sample solution.™ As will
be discussed in the practical section, fluorometric assays for riboflavin usually
employ an internal standard and an internal blank.
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4.8 PRACTICAL SECTION

A. GENERAL

The procedures used in fluorometric assays are, in most instances, quite
similar to those encountered in colorimetry and-spectrophotometry. Treat-
ment of a sample frequently involves dilution, extraction and/or chromato-
graphic separation, chemical reaction, and finally the determination of the
intensity of fluorescence of the final assay preparation using a suitable fluorom-
cter fitted with appropriate filters. The intensity is “‘read out™ in arbitrary
units and, after correction for the fluorescence contributions for the blank,
can be used to estimate the concentration of fluorescing substances. For &
nonlinear intensity-concentration profile, a standard curve must be used for
this purpose. If the dilution is such that intensity is dircctly proportional to
concentration, the concentration of the assay preparation can be obtained by .
comparing the intensity reading to that of a single, standard preparation.
In such a case, concentration is calculated by a formula, familiar from spec-
trophotometric assays: v

C. = CFJF, ' (4.19)

where C, is the concentration of the assay preparation, C, is the concentra-
tion of the standard preparation, F, is the fluorometer rcadmg corrected
for blank, obtained with the assay preparation, and F, is the fluorometer
reading, corrected for blank, obtained with the standard preparation. The
International Pharmacopoea® cautions that the ratio F,/F, should not be less
than 0.04 and not more than 2.50 because of the limited concentration range
within which fluorescence is proportional to concentration.

Frequently, internal standards are prescribed in fluorometric procedures.
Here, 2 known quantity of pure material is added to the assay preparation
to compensate for quenching effects which might be introduced during the
work-up of a sample. The USP XVII assay for riboflavin® serves as an ex-
ample. This assay specifies the treatment of 10 ml of an assay preparation
with 1 ml of water and 2 ml of reagents. The fluorescence of the resulting
solution is measured and dcsxgnatcd I,. Another 10 ml of assay preparation
is treated with 1 ml of a standard preparation containing 0.001 mg of ribo-
flavin per ml and 2 ml of reagents. The fluorescence of this solution is
measured and designated /,. The concentration of vitamin in the assay prep-
aration in milligrams per m:lhhtcr is calculated by the formula:

C, = H x 1/13 x 0.001 x |3;10—’ =1v « 0.0001 (4.20)

1 u
where J, is the fluorescence reading obtained with a blank.

Var:ous procedures are used to obtain blank readings in fluorometry.
Conventional blanks are sometimes specified and are prepared by substituting
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in the final step of an assay a volume of water or bufTer for the required vol-
ume of assay preparation. When the possibility exists of fluorescent maaterials
being introduced to the assay preparation by the system containing the
compound of analytical interest, a more realistic blank is' usually recom-

“mended. For example, plasma and urine blanks are prepared by carrying a
volume of drug-free plasma or urine through the complete procedure. Internal
blanks are frequently employed. Here the assay preparation is used as a
blank after specifically climinating, through chemical reaction, the fluores-
cence due to the drug. In the riboflavin assay, for example, a few crystals of
sodium hydrosulfite are added to the cuvette immediately after the fluores-
cence intensity of a sample is measured. The hydrosulfite rapidly and specifi-
cally converts riboflavin to the nonfluorescent, reduced form. The
fluorescence of the resulting solution is measured and is used as a blank
reading to correct for fluorescence arising from sources other than riboflavin.
In other instances, blanks are prepared by omitting a reagent necessary for the
generation of a fluorescing species. For example, the official assay for
thiamine® is based on the oxidation of nonfluorescent thiamine to strongly
fluorescent thiochrome. The oxidizing agent employed is alkaline potassium
ferricyanide solution. Blanks for both assay and standard preparations are
prepared by submitting samples to the full procedure, but with the substitution
of a volume of sodium hydroxide solution for the volume of oxidizing reagent
which is normally used.

Numerous instrumental variables such as the intensity of exciting light,
detector response, signal amplification, etc., influence the measured intensity
of fluorescence. Aging of a light source and fatigue of a detector could, for
example, result in noareproducibility of results and assay crror. It is impor-
tant, therefore, to periodically check the sensitivity of a fluorometer and to
adjust it to constant sensitivity during the course of assay measurements. A
solution of a stable, strongly fluorescing substance is used for this purpose
and is known as a comparison standard. The standard chosen should have
fluorescence characteristics similar to those of the compound being assayed
and, in fact, if that compound is sufficiently stable, no other comparison
standard is needed. A solution of quinine sulfate is frequently recommended
asa comparison standard. Its use is illustrated by the USP assay for thiamine.
A solution of quinine sulfate in 0.1 A sulfuric acid at a concentration of 0.25
#g/ml is recommended since “this solution fluoresces to approximately the
same degree as the thiochrome obtained from | #g of thiamine hydrochloride
and is used to correct the fluorometer at frequent intervals for variations in
sensitivity from reading to rcading within an assay.™

8. LABORATORY PROJECTS IN FLUOROMETRY

The following projects are offered as guides for possible laboratory exercises
illustrating some principles and applications of fluorometry. Since different
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makes of fluorometers differ in sensitivity, ranges of sensitivity. and the
manner by which ranges of sensitivity are sclected and adjusted, exact
experimental details cannot be presented. The student should initially become
familiar with the operational characteristics of the fluorometer available for
his use by studying the instructional and descriptive literature supplied with
the instrument and by appropriate laboratory demonstration.

I. Intensity of Fluorescence of Riboflavin as a Function of Concentration

Prepare a stock solution of riboflavin at a concentration of about 1 pg/ml
(USP XVII or NF XII may be consulted for directions for preparing this
solution). Prepare dilutions of the stock solution to obtain the following
concentrations: 0.02, 0.04, 0.06, 0.08, and 0.1 pg/ml. Determine the relative
intensity of fluorescence of each solution with a suitable fluorometer. An
appropriate primary (excitation) filter is one that peaks at 360 my, while the
secondary filter (cmission) should pass wavelengths greater than 510 mu.
Present the results in the form of a graph in which fluorometer reading is
plotted as a function of concentration. Repeat with solutions ranging in
concentration from 0.002 to 0.01 ug/ml. )

2. The Influence of pH on the Fluorescence Intensity of Riboflavin

Prepare buffered solutions of ribofiavin ranging in pH from 2 to 11. All
solutions should contain the same concentration of the vitamin, which should
be such that the solution buffered to approximately pH 7 gives a reading of
from 50 to 80 % of fuil scale of the fluorometer. Determine the fluorescence
of each solution and plot the fluorometer reading as a function of pH.

3. The Influence of Quenching Agents on the Fluorescence
Intensity of Riboflavin

Design and conduct an experiment to demonstrate the influence of potas-
sium iodide concentration on the intensity of fluorescence of riboflavin.
Plot the results in a manner suggested by Eq. (4.11). Repeat using caffeine
as a quenching agent.

4. The Intensity of Fluorescence of Salicylic Acid as a Function
of Concentration

Prepare solutions of salicylic acid in 0.1 N sodium hydroxidec to cover i
range of concentrations of from 5 to 100 ug/ml. Determine the relutive
intensity of fluorescence of cach solution and plot fluorometer rcading as
function of concentration. The 360-mu.primary filter may also be used in this
instance, but a sccondary filter transmitting wavelengths greater than 455 mu
should be selected.

5. Assay of Riboflavin Injection

Determine the potency of a sample of riboflavin injection by employing
the riboflavin-assay procedure described in USP XVII or NF X1
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6. Assay of Thiamine Hydrochloride Tablets

Employ the thiamine assay procedure described in USP XVII od NF XI1
to determine whether or not a sample of thiamine hydrochloride tablers meet
the label claim. 7 e 0 2

7. The Determination of 9-Aminoacridine (Aminocrine) in
Pharmaceutical Produces

Obtain a sample of a pharmaceutical preparation containing aminocrine.
Fluoromctricully determine the aminocrine content by the method proposed
by Roberts.?® :

8. Excited-state Dissoclacion of 2-Naphthol

Conduct the laboratory experiment described by Ellis™ to demonstrate
the excited-state dissociation of 2-naphthol.

9. Fluorometry In Biopharmaceutical Studies

Determine the physiological availability of riboflavin from a coated tablet
using the method of Chapman et al.® In this procedure, the amount of ribo-
flavin excreted in the urine following oral ingestion of a coated vitamin
tablet is determined fluorometrically and compared with the amount excreted
after the ingestion of a rapidly dissolving uncoated tablet. "

PROBLEMS

P4.1. The molar absorptivity of riboflavin (molecular weight = 376.36) in aqueous
solution at 360 my is approximately 7500. Fluorometric examination, using
an excitation wavelength of 360 mg, of a solution of the vitamin containing
0.010 Hg/ml yiclded a ﬂuorcsccnccintcnsily of 1.0 unit. Calculate the theoreti-
cally expected intensity of fluorescence for a solution containing 1.0 ug/ml.
Assume that the equivalent of a I-cm cell was used.

P4.2. The influence of pH on the intensity of fluorescence of a dilute solution ofa
weak acid was investigated. Solutions were prepared which varied only in
the concentration of hydrogen ion. The fluorescence of each solution was
determined with a fluorometer and the following resulis were obtained:

Fluorescence

pH (arbitrary units)
4.0 80.0

5.0 80.0

6.0 79.5

7.0 745 |
7.5 65.6

8.5 344

9.0 25.4
10.0 20.6
11.0 20.0

12.0 20.0
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Show that the ratio of the concentration of ionized acid to that of un-jonized
acid at any pH is given by (80 — F)/(F - 20), where F is the obscrved
fluorescence art that pH. Plot the logarithm of the ratio as a function of pH
and determine the pK, of the acid from the plot.

A standard preparation of riboflavin was Prepared by the following procedure.
Exactly 48.5 mg of USP riboflavin reference standard was dissolved in suffi-
cient water to make 500 ml. One ml of the resulting solution was diluted to
100 ml with water.

An assay preparation was preparcd in the following manner: The riboflavin
from 10 riboflavin tablets was dissolved in sufficient water 10 make 1 liter.
One ml of this solution was diluted to I liter with warer,

A mixture of 10 ml of assay preparation and | ml of standard preparation
yielded a fiuorescence reading of 74.0. Ten ml of the assay preparation and
1'ml of water gave a fluorescence reading of 40.0. The latter mixture was
treated with 20 mg of sodium hydrosulfite and the fluorescence was again
determined. The reading was found to be 2.0, Calculate the quantity in mg
of riboflavin in each tablet,

A nonfluorescent complexing agent A is known 1o form a nonfluorescent *
complex with a fluorescent compound B. A 1 x ]Jo—* M solution of B was
placed in a fluorometer and the meter was adjusted to read 100.0. The
fluorescence of a solution which was 1 x 107 M with respect to B and
1 x 1072 M with respect to A was then determined and was found to be
20.0. Calculate the stability constant of the complex,
Exactly 20 mg of USP thiamine hydrochloride reference standard was
dissolved in sufficient water to make 1 liter, One ml of the resulting solution
was diluted to 100 ml with water, Five ml of this solution was treated with
3 ml of oxidizing agent and the thiochrome which was formed was extracted
into 20 m! of isobutanol. The fluorescence of the isobutanol phase was
determined to be 67.0. A corresponding blank has a fluorescence of 4.0,
Exactly 1 ml of a thiamine hydrochloride injection was diluted with

quantity, in milligrams, of thiamine hydrochloride in cach millier of injection.
A preparation comains riboflavin, thiamine hydrochloride, and a fluorescent
coloring agent. Describe how you would approach the problem of developing
a fluorometric method for the determination of all three of these components.
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