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Chapter 5

FLUOROMETRIC ANALYSIS

L INTRODUCTION

Fluroescence is the emission of light of one wavelength by a molecule a very short
time after it absorbs light of some other, usually shorter, wavelength. Measurements
based upon the intensity of fluorescence emission are widely used in trace analysis
because excellent sensitivity can be achieved — often to concentrations as low as 10™*
ug/mf — and because the measurements are more selective than ultraviolet or visible
absorbance measurements. The intensity of emitted light is often linear over a range
of three to four orders of magnitude in concentration. However, practical fluorescence
measurements are subject to a number of sources of both inaccuracy and imprecision
which have limited their applications in pharmaceutical analysis to cases where high
sensitivity is critical. Fluorescence measurements can nonetheless achieve a high degree
of reliability when modern instruments are used with carefully controlled experimental
conditions.

I1. PRINCIPLES OF FLUORESCENCE

A. Excitation and Relaxation

Figure 1 is a schematic representation of several low lying energy levels of a polya-
tomic molecule. The electronic energy levels are divided into two groups — singlet
states in which all electron spins are paired and triplet states in which the spins of two
electrons are not paired. Several vibrational levels corresponding to each electronic
level are also shown.

At room temperature most molecules are in their lowest electronic and vibrational
energy levels (ground state). Absorption of a photon lifts the molecule from the ground
state into a higher energy state which is usually excited both vibrationally and electron-
ically, as indicated by the vertical arrows in Figure 1. The spectroscopic selection rules
require that the upper and lower states connected by photon absorption have the same
multiplicity (both singlets or both triplets). After photon absorption occurs, several
processes may reduce the energy of the molecule and return it towards its ground state.
These include:

Vibrational relaxation

Internal conversion

Intersystem crossing

Photon emission (fluorescence and phosphorescence)
Energy transfer

.
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1. Vibrational Relaxation

A molecule in an upper vibrational level of any state quickly loses its excess vibra-
tional energy through collisions with other molecules. This process is fast enough that
most molecules in an excited electronic state will be found in the lowest vibrational
level of that state.

2. Internal Conversion and Intersystem Crossinge
It is very common for the upper vibrational levels of one state to be of the same
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FIGURE 1. Transitions between electronic and vibrational excited

states for polyatomic molecules with singlet ground states. Heavy ar-
rows represent vibrational relaxation.

energy as the lower vibrational levels of a higher state, as shown in Figure 1. When
this occurs, molecules may pass between vibrational levels of the same total energy
and thus mov¢ ‘rom a higher electronic state to a lower one. When the upper and
lower electronic states have the same multiplicity (both singlets or both triplets), the
process is referred to as ‘‘internal conversion’’: when the muitiplicities are different,
it is called *‘intersystem crossing”’. Once internal conversion has occurred, the mole-
cule quickly loses excess vibrational energy and settles into the lowest vibrational levels
of its new state.

3. Photon Emission: Fluorescence and Phosphorescence

A molecule in an excited electronic state may return to the ground electronic state
by emission of a photon. The emission is called fluorescence when it originates from
an excited singlet state and phosphorescence when it originates from a triplet state.
The wavelength of light required to excite the molecule is shorter than the wavelength
emitted. There are several important differences between fluorescence and phospho-
rescence. Transitions between singlet and triplet states involving emission or absorp-
tion of photons are ‘‘forbidden’’ transitions, i.e., they occur with very low probability.
As a result of the low probability, lifetimes for phosphorescent emission range from
107 sec to greater than 1 sec. Thus phosphorescence may continue for a relatively long
time after the source of excitation is removed. Fluorescence lifetimes on the other hand
fall in the range of 107 to 107* sec,' and thus fluorescence emission decays rapidly
when the source of excitation is removed.

Vibrational relaxation is a much more rapid process than photon emission, so essen-
tially all emission occurs from the lowest vibrational levels of the excited state. The
lowest vibrational level of a triplet state is however of lower energy than the lowest
level of the corresponding singlet state (compare Hund’s Rule for the relative energy
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of atomic states with paired and unpaired electron configurations). Therefore phos-
phorescent emission will be at longer wavelengths (lower energy) than fluorescent emis-
sion from the same molecule.

Rapid vibrational relaxation also causes the wavelength of emitted light 10 be longer
than that of the absorbed light. As shown in Figure 1, absorption takes the molecule
from the lowest vibrational level of S, to a higher vibrational level of S, and thus
involves a larger energy change than emission which takes the molecule from the lowest
vibrational level of S, to one of the vibrational levels of S,. The fact that transitions
may terminate in a number of different vibrational levels leads to rather broad excita-
tion and emission spectra for most substances, as shown in Figure 2. The true excita-
tion spectrum for a substance is essentially identical to its absorption spectrum, but
experimental excitation spectra are often distorted by instrumental effects. The true
(corrected) excitation and emission spectra are usually, but not always,?* independent
of the wavelength used to record them. The excitation and emission spectra of a com-
pound are nearly mirror images of one another in many cases because the vibrational
energy level distributions are often similar in the ground and excited states.

4. Energy Transfer

A molecule in an excited electronic state can return to the ground state by a direct,
nonradiative transfer of energy to an acceptor moleciile.>’* The transfer may occur
over long distances (50 to 100 /?\)“'"’ and may be an important process if (1) there is a
large overlap in the absorption spectra of the acceptor molecule and the emission band
of the donor molecule and (2) if the donor molecule has a high fluorescence efficiency
(vide infra)."* Transfer may also occur between isolated chromophores within the same
molecule; examples include the efficient transfer of excitation from the phenyl to the
napthyl chromophore in 1,'* and from the indole to the trimethoxybenzoate chromo-
phore in reserpine(I[).**>** In I and 11 the acceptor chromophore dissipates its excitation
energy through fluorescent emission, but in other cases the energy is dissipated without
emission.
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B. Fluorescence Intensity
1. Quantitative Description

The fluorescence quantum efficiency, ¢, is the fraction of light absorbed by a chro-
mophore that is re-emitted as fluorescence:

Number Photons Emitted
Number Photons Absorbed

)

bp =

1]
¢ ranges from zero to one depending upon the relative effectiveness of the various
relaxation mechanisms. The exact value of ¢, depends upon both the structure of the
molecule and its environment. The experimental determination of ¢, has been reviewed
by Demas and Crosby.'s Efficiencies for several substances are presented in Table 1.
An expression for the intensity of fluorescence, F, is easily derived in terms of ¢ since
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FIGURE 2. Fluorescence spectrum of mycophenolic acid in alkaline solution. The left hand curve (shorter wavelength) is the eacitation

spectrum and the right hand curve (longer wavelength) is the emission spectrum.
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Compound

©°H
-+
€00 Na

Sodium salicylate (1)

Or=

Phenol (1V)

Ribotlavin (V)

QQQ

9.Aminoacridine (VI)

I'luorescein (VII)

N
MOCM2 u OH

CHO

Pyridoxal (VIII)

Table 1

FLUORESCENCE QUANTUM EFFICIENCIES

Solvent

Water

Water

Water

Water

0.1 N NaOH

0.05 M, pH 7.0
Phosphate bulfer

1%

0.22

0.26

0.98

0.92

0.05

Volume [ 217

Ref.

21

21

21

22

F = ¢, (I, = 1) where (I, — I) is the amount of light absorbed by the analyte. By Beer’s
Law (Equation 2, Chapter2, Section 11.C.1) 1 = I,exp(~¢cl), so

S o= —ecl
Bz, —e~¢h g,

)
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where ¢ = molar absorptivity, ¢ = molarity of solution, | = length of light path
through the solution in centimeters, l, = intensity of light incident on sample, and ¢,
= fluorescence quantum efficiency. In solutions with small absorbance values (0.05
or less), exp (—ecl) will be small, and Equation 2 reduces to the usual relation

. :
- I = luﬂ:l [-]% . (3)
which is the basis of most quantitative fluorimetric analyses. Four assumptions under-
lay the quantitative use of Equation 3:

. ¢- must be constant from sample to sample and measurement to measurement.
The absorbance of the solution at the excitation wavelength must be small.

Either I, must be constant or corrections must be made for variations in it.

The observed signal must be directly proportional to the total fluorescence emit-
ted (F). '

BwN

It is important that these assumptions be clearly recognized because they are easily
violated in practical fluorescence measurements, as is discussed in the following sec-
tion.

2. Experimental Factors Affecting Fluorescence Intensity
a. Factors affecting ¢-
i. Temperature and Viscosity

The rates of internal conversion, intersystem crossing, and energy transfer all in-
crease with increasing frequency and energy of molecular encounters,'’'* whereas the
rate of emission is insensitive to molecular collisions. Therefore lower temperature and
greater viscosity increase ¢, by decreasing the efficiency of these alternate relaxation
mechanisms. ¢, often changes by about 1%/1°C temperature change, but changes as
large as 5%/1°C have been observed in solutions of tryptophan, Rhodamine B, and
others.'?-** Of course increasing viscosity or lowering the temperature will only be ef-
fective means of increasing fluorescence yields when ¢, is significantly less than one.

ii. Solvent and pH

The excited states of polar molecules are often more polar than the ground states
and therefore are more strongly solvated. The greater solvation of the excited state
results in a smaller energy difference between the ground and excited states in polar
solvents than in nonpolar solvents, and therefore a red shift is observed in the emission
spectrum as solvent polarity increases. The red shift in the emission spectrum is usually
larger than the shift observed in the corresponding absorption spectrum. Fluorescence
efficiency on the other hand is affected very little by solvent polarity unless hydrogen
bonding or complex formation with the solvent occurs. '

Hydrogen bonding of the excited state of a fluorescence molecule often decreases
¢-. The decrease in ¢, appears to be due to an enhanced rate of internal conversion
from S, to S, in the presence of hydrogen bonding.'*:'* The decrease in ¢, may be quite
large, as can be seen from the data on 5-hydroxyquinoline in Table 2. 1t is apparent
that fluorometric analyses of substances in which —~OH, —CO,H, —NH,, —SH or other
hydrogen bonding groups are part of the chromophore should be carried out in non-
hydrogen bonding solvents whenever possible. '

Solvents containing one or more heavy atoms may also decreasc ¢, because heavy
atoms have large spin-orbit couplings which make them very effective in inducing inter-
system crossing during molecular collisions. Solvents containing halogens or other
heavy atoms should therefore be avoided whenever possible.

The fluorescence spectra of weak acids and bases are also very sensitive to pH be-
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Table 2
SOLVENT EFFECTS ON
FLUORESCENCE EFFICIENCY OF 5-
HYDROXYQUINOLINE"'

" Solvent ~AH, kcal/mol*  §,, 25°C
Isopentane — 0.30
Acetonitrile 35 0.24
Sulfolane 3.5 0.21
Dioxane 4.4 0.19
Diethyl ether 5.1 0.12
Dimethylformamide 5.3 0.09
Tetrahydrofuran 5.5 0.09
Dimethylsulfoxide 6.4 0.07

* Enthalpy of hydrogen bond formation between 5-
hydroxyquinoline and solvent molecules.

From Wehry, E. L., Fluoresc. News, 6,1, 1971. With
permission.

cause the principal light absorbing and emitting species will change from the proton-
ated to the nonprotonated form of the molecule as the pH is increased. The excitation
spectrum will show essentially the same acid-base shifts as the UV absorption spectrum
of the compound. In particular, the shift in A,.x Wwill occur at pH values near the pK
value of the functional group. The emission spectrum will have a different pH depen-
dence than the excitation spectrum because (1) the pK values for a molecule in the S,
state are typically 4 to 5 units different from its pK in the S, state, and (2) proton
transfers are much faster than emission from S,. Thus the changes in the emission
spectrum occur when the pH is near the pK of the excited singlet state rather than the
pK of the ground state. pK values for the ground and excited states of several drug
substances are presented in Table 3. A more comprehensive discussion of the acid and
base properties of excited molecules can be found in the review by Ireland and Wyatt.*
The possibility of large differences between pK, and pK.* should be kept in mind when
attempting to find a solvent system that will optimize a particular fluorimetric analysis.

iii. Effects of Other Solutes

Fluorescence is not useful for accurate analysis of substances in complex mixtures
because the fluorescence efficiency can be affected in an unpredictable manner by the
other solutes. Solutes containing halogens or other heavy atoms quench fluorescence
in the same way as halogenated solvents. Paramagnetic solutes, including molecular
oxygen, cause significant decreases in $,. Guilbault* generalizes that oxygen is present
at a concentration of about 10~* Min normal aerated solutions and that this concentra-
tion is sufficient to decrease ¢, by 20% in many cases. Thus the sensitivity of a fluo-
rometric assay can often be improved by purging the solutions with nitrogen before
measuring the fluorescence intensity. Paramagnetic metal ions such as Cu**, Cr***,
Ni**, and Fe** are also strong quenchers of fluorescence.** Diamagnetic cations of light
metals such as Na*, K*, Ca** and Mg** do not alter ¢.

Inorganic anions may alsq reduce $-. Jette et al.?*-3* studied the effects of several
anions on the fluorescence of sodium fluorescein(uranin, 1X), quinine sulfate(X), and
uranyl sulfate(U0O,SO,-3H,0) and found that the ability of these ions to quench fluo-
rescence increased in the following order:

F~ < NOj < SO < C,H,0; < C,0F < CI' < Br- < SCN" < I
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The decrease in ¢, observed for the ions from F~ to C,0,= was quite small in this study.
The relative effectiveness of a series of quenchers will, however, depend strongly on
the fluorescent compound itself as can be seen by comparing the results obtained by
Jette et al. with those of Rollefson and Stoughton.*® The latter authors used sodium
napthionate(Xl), 1-napthol(X11), and sodium sulfanilate(X111) to study anion quench-
ing and found the following order of quenching strength

I < NO; < BrO;

which reverses the order of I- and NO,;™ found by Jette et al.

Organic substances may affect ¢, through energy transfer, reaction or complexing
with the analyte in the ground state, or reaction with the analyte in the excited state.
For example, charge transfer reactions between the excited states of nitrogen hetero-
cycles and traces of peroxides or aliphatic alcohols are known to decrease the fluores-
cence yield of these compounds.?’** Solvents marketed specifically for fluorescence or
gas chromatographic use are generally pure enough to be used as supplied. Other
grades of solvents should be purified by careful washing and/or distillation before use.
Note that energy transfer can lead to either positive or negative changes in ¢, depending
upon whether the extraneous solute is the energy recipient or the energy donor.

b. Factors Affecting I, and F Directly
i. Inner Filter Effects
Equation 3 was derived assuming that ¢ was small and therefore the light intensity
available across the sample was essentially a constant equal to I,. If € is not small, the
intensity of light will decrease sharply across the sample and the fluorescence intensity
will not be directly proportional to concentration, ¢, but will follow equation 2 instead.
The same effect results from other solutes which absorb at the cxcitation wavelength:
the observed fluorescence becomes dependent on the total optical density of the solu-
tion as well as on the concentration of analyte. This is known as the ‘‘inner filter
effect’’. Parker and Barnes*® have given the following expression for correcting meas-
ured fluorescence intensities, F, for the inner filter effect in experiments where the
emission is observed at right angles to the excitation, and where the absorbance of the
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FIGURE 3. Cell and slit arrangement for observing fluo-
rescence perpendicular to the incident beam.

analyte is small:

2.303 A (x, — x,)

FOBSERVE 4)
ToTA%, _jo-Ax; | OBSERVED

FcorrECTED ©
where A = total optical density of the solution at the excnatnon wavelength and x,, x,

= position of the slit edges as defined in Figure 3.

The correction is on the order of 1% for an optical absorbance of 0.01 for all slit
widths in the experimental geometry shown in Figure 3 and increases at higher absorb-
ance values as shown in Table 4. Equation 4 is not accurate when Feorrecren/Foaserven
exceeds 3.0. The inner filter effect in strongly absorbing solutions may be a little
smaller with frontal observation of the sample as shown in Figure 4, B: corrections
for this geometry are given in Table 5.4° The inner filter effect in other experimental
geometries is discussed in Reference 1. A good description of correction of right angle
fluorescence measurements has also been given by Holland et al.*!

The observed fluorescence intensity, F, will also be decreased by solutes that absorb
at the emission wavelength.** An error on the order of 1% will result if the solution
absorbance is 0.01 at the emission wavelength and 1-cm cells are used in the configu-
ration shown in Figure 3.

ii. Scattered Light and Emission from Impurities

The observed intensity, F, may also contain contributions from scattered light and
from fluorescent emission of other solutes. Light ‘scattering may arise from the cuvette
walls, Tyndall scattering by suspended particles, and Rayleigh and Raman scattering
from the solvent. Light arising from scattering by the cuvette and from Tyndall and
Rayleigh scattering will be of the same wavelength as the excitation source. Light aris-
ing from the fluorescence of other solutes or the cuvette glass, second order Rayleigh



Substance

Phenol

Salicy lamide

4-Mcthyl-7-hydroxy coumarin

Table 3

COMPARISON OF GROUND (S,) AND FIRST EXCITED SINGLET (S, ) pK VALUES

Statc and pK

So PK,=10.0
s, pK, =37
S, 1K, =-26
pl(ﬂz =+8.3
S, pK, =-53
pK,, =2.I
S, PK, =-5.0
pKaz =178

S, pK‘ =-4.]

Reaction Ref.

(] 0 o
n . M - n N
HO NHy HO  (NH, 0 CNH, 24
pK o
3 3
() o 0
"o, . “H’ N [}
HO CNH 0 CNHy 0 CNH,
- — > — *
—— —
pK' pK'
a1 32
+
HO 0. ,O0H HO 0,0 o 0,0 27
= =10
z z T 2
pK pK
34 ]
+ +
HO o_,0H 9 oM - 0,0
e, —
-— *
A n ~ Z
hod *
pK pK

uonipg puz “SISATEUY [PINNIIBULRY JO SPOYIS WOPOW  TTT


andresfe
Rectangle

andresfe
Rectangle


OH OH
VY] OH
Pyridoxal . So pKa =50 Ho/ré[ —_— NO/@ 36
—
N + N

S, pK: =-2.2 Same as §
R R
1 H + 0 1
Riboflavin S, PK,=-0.1 Nt Y NN T~° CHp0H 28
: ~ R = (CHOH)
N? " K 7 N o3
. n P a N " CH2
* 0 0 I
S, pK,=17 Same as S
Lumiflavin Se PKp=0.0 Same as ribotlavin, R = —CH, 28
S, pK; =17
Tyrosine S K, =21 €O0H 6
yro - Jo PRa —@Y = o COOH
._ NH
S, pK,=18 3 . N,
o ‘ -_8. 29.3
Salicylic acid S, pK.l 8.0 COH " 0
pKa’ =3.0 @ -~
PKy, =140

. * oK + OH
= - ]
Sl pK.‘ 7.0 COH co"
- *
a, C :0 C :

]
pK, =160

H

@=©
@ @

] awnjop

1 X44


andresfe
Rectangle

andresfe
Rectangle


224 Modern Methods of Pharmaceutical Analysis, 2nd Edition

. Table 4
CORRECTION FACTORS, ¢, FOR THE INNER
FILTER EFFECT. FLUORESCENCE OBSERVED AT
RIGHT ANGLES TO THE DIRECTION OF
ILLUMINATION

Slit width, mm

Absorbance .5 1.0 2.0 3.0 4.0 5.0
0.005 1.0060 1.0060 1.0060 1.0060 1.0060 1.0060
0.01 1.0118 1.0118 1.0118 1.0118 1.0118 1.0118
0.05 1.0594 1.0594 1.0594 1.0594 1.0594 1.0593
0.10 1.1222 1.1222 1.1221 1.1220 1.1218 1.1216
0.15 1.1887 1.1887 1.1885 1.1882 1.1878 1.1872
0.20 1.2591 1.2590 1.2587 1.2582 1.2574 1.2564
0.25 1.3337 1.3336 1.3330 1.3321 1.3308 1.3292
0.30 1.4127 1.4125 1.4117 1.4103 1.4083 1.4058
0.35 1.4964 1.4961  1.4949 1.4929 1.4900 1.4864
0.40 1.5850 1.5846 1.5829 1.5802 1.5763 1.5713
0.45 1.6789 1.6784 1.6761 1.6724 1.6672 1.6605
0.50 1.7783 1.7776 1.7747 1.7698 1.7630 1.7543
0.60 1.9952 1.9940 . 1.9893 1.9814 1.9705 1.9565
0.70 2.2385  2.2367 2.2295 2.2175 2.2008  2.1797
0.80 2.5115  2.5088 2.4982  2.4807  2.4564 2.4257
0.90 2.8176  2.8139  2.7988  2.7740  2.7398  2.6966
1.00 3.1611 3.1559  3.1351 3.1008  3.0538  2.9947

" Foiia = {XFoprn

scattering, or Raman scattering will be of longer wavelength than the excitation source.

The intensity of scattered light entering the dete: - optics will be smaller if the
detector views the sample at right angles to the excitation beam, than it will be in other
configurations. Background from scattering and fluorescence of the cuvette walls can
be minimized by arranging the slits so that the portion of the wall that is directly
illuminated by the excitation source is not viewed by the detector. The cuvette must
be kept meticulously clean, but use of dichromate cleaning solutions or fluorescent
detergents must be avoided. Tyndall scattering is best controlled by careful preparation
of the sample so that suspended particles or droplets of immiscible solvents are not
present. Since most scattered light will be at the excitation wavelength, placing a filter
between the sample and detector to block light of shorter wavelength than the emission
will greatly reduce the background from scattered light. Use of a monochromator with
relatively narrow band pass is also effective in reducing the background from scattered
light. Second order Rayleigh scattering and Raman scattering may be observed at
longer wavelengths than the excitation, but are of low intensity and generally will not
interfere in anv but the most sensitive of assays. The second order Ravleigh scatter
occurs at twice the wavelength of the incident light, e.g., excitation at 300 nm will give
rise to:strong Rayleigh scattering at 300 nm and weak second order scattering at 600
nm. Raman scattering will also be observed at longer wavelengths, but the wavelength
is a characteristic of the solveat. In terms of frequency,*’

(5)

where va, = frequency of the Raman scattered light, v = freqnency of the Raman
band of the solvent, and v, = frequency of the excitation beam. Equation § can be
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A. Block diagram of a fluorometer employing the 90° geometry; B. frontal geometry; C. in-line geometry.
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Table 5
CORRECTION FACTORS, ¢, FOR INNER FILTER
EFFECT: FLUORESCENCE OBSERVED WITH
FRONTAL GEOMETRY (FIGURE 4)°

Optical density L = 0.25 L = 0.50 L = 1.00°
1.0x 10" 9.6236x 10 1.6194 X 10~ 2.4998 x 10"
2.0 9.6233 1.6193 2.4995
3.0 9.6231 1.6192 2.4993
4.0 9.6228 1.6191 2.4991
5.0 9.6226 1.6191 2.4989
6.0 9.6223 1.6190 2.4986
7.0 9.6221 1.6189 2.4984
8.0 9.6218 1.6188 2.4982
9.0 9.6215 1.6187 2.4979
1.0x 10" 9.6213 1.6187 2.4977
2.0 9.6187 1.6178 2.4954
3.0 9.6162 1.6170 2.493]
4.0 9.6136 1.6162 2.4909
5.0 9.6111 1.6154 2.4886
6.0 9.6085 1.6146 2.4863
7.0 9.6060 1.6138 2.4840
8.0 9.6034 1.6130 2.4818
9.0 9.6009 1.6122 2.4795
1.0x 107 9.5983 1.6114 2.4772
2.0 9.5729 1.6033 2.4548
3.0 9.5476 1.5953 2.4326
4.0 9.5223 1.5874 2.4107
5.0 9.4972 1.5795 2.3892
6.0 9.4721 1.5717 2.3679
7.0 9.4471 1.5640 2.3469
2.0 9.4223 . 1.5563 2.326.
9.0 9.3975 1.5486 2.3058
1.0x jO-! 9.3728 1.5410 2.2857
2.0 9.1308 1.4680 2.0984
3.0 8.8975 1.3999 1.9342
40 8.6725 1.3363 1.7897
5.0 R.4555 1.2770 1.6620
6.0 8.2462 1.2216 1.5490
7.0 R.0442 1.1698 1.4484
8.0 7.8493 1.1213 1.3586
9.0 7.6611 1.0758 1.2783
1.0% 10 7.4795 1.0332 1.2060
2.0 5.9684 7.2400 % 10°? 7.6139 x 10~
3.0 4.8809 5.4620 5.5495
4.0 4.0813 4.3530 4.3717
5.0 3.4805 3.6102 3.6158
6.0 3.0197 3.0826 3.0841
7.0 2.6589 2.6899 2.6903
8.0 2.3710 2.3865 2.3866
9.0 2.1373 2.1451 2.1451
1.0% 100 1.9444 1.9484 1.9484
2.0 1.0196 1.0196 1.0196
3.0 6.9172 % 10 6.9172x 10" 6.9172 % 10"
1.0 5.2373 5.2373 5.2373
5.0 4.2151 4.2151 4.2151
6.0 3.5273 3.5273 3.5273
7.0 3.0328 3.0328 3.0328
8.0 2.6600 2.6600 2.6600

9.0 2.3689 2.3689 2.3689
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Table § (continued)
CORRECTION FACTORS, &, FOR INNER FILTER
EFFECT: FLUORESCENCE OBSERVED WITH
FRONTAL GEOMETRY (FIGURE 4)*

Optical density L = 0.25 L = 0.50° L = 1.00°
1.0 x 1y 21354 2.1354 2.1354
2.0 1.0757 1.0757 1.0757
3o 7.1908 x 10°* 7.1908 x 10°* 7.1908 x 104
4.0 5.4009 5.4009 5.4009
5.0 4.3246 4.3246 4.3246
60 31.6061 3.6061 1.6061
7.0 3.0924 3.0924 3.0924
8.0 2.7067 2.7067 2.7067
9.0 2.4067 2.4067 2.4067

L = cell depth in ecm. Cell width is 1.0 cm. (see Figure 4) Feoue =
FON,\' x {

*  From Mode, V. A, and Sisson, D. H., Anal. Chem., 200, 1831,
1974. With permission.

rewritten in terms of the wavelengths A.. of the scattered light and A, of the excitation
light as:

Ae
App = —————— (6)
RE
1 - A /Arp

where AA, is the wavelength corresponding to the characteristic frequency shift of the
Raman band. Values of AA, in nanometers for some prominent Raman bands of com-
mon solvents are given in Table 6. Positions of bands for other solvents may be cal-
culated from Raman band positions given in Reference 46. The dependence of the
emission wavelength on the excitation wavelength can be used experimentally to distin-
guish Raman from other types of scattering and emission.

The presence of emission from solutes other than the analyte is more difficult to
identify, but it can sometimes be detected through the differences that exist between
the excitation spectra of the two compounds. In particular, if the fluorescence efficien-
cies of the substances differ, then the efficiency calculated from the corrected fluores-
cence spectra of the sample will depend upon the excitation wavelength. This test must
be used with caution because a natural dependence of ¢, on excitation wavelength is
found in some cases,** and because an apparent dependence of $- on excitation wave-
length can be an artifact resulting from inner filter effects in optically dense solutions.

The effect of emission from extraneous fluorescent solutes on an analysis can be
minimized by careful selection of the excitation and emission wavelengths. However,
even when the excitation wavelength selected is well to the long wavelength side of the
normal absorption band of an impurity, the impurity can still contribute to the ob-
served fluorescence intensity. This situation arises because a small percentage of the
impurity molecules will be in a vibrationally excited state and may therefore be excited
to a level in the S, state by absorption of a photon at longer wavelength than is char-
acteristic of the substance. The fluorescence emission spectrum will be the same as the
normal emission spectrum of the molecule, but a portion of the emission may actually
be of shorter wavelength than the exciting light.*” Fluorescent emission at wavelengths
shorter than the excitation wavelength is known as anti-Stokes fluorescence and has
been studied in detail for a number of compounds including phenanthrene(X1V)*’ and
1,12-benzoperylene(X V).“* Anti-Stokes emission is low intensity and can be reduced
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Table 6
RAMAN BANDS FOR COMMON SOLVENTS*
Frequency
Solvent shift, cm™’ Ady, nm Source
Water 3380 2959 Hydrogen bonded
O-H streich
Ethanol 2920 3425 C—H Stretch
1400 7143 CH, Rocking/twist-
ing
Cyclohexane 2880 3472 C—H Stretch
1360 7353 CH, Wag
Carbon tetrachloride 700 14,290 C—Cl Stretch (?)
Chloroform 3020 33N C—H Stretch
700 14,290 C—-Cl Stretch

From Parker, C. A., Analyst (Amsterdam), 84, 446, 1959. With permis-
- sion. '

further by operating at lower temperatures since the intensity of emission is propor-
tional to the population of the upper vibrational levels of S,.

@)
O 88@
Q0 0

XY XV

Complete removal of the interference can only be accomplished by chemical means.
The procedure for preparing samples must be designed to remove likely fluorescent
impurities from the sample. Solvents and reagents should be checked for fluorescent
impurities before use. As impurities in solvents may quench fluorescence as well as
add to the luminescence background, it is advisable to use solvents marketed specifi-
cally for fluorescence work, or that have been redistilled or otherwise purified before

use.

111. FLUOROMETERS

A. Instrument Geometry

A fluorometer consists of a sample compartment situated between a light source and
a light detector as shown in the block diagram in Figure 4, A. The most common
arrangement is for the detector to view the sample at right angles to the incident light
beam because this configuration minimizes the background signal from scattered light.
A frontal arrangement (Figure 4, B) is necessary with opaque samples and is often
used for optically dense solutions. The frontal arrangement has the disadvantage that
scattering and fluorescence from the cuvette wall are viewed directly by the detector
slit. Inner filter effects are smaller but far from negligible in frontal geometries (see
Tables 4 and 5). _

The in-line geometry ‘of Figure 4, C can also be used. This geometry can be used
for strongly absorbing and strongly fluorescent solutions, but has the serious disadvan-
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tage that the detector directly views the source. In-line instruments therefore require
much better wavelength selectivity in both the excitation and emission monochroma-
tors than are necessary with other instrument geometries. All three configurations
should give comparable spectra for weakly absorbing sample solutions.'

B. Cells

The excitation wavelength in many fluorescence applications is in the UV region of
the spectrum, so silica or quartz cells must be used. Cells intended for fluorescence
work must be selected for low fluorescence under UV irradiation: properly anncaled
cells of synthetic silica are generally the most satisfactory.

Cells should be handled very carefully to avoid scratching or chipping, since defects
in the surface will increase the amount of scattered light reaching the detector. They
should be cleaned by rinsing with solvent and then washing with a nonfluorescent
inorganic detergent, such as Calgonite:®, immediately after use. A solution of hydro-
chloric acid in ethanol may also be used, but concentrated acids and alkalies should
be avoided. ‘

C. Light Source

Mercury vapor and xenon lamps are the usual light sources for fluorometers. The
mercury lamps offer intense light output at select wavelengths, good stability, and the
economies of a simple power supply and low lamp cost. The wavelengths of the mer-
cury emission lines and their relative intensities are given in Table 7. In many cases,
the high intensity and narrow frequency range of the mercury lines more than compen-
sate for the loss in signal that results from exciting at a wavelength different than the
optimum for the substance being studied. The frequency coverage of a mercury lamp
can be increased by increasing the vapor pressure, which broadens the emission lines,
or by coating the inside of the lamp with phosphors that emit light over a broader
band.

The high pressure xenon lamp provides a continuum with good intensity from below
250 nm up into the visible. The intensity of the xenon lamp is only about one half that
of the mercury vapor lamp at the emission maxima of the mercury lamp. In spite of
somewhat lower intensity, the xenon lamp is widely used because it provides complete
coverage of the UV spectrum and because a continuous source is essential for a scan-
ning spectrophotofluorometer. A disadvantage of the xenon lamp is instability of the
output intensity and arc wander. As the arc shifts back and forth, slightly different
wavelengths are focused on the exit slit and the fluorescence intensity fluctuates ac-
cordingly. A significant contribution to assay imprecision can result from these fluc-
tuations. A good discussion of the xenon, mercury vapor, and other lamps can be
found in Reference 1. '

D. Wavelength Selection

Wavelength selection for both the excitation and emission sides of the instrument
may be accomplished by either filters or monochromators, or both. Filter fluorometers
require a filter between the sample and the source (excitation filter) and another be-
tween the sample and the detector (emission filter). The excitation filter is chosen to
block all wavelengths of light greater than the desired excitation wavelength: this pre-
vents the longer wavelengths from the source from being scattered into the detector
and causing an unacceptably high background signal. The emission filter is chosen to
block all wavelengths shorter than the desired emission wavelength: this prevents scat-
tered light at the excitation wavelengths from entering the detector and again causing
a high background signal. When placed in series, a properly chosen pair of excitation
and emission filters will block light at essentially all wavelengths.
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Table 7
MERCURY EMISSION
LINES
A, nm Relative intensity
2837 10,000
296.5 60
302.2 110
312.2 74
313.2 1
365.0 89
365.5 21
366.3 14
404.7 89
435.8 170
546.1 120
577.0 17
579.0 18

Filter fluorometers offer the advantage of relatively low cost, easy operation, and
good sensitivity. They have the disadvantages that (I) the excitation and emission
wavelengths must be quite different in order for them to be properly isolated by the
filters, (2) they are not useful when extremely high sensitivity is required because the
Raman emission of the solvent will occur at wavelengths not blocked by the emission
filter, and (3) filter instruments cannot be scanned to record the entire fluorescence
spectrum.

Monochromator instruments may use either prisms or gratings to disperse the light.
Very narrow excitation and emission bands can be selected which reduce the magnitude
of interference from scattering, other fluorescent species in the solution, etc. Grating
instruments have the additional advantage that resolution is c.2nsiant across the entire
spectrum, which makes them especially well suited for use in scanning fluorometers.
Filters may be used in conjunction with a grating monochromator in high sensitivity
work in order to eliminate the second order spectrum passed by the monochromator.

E. Detectors

Two types of photodetectors are commonly used in fluorescence work: barrier layer
cells and photomultiplier tubes. A barrier layer cell consists of a thin layer of a semi-
conductor on a metal base. Light incident on the semiconductor surface generates an
emf, and hence a current, which can be amplified and recorded. These cells generally
are most sensitive to light in the 500- to 600-nm region. Barrier cells have the disadvan-
tages that they fatigue rather rapidly and are not very sensitive.

The photomultiplier tube is a very sensitive light detector which provides both detec-
tion and amplification of the incident light signal. Radiation incident on the photo-
multiplier photocathode causes electrons to be ejected from it. The ejected electrons
are ac’&lerated by high voltage toward a second photosensitive electrode (called a dy-
node)',i where ecach incident electron displaces several more electrons. This process is
repeatsd several times and results in signal amplification as high as 10°® or 10°.

The maximum sensitivity of a particular photomultiplier tube occurs in a narrow
wavelength band, but a variety of photomultiplier tubes are available which cover the
UV and visible spectrum quite well. For high sensitivity work it is important that the
photomultiplier tube be selected for maximum sensitivity at the emission wavelength
of the analyte.

F. Correction of Spectra
The true excitation spectrum of a substance is a plot of ¢ ¢, vs. wavelength, where ¢
4
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is the molar absorptivity and ¢, is the fluorescence quantum efficiency. The emission
spectrum is a plot of the relative number of quanta emitted as a function of wavelength
under constant excitation conditions. Experimentally the excitation spectrum is ob-
tained by setting the emission monochromator at the wavelength of the fluorescence
maximum and then scanning the excitation monochromator. The emission spectrum
is obtained by setting the excitation monochromator at the wavelength of the excitation
maximum and scanning the emission monochromator. The intensities recorded in this
way do not give the true fluorescence spectrum because they are affected by scveral
instrumental factors.

The excitation spectrum obtained in this way is actually proportional to l,$¢ as a
function of wavelength and must be corrected for variations in I, with waveilength in
order to obtain the true spectrum. |, varies across the spectrum because both the lamp
output and the efficiency of the monochromator are wavelength dependent. The exci-
tation spectrum may be corrected easily by splitting the exciting light into two beams.
One of the beams irradiates the sample. The other is monitored by an auxiliary detector
with flat spectral response in ordeér to obtain a measure of 1,. The corrected excitation
spectrum is obtained by recording the ratio, F/I,, of the output of the fluorescence
detector to that of the auxiliary detector. Using the ratio F,I, has the additional advan-
tage in analytical work of improving precision by correcting for fluctuations and drift
in the lamp output.

The emission spectrum is affected. by the wavelength dependence of the emission
monochromator efficiency and the detector sensitivity. Correction of the emission
spectrum is more difficult than correction of the excitation spectrum and requires
measurement of the response curve of the detector-monochromator combination. The
experimental emission spectra are then divided by the response curve to obtain the
corrected emission spectrum. Correction of the emission spectrum offers no advantage
in quantitative analysis, although knowledge of the corrected spectrum can be very
helpful in optimizing assay conditions when maximum sensitivity is necessary. For
maximum sensitivity, a lamp should be chosen with the highest possible output near
the maximum in the corrected excitation spectrum, and a detector should be chosen
with maximum sensitivity near the maximum in the corrected emission spectrum. A
more detailed discussion of correcting fluorescence spectra can be found in References
1, 40, 41, and 49.

IV. RELATION OF FLUORESCENCE TO MOLECULAR STRUCTURE

A. General Considerations

A necessary condition for a compound to fluoresce is that it absorb light in the UV
or visible region of the spectrum. While a number of chromophores absorb above 200
nm, only those based upon a conjugated n electron system will generally give efficient
re-emission of the absorbed energy. In particular, the most intense fluorescence is as-
sociated with molecules whose lowest energy electronic transitions are n = n*, as these
molecules have the greatest fluorescence efficiency and the highest ¢ values. Simple
aliphatic compounds that absorb above 200 nm (RSH, Au.x = 225 to 230 nm; R,S,
Auax = 210 to.215 nm and 235 to 240 nm; RBr, Ay.x = 200 to 210 nm; R, Auax =
25510 260 nm) generally dissipate absorbed light energy through photo-dissociation,
" reaction, or other nonradiative processes and are not fluorescent. The lowest energy-
transition for compounds whose principal chromophore is a simple group with a n-
bonded heteroatom (ketones, aldehydes, carboxylic acids, amides, esters, azo and nitro
compounds, etc.) is n = n*. These substances generally undergo efficient internal con-
version and show very low fluorescence efficiencies.

Most fluorescent organic compounds are therefore either polyenes, aromatics, or
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derivatives of these two classes. Among these compounds, fluorescence efficiencies are
greatest when the n system is rigid and planar in both the ground and excited state.*®
Acyclic polyenes tend to have lower fluorescence efficiencies than their cyclic ana-
logues because they are more flexible and their chromophores are often nonplanar due
to steric interactions. Retinol (Vitamin A, XVI) is a simple polyene which exhibits
fairly Strong fluorescence emission at 470 nm when excited at 325 nm.*' The
retinalf{ X VI, XVII) with n — n* being the lowest energy transition®? are not fluorescent
at room temperature. Other examples include 1,8-diphenyloctatetraene(XVII1},5° with
principal excitation bands at 355 nm, 374 nm, and 398 nm, emission bands at 453 nm,
487 nm, 520 nm, and 560 nm, and a quantum efficiency of 0.09; and trans
stilbene(X1X)**-** with principal excitation bands at 278 nm, 294 nm, and 308 nm,
emission bands at 334 nm, 350 nm, and 368 nm, and a quantum efficiency of 0.01.
cis-Stilbene(X X) is not fluorescent at all.’* The low fluorescence efficiency in the stil-
benes appears to be the result of significant deviations from planarity in the excited
states rather than in the ground state.***® The stilbenes also undergo photo-isomeriza-
tion and photochemical reactions.****

CH,0OH
M 2 W
XVi XVII

XX

Q

Phenolphthalein(XXI), fluorescein(VI1I), and eosin yellow(XXI1) provide other ex-
amples of the importance of rigidity in achieving high fluorescence efficiencies. Phen-
olphthalein does not fluoresce at any wavelength. Fluorescein, which differs from
phenolphthalein only in the oxygen bridge restraining the rings being coplanar, emits
with an efficiency of 0.92 when excited at 366 nm in 0.1 NNaOH.'? Eosin yellow emits
with an efficiency of 0.19 when excited at 366 nm.'? Eosin yellow has a lower quantum
efficiency than fluorescein because the substitution with bromine increases intersystem
crossing — a general phenomenon observed with heavy atom substitutions.

Br Br
No* 0 0 -0
i OO
© 0 Br Br
@ OH @ CO0~ Na*
OH
XX
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Table 8
FLUORESCENCE CHARACTERISTICS OF SEVERAL
SUBSTITUTED BENZENES® R,—@—Rl

R, R, Excitation, nm Emission, nm Quantum efficiency

H OH 270 330 0.032
OCH, 270 303 0.034
NH, 280 350 0.025
N(CH,}), 286 365 0.097
F 257 289 0.007

S

Cl, Br, I, NO,, NHCCH,, COOH No fluorescence

NH, CH, C 289 357 0.028
OCH, 297 375 0.042
SO, 254 352 0.050
F 289 362 0.123
Cl, 290 362 0.017

O .

NH('.!CH, 290 - 352 0.00018
Br, NO, No fluorescence

OH CH, 278 313 0.088
OCH, 289 328 0.059
F 276 315 0.030
Cl 280 317 0.089
Br, NO, No fluorescence

From Bridges, J. W. and Williams, R. T., Nature (London), 196, 4849, 1962. With permission.

The strong fluorescence of many metal chelates®®** is also attributable in part to the
formation of rigid, planar ring structure in the complex. However, shifts in the elec-
tronic energy levels of the ligands do occur upon formation of the complex as evi-
denced by shifts of their absorption bands to longer wavelengths, and these shifts may
also contribute to the efficiency of the fluorescence.

B. Substituent Effects on the Fluorescence of Benzene Derivatives

Benzene itself is only weakly fluorescent. In solution in ethanol it emits at 270 nm
with an efficiency of 0.04 when excited at 248 nm.***' Substitutions on the ring often
have a strong effect on the fluorescence of benzene,**** and these effects provide in-
sights into the way substituents affect the fluorescence of aromatic systems in general.
The fluorescence characteristics of a number of substituted benzenes are given in Table
8. The following generalizations can be made:

1. Most groups that are ortho/ para directors in electrophilic aromatic substitution
shift the excitation and emission to longer wavelengths.** They may enhance flu-
orescence efficiency or have no effect upon it, but generally will not decrease it.
This group includes —OH, —NH;, —NHR, —NRR’, —OR, and R, where R and
R’ are alkyl groups. ~-NHC—R and —O- (phenolate anion) are exceptions as they
are ortho/ paradirecting but strongly inhibit fluorescence in substituted benzenes:
however, in polycyclic phenols such as a-napthol and 4-hydroxybiphenyl, only
the phenolate anion and not the neutral species are fluorescent. *

2.  Groups with direct meta in electrophilic aromatic substitution reduce fluores-
cence efficiency an(c)l often eliminate it altogether.** This groups includes —NR;*,

~COOH, ~NO,, RC— , ~CHO, -N=N, —I, —Br, ~Cl, and ~F. The nitrile group,
—C=N, is an exception as it is meta directing, but does not inhibit fluorescence.
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4.

Table 9
SUBSTITUENT EFFECTS ON
THE FLUORESCENCE OF
BENZENE
Positive or no effect Negative effect
~-OH —NR,*
_.0-
—-NH, -NO,
-COOH
2
~NHR RC-
-NHRR’ -CHO
-OR -N=N-
-R —NH-' -R
-CN -1
~-Br
-Cl
"-F

The effect of halogen substitution decreases regularly from iodine to fluorine,
and is usually very small for fluorine. Rules I and 2 are summarized in Table 9.
When both ortho/ para and meta directing groups are present, the compound is
‘usually fluorescent. The transitions giving rise to the fluorescence in this case
may be of the charge transfer type rather than n — n*. Simple aromatic aldehydes
are an exception to this rule in that their lowest energy transition is almost always
n — n*, and so they are very rarely fluorescent, although they may become flu-
orescent in acidic alcohols due to acetal formation.*® Introduction of a hetero-
atom into the conjugated system (see Section C below), or increasing the size of
the system lowers the energy of the n — n* transition more rapidly than that of
the n — n* transition with the result that complex aromatic aldehydes and heter-
oaromatic aldehydes are often fluorescent.*” Thus 9-anthraldehyde (XXIII) is
very weakly fluorescent, pyrene-3-aldehyde(XX1V) fluoresces fairly strongly in
polar hydrogen-bonding solvents, while pyridoxal (VIII)*' and Nuclear Fast
Red(XXV)*® fluoresce strongly in neutral agqueous solution.

& OO0 e

XXl XXIVY XXV

Substitution of a heavy atom for a lighter one, e.g., sulfur for oxygen or bromine
for chlorine, tends to decrease the fluorescence efficiency.

Y
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C. Fluorescence of Anilines and Nitrogen Heterocycles

The fluorescence of anilines,® sulfonamides,’® and indoles*” have been systemati-
cally studied. Fluorescence in these compounds and other small nitrogen heterocycles
is dependent upon the nature of the nitrogen lone pair electrons. In compounds such
as pyridine(XXVI) and quinoline(XXVI1I), the unshared pair occupies an sp? orbital
which is orthogonal to the n-orbitals as shown in Figure 5. The lowest energy transition
is n = n* for small heterocycles with this electron configuration, and they do not
fluoresce. However, increasing solvent polarity and increasing the size of the conju-
gated system both lower the energy of m = n* transitions more rapidly than n — n*
transitions. As a result, quinoline does show some fluorescence in highly polar sol-
vents.”' Acridine(XXVI1I11) fluoresces’ blue in its uncharged form, green in its proton-
ated form, and the fluorescence yield increases with the polarity of the solvent.”

The unshared pair of electrons in indole(XX1X) and aniline(XXX) participate in the
n-system as shown in Figure 5. The lowest energy transition for compounds with this
electronic configuration is a n = n* transition, and the free bases of these compounds
can be expected to fluoresce in the absence of fluorescence inhibiting substituents. The
protonated forms of anilines and indoles are not fluorescent; the unshared pair is no
longer available to the n system, and they behave like aromatic compounds substituted
with a strong fluorescence inhibiting group (—NH,"—, see Table 9).

O o oo o4 O

The effects of ring substituents on the fluorescence of anilines are similar to their
effects on phenols and other benzene derivatives,®® as discussed in the preceding sec-
tion. Substituent effects on the fluorescence of heterocyclic ring systems have been
studied in only a few special cases, including the barbiturates(XXXI),”*-’* thiobarbi-
turates(XXXII),” and phenothiazines(XXXI111).77-7%4-% The fluorescence of the barbi-
turates arises from their dianions and is therefore only observed in strongly basic solu-
tions.”*-7* Barbiturates with at least one hydrogen on carbon 5 form the dianion shown
in Figure 6, A, and are only weakly fluorescent with an emission maximum at 400 nm.
5,5-Disubstituted barbiturates form the dianion shown in Figure 6, B, and this dianion
fluoresces strongly at 420 nm when excited at 277 nm. N-alkylation destroys the fluo-
rescence entirely as dianion formation is no longer possible. The fluorescence intensity
of 5,5-disubstituted barbiturates is reduced if one of the substituents is a phenyl or

other unsaturated group.
H
0Ne
S

XXX

Thiobarbiturates exist as zwitterions up to pH 11 and as anions at higher pH values™
as shown in Figure 7. Both the zwitterion and anion are fluorescent, but the anion
fluoresces more strongly.” The thiobarbiturates studied have excitation maxima at 312
nm and emission maxima at 510 nm. The excitation and emission wavelengths are
independent of pH. Substitutions on the ring nitrogens decrease the fluorescence, while
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A
A A
¢ NINS
<>
V
pyridine
quinoline
I‘R
N
\R N-H
V
aniline
indole

FIGURE 5. Electron orbitals in nitrogen heterocycles.
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FIGURE 6. Dianions of 5-substituted (upper) and 5,5-di-
substituted (lower) barbiturates.

s s”
HN“NNH* pH II HN XN H .
— + H
0 N\¢"0 0- ~0

FIGURE 7. lonization of thiobarbituric acid.

substitution on carbon 5 with a phenyl or other unsaturated group enhances the fluo-
rescence intensity — just opposite the effect of unsaturated substituents on the fluores-
cence of oxo-barbiturates.

Phenothiazines’”’* have excitation maxima at 250 to 275 nm and 305 to 325 nm,
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and a single emission maximum at 450 to 475 nm (uncorrected). The exact wavelengths
for both excitation and emission depend upon the substituents on the ring. The effect
of substituents at carbon 2 on the wavelengths of the excitation and emission follows
the order:

shorter wavelength: —OCH,, —H, —C!, —-CF,, —SCH,: longer wavelength
The wavelengths are, as expected, independent on the alkyl chain at N-10.

D. Fluorescence of Miscellaneous Compounds

Systematic studies of the fluorescence of classes of compounds other than those
already discussed have not been made, although several groups are typically f{luores-
cent. The fluorescence of oxazoles(XXXIV) and oxadiazoles(XXXV) has been re-
ported.*® Many coumarins(XXXVI) are fluorescent. The hydroxycoumarins fluoresce
strongly when the hydroxyl is at C-7, much weaker when at C-3 or C-4, and nonflu-
orescent when at C-6 or C-8.* Tetracyclines(XXXVII) fluoresce in alkaline solutions,
with the excitation maximum near 390 nm and an emission maximum near 520 nm.

—N N—N = 4 7
) HO' CHy  N(CHy),

XXXIY XXXVI | XXXV

:

V. PHARMACEUTICAL APPLICATIONS OF FLUORESCENCE
ANALYSIS

A. Scope

A substance must absorb light in order to fluoresce and as a result, any substance
that can be measured fluorimetrically can also be measured spectrophotometrically.
The choice of method is made according to the requirements of the problem at hand.
Fluorimetric methods offer greater sensitivity than spectrophotometric methods, but
are less precise and more susceptible to systematic errors. As a result, spectrophoto-
metric methods are widely used in the analysis of drug substances and formulations,
while fluorimetric methods are generally reserved for analysis of drugs in biological
samples where great sensitivity is needed and greater variability can be tolerated. How- -
ever, fluorometric methods should be considered when devising methods for small
amounts of material, such as encountered in the analysis of trace impurities in a drug
substance or in unit dose assays of certain steroids, alkaloids, and other drugs which
are administered in very low doses.

The pharmaceutical applications of fluorescence reviewed in the following sections
will be limited to methods using the native fluorescence of the drug substance or the
development of fluorescence through a reaction unique to a particular drug or group
~of drugs. Additional references to the fluorescence of certain classes of drugs or to
drugs containing specific chromophores can be found in Section 1V of this chapter.
Many other applications of fluorescence can be found in books by Parker,' Guil-
bault,'® Pringsheim,*” White and Argauer,*® Pesez and Bartos,** Udenfriend,**® Her-
cules,®” and Passwater.*®* The fluorescence spectra of a large number of aromatic
compounds can be found in Berlman’s book.”" In addition, recent developments in
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fluorescence analysis are reviewed every other year in the annual review iSsue of Ana-
Iytical Chemistry.

B. Diphenylmethane Derivatives

A number of drugs contain the diphenylmethane group and can be analyzed fluori-
memca‘ﬂy using either the native fluorescence of this group or the fluorescence of its
oxidation products. Wirz et al.** have studied the fluorescence and phosphorescence
of a nutmber of antihistamines containing the diphenylmethane group. The character-
istic wavelengths and quantum efficiencies found for these compounds are given in
Table 10. The fluorescence spectra of the compounds in Table 10 are quite similar to
one another, are the same in dilute aqueous acid and in ethanol, and are relatively
insensitive to pH. The fluorescence arises from the entire diphenylmethane group,
since the spectra are quite different from those of benzene, toluene, and other sub-
stances containing only isolated phenyl groups.®? The limit of detection for the anti-
histamines ranged from 1077 to 10~* M. Wirz et al.*? also reported a specific fluorome-
tric procedure for the analysis of phenhydramine hydrochloride injection in this paper.

Diphenylmethane derivatives can also be oxidized to benzophenone derivatives
which fluoresce in strongly acidic solutions. Cyclizine(XXXXIV), chlorcyclizine
(XXXX), meclizine(XXXXIII), and diphenhydramine(XXXIX) can be analyzed by
oxidation with 3% hydrogen peroxide at 90°C for 30 min and measured at the wave-
lengths given in Table 10.%*

Diphenylhydantoin(XXXXV) has been analyzed in plasma by oxidation with alka-
line potassium permanganate, extraction of the resulting benzophenone into heptane,
and back extraction into concentrated sulfuric acid. The fluorescence emission is then
mcasured at 485 nm with excitation at 355 nm.** Amitriptyline(XXXXVI) has been
quantitated in biological samples by measuring the emission at 555 nm with excitation
at 305 nm after extraction and heating with aqueous perchloric acid®* to develop the

fluorescence.
; N\ COOH

~ ."b | ! @0“

N(C H3)2

XXXV XXXXVI XXXXVI

I
o

Z
I

C. Salicylates

Salicylic acid(XXXXVII) and many of its derivatives fluoresce strongly in solution.
The corrected emission and excitation wavelengths of XXXXVII, o-anisic
acid(XXXXVIIIl) and methyl salicylate(XXXXIX) are given in Table 11 as a function
of acidity in water and chloroform. The unusually long emission wavelength for
XXXXVH is the result of transfer of the proton from the hydroxyl to the carboxyl
group durmg the lifetime of the excited state.* ***7 The fluorescence of free salicylic
acid has been widely used for the analysis of salicyvlic acid, acetvisalieylic acid, and
related substances in plasma and urine samples. Total salicylates in plasma can be
determined by precipitating proteins with tungstic acid, diluting the protein-free sam-
ple with 10 N sodium hyvdroxide, and measuring the flnorescence emission at about
389 nm while exciting at 322 nm.” The optimum wavelengths for the measurement
will vary somewhat from instrument to instrument. Samples are stable in the sodium



Table 10

FLUORESCENCE OF SEVERAL ANTIHISTAMINES CONTAINING

THE DIPHENYLMETHANE GROUP

Natural fluoreseence?

Volume [ 239

After 1,00

Quantum
Excitation Emission efficiency

@'C“z @ 260 282 0.16

XXXVIH
Diphenylimethane

N N=CH

0,0
)

XXXXIV
Cyclizine

c

N= CHy 265 292 -

Q0
®

XXXX
Chlorcyclizine
c1 ‘
O
N - o, @ 265 291 -
@)
XXXXII
Meclizine
@ A~~~ N /C%
0 Sehy 258 285 0.01
XXXIX

Diphenhydramine

Excitation

305 & 335

345

310 & 345

305 & 345

Emission

417 & 449

451

420 & 444

412 & 454
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Table 10 (continued)
FLUORESCENCE OF SEVERAL ANTIHISTAMINES CONTAINING
THE DIPHENYLMETHANE GROUP

Natural fluorescence® After H, 0,0
Quantum
Excitation Emission efficiency Excitation Emission
Br
- s Photolyzes to a second, unidentificd fluorescent specie
0N N ~ otolyz . p
CH
© ’
- XXXX1

Bromodiphenhydramine

PN 260 313 0.04 - -

o

XXXXI1
Phenindainine

2 Data from Wirz, D. R., Wilson, D. L., and Schenk, G. H., Anal. Chem., 47,896, 1974.
b Data from Jensen, R. E. and Pilaum, R. T.,J. Pharm. Sci., 53, 835, 1964,

hydroxide solution for several hours if carefully protected from air. The limit of detec-
tion is on the order of 1 ug/m{. This procedure measures total plasma salicylates since
many salicylate derivatives fluoresce at the same wavelengths and because salicylate
esters, such as aspirin(L), hydrolyze rapidly to salicylate in alkaline solution. Salicy-
luric acid(LI), the principal substance appearing in the urine after ingestion of
XXXXVIH or L, can be guantitated using the same procedure as for plasma except
that excitation and emission shifted to slightly longer wavelengths. Salicyluric acid
standards should be used in place of salicylate standards for urine analysis. Both free
salicylate and aspirin can be determined in biological samples by separating them on a
dextran gel column,* by selective extraction,'® or by paper chromatography'®' prior
to the fluorimetric measurement. Rowland and Riegelman'®? used gas chromatography
to determine L and fluorimetry for XXXX V11 in plasma.

*

COOoH O‘\COCH3 COOH
OCH; OH 0cCH,
O
XXXXVIT XXXXIX L

Miles and Schenk'?? reported a simple fluorimetric procedure for L in tablets. In
1% acetic acid in chloroform, the lowest energy excitation and emission wavelengths

‘é
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Table 11

FLUORESCENCE OF SALICYLATES AS A FUNCTION OF ACIDITY IN WATER AND CHLOROFORM

Aexc, NM
Agsss, M

Aexc, nm
Aeaess, DM

Aexe, IM
Agaess, nM

* TFA = Trifluoroacetic acid.

Aqueous solutions: Chloroform solutions:
18 MH,SO, 0.1 MH,SO, pH?7 0.0l MNaQOH 7 MNaOH 2% TFA“ Neutral 2% Morpholine
Salicylic Acid
329 302 296 296 322 — — —
418 442 408 408 389 391 & 446 444 413
o-Anisic Acid
321 296 279 279 — — — —
420 364 345 345 — -402 340 —
Methyl Salicylate
330 302 302 331 - — — —
418 366 & 448 366 & 448 408 — 397 & 446 450 450

J awinjop

L4
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for L are 280 nm and 335 nm, respectively, whereas the wavelengths for XXXXVII
are 308 nm and 450 nm, respectively. Thus L can be measured without interference
from XXXXVIIin this solvent. Measurable hydrolysis of L to X XXX V! did not occur
over a period of several hours provided a spectroscopic quality chloroform was used.
Tablets were analyzed by dispersing them in chloroform, fiitering, and measuring. The
calibration curve for the analysis was linear from 0 to 2.8 x 10™* M, with a limit of
detection of about 10°* M. This procedure is not as sensitive as the methods for
XXXXVII because L has a quantum efficiency of only 0.015 to 0.020 and a molar
absorptivity of 1446 in the chloroform solvent employed.

D. Catecholamines

Derivatives of 4-(2-aminoethyl)catechol can be analyzed fluorimetrically using two
different procedures: oxidation and rearrangement to a fluorescent lutin, or oxidation
and subsequent condensation with 1,2-diamino-ethane(L11). The ring closure reaction
is an intramolecular oxidative coupling (see Chapter 2, Section V.C.2.a.i and Section
V.C.2.c). Both reactions are shown for epinephrine(LIlI) in Figure 8.

Conversion of a catecholamine to a lutin, often called the trihydroxyindole reaction,
is usually carried out between pH 6.0 and 7.0 using 107 to 10-* M potassium ferricyan-
ide as the oxidant. lodine can be used as oxidant in place of ferricyanide. The reaction
must be timed and reaction conditions carefully controlled. When the oxidation is
complete, sodium hydroxide is added to make the solution alkaline and an antoxidant
is added to prevent further oxidation of the lutin. Ascorbic acid is the most widely
used antoxidant,'®**®” although thioglycolic acid,'®® cysteine hydrochloride,’® 2-mer-
captoethanol,''® and 2,3-dimercaptopropanol’*' have all been used and offer the ad-
vantage of lower background fluorescence than ascorbic acid.

O‘\C’NHV COOH HO '/ HO OH
O OH HO‘mCOOH HO-@\/NH'<
NH,
I v v

The U.S.P. XI1X''? specifies the trihydroxyindole reaction with ferricyanide and as-
corbic acid for the determination of epinephrine in Lidocaine Hydrochloride Injection.
An automated system for carrying out the U.S.P. XIX procedure has also been re-
ported.'"” The measurements are made with excitation at 420 nm and emission at 520
nm. Similar procedures have been used for the analysis of levarterenol (excitation 400
nm, emission 500 nm),*'* and for methyldopa(L1V) in biological fluids (excitation 400
nm, emission 510 nm).""* The use of iodine in place of ferricyanide or oxidant, but
retaining ascorbic acid as the stabilizer has been used in the analysis of levarterenol''®
and isoproterenol(LV)."'¢ Levarterenol has also been measured spectrophotometrically
by maintaining a pH of 6 after the oxidation step in order to avoid conversion of the
noradrenochrome to noradrenolutin: the noradrenochrome was quantitated dlrectly
by measuring its absorbance at 529 nm."''* g

Weil-Malherbe and Bone''’ originally reported the condensation of L1iI and LVI
with L1] to form fluorescent products as shown in Figure 8. This is usually referred to
as the ethylenediamine procedure. The reaction is carried out in acidic aqueous solu-
tion at S0°C."'* " LI emits at 510 and 600 nm when excited at 420 nm, and as little
as 2 ng of L1l can be measured. The ethylenediamine procedure has been criticized



Table 11

FLUORESCENCE OF SALICYLATES AS A FUNCTION OF ACIDITY IN WATER AND CHLOROFORM

Agxc, nM
Arais, M

Agxc, nm
Aeass, nM

Agxe, M
Agass, NM

Aqueous solutions: Chloroform solutions:
18 M H,SO, 0.1 MH,SO, pH? 0.01 MNaOH 7 MNaOH 2% TFA" Neutral 2% Morpholine
Salicylic Acid
329 302 296 296 2 — - —
418 442 408 408 389 39] & 446 444 413
o-Anisic Acid
321 296 279 279 —_ — — —_
420 364 s 345 — -402 340 —
Methyl Salicylate
330 302 302 331 — — — —
418 366 & 448 366 & 448 408 —_ 397 & 446 450 450

TFA = Trifluoroacetic acid.

J awnjop

184


andresfe
Rectangle

andresfe
Rectangle


242 Modem Methods of Pharmaceutical Analysis, 2nd Edition

for L are 280 nm and 335 nm, respectively, whereas the wavelengths for XXXXVII
are 308 nm and 450 nm, respectively. Thus L can be measured without interference
from XXXXVII in this solvent. Measurable hydrolysis of L to XXXXVII did not occur
over a period of several hours provided a spectroscopic quality chloroform was used.
Tablets were analyzed by dispersing them in chloroform, filtering, and measuring. The
calibration curve for the analysis was linear from 0 to 2.8 x 10 M, with a limit of
detection of about 10"* M. This procedure is not as sensitive as the methods for
XXXXVII because L has a quantum efficiency of only 0.015 to 0.020 and a molar
absorptivity of 1446 in the chloroform solvent employed.

D. Catecholamines

Derivatives of 4-(2-aminoethyl)catechol can be analyzed fluorimetrically using two
different procedures: oxidation and rearrangement to a fluorescent lutin, or oxidation
and subsequent condensation with 1,2-diamino-ethane(LII). The ring closure reaction
is an intramolecular oxidative coupling (see Chapter 2, Section V.C.2.a.i and Section
V.C.2.¢). Both reactions are shown for epinephrine(L111) in Figure 8.

Conversion of a catecholamine to a lutin, often called the trihydroxyindole reaction,
is usually carried out between pH 6.0 and 7.0 using 10~* to 10-* M potassium ferricyan-
ide as the oxidant. lodine can be used as oxidant in place of ferricyanide. The reaction
must be timed and reaction conditions carefully controlled. When the oxidation is
complete, sodium hydroxide is added to make the solution alkaline and an antoxidant
is added to prevent further oxidation of the lutin. Ascorbic acid is the most widely
used antoxidant,'®*-*°” although thioglycolic acid,'®® cysteine hydrochloride,*® 2-mer-
captoethanol,'*® and 2,3-dimercaptopropanol''’ have all been used and offer the ad-
vantage of lower background fluorescence than ascorbic acid.

O~..NH-~-COOH HO ) HO OH

\C -
OH Ho‘©/\{/COOH Ho_@)\/nu-<
O NH,

I v v

The U.S.P. XIX''? specifies the trihydroxyindole reaction with ferricyanide and as-
corbic acid for the determination of epinephrine in Lidocaine Hydrochloride Injection.
An automated system for carrying out the U.S.P. XIX procedure has also been re-
ported.'"’ The measurements are made with excitation at 420 nm and emission at 520
nm. Similar procedures have been used for the analysis of levarterenol {excitation 400
nm, emission 500 nm),"'® and for methyldopa(LIV) in biological fluids (excitation 400
nm, emission 510 nm)."** The use of iodine in place of ferricyanide or oxidant, but
retaining ascorbic acid as the stabilizer has been used in the analysis of levarterenol''*®
and isoproterenol(LV)."'¢ Levarterenol has also been measured spectrophotometrically
by maintaining a pH of 6 after the oxidation step in order to avoid conversion of the
noradrenochrome to noradrenolutin: the noradrenochrome was quantitated directly
by measuring its absorbance at 529 nm.''® :

Weil-Malherbe and Bone''” originally reported the condensation of LIIl and LVI
with LI1 to form fluorescent products as shown in Figure 8. This is usually referred to
as the ethylenediamine procedure. The reaction is carried out in acidic agqueous solu-
tion at SO°C. ** "7 L111 emits at 510 and 600 nm when excited at 420 nm, and as little
as 2 ng of LHI can be measured. The ethylenediamine procedure has been criticized
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OH
HO
HO NHCHS
i
1[01
OH
Oy
o* NHCHy
o
o\ OH

H, N\/‘V w

(I)—j @7

FIGURE 8. Reactions for preparation of fluorescent deriva-
tives of catecholamines. The catecholamine (e.g., epinephrine,
LLED) is oxidized through an intermediate orthoquinone to an
adrenochrome. The adrenochrome is then converted to a flu-
roescent product by reaction with 1,2-diaminoethane or by
rearrangement in alkali to adrenolutin.

for lack of specificity, but a careful comparison with the trihydroxyindole method
showed no significant differences when used to measure catecholamines in human
plasma samples.

HO
OH
HO X
H
Vi LVII

Other fluorimetric procedures also find occasional use in the analysis of catechol-
amines in pharmaceutical preparations. For example, the native fluorescence of LI
in aqueous 0.1 M HCI has been used to guantitate L1ll in preparations containing
lidocaine hydrochloride. LIIl was first separated from other components of the for-
mulation by ion-pair column chromatography and then measured with an excitation
wavelength of 281 nm and an emission wavelength of 334 nm. The procedure has the
advantage of separating LIII from the physiologically inactive sulfonic acid deriva-
tivel, which form by reaction of LIIl with the bisulfite, which is added to many for-
mulations to prevent adrenochrome formation.'***?' Some catecholamines will also
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condense with formaldehyde to form 6,7-dihydroxy-3,4-dihydroisoquinolines(LV1l)
which can be quantitated fluorimetrically.'?

E. Miscellaneous Phenols and Oxygen Heterocycles

Many phenolic compounds, including the catechols discussed in the preceding sec-
tion, exhibit fluorescence which is strong enough to be useful for their analysis. Buty-
lated hydroxyanisol (BHA, LVIII) is used as an antioxidant in many pharmaceutical
preparations and in food products. Low levels of LVII] can be determined in these
products by first extracting with diethyl ether, then removing potential interferences
by thin layer chromatography, and finally quantitating by measuring the intensity of
emission at 327 nm while exciting at 290 nm.'?* Propyl gallate(L.IX), another antioxi-
dant, has also been determined fluorimetrically in foodstuffs.'?*'*% LIX is measured
at 352 nm with excitation at 272 nm.

Phenols which do not fluoresce with sufficient natural intensity.can be converted to
fluorescent derivatives by condensation with ethyl acetoacetate(l.X) to form a cou-
marin derivative as shown in Equation 7.'%¢1¥’

™

! Ho—C : 3 A
“te HZSO‘
@ - a0
Ao N 0%,
The procedure consists of dissolving the sample in ethanol, adding an excess of LX,
and then diluting the solution with an equal volume of concentrated sulfuric acid. The
reaction is usually complete within 15 min at room temperature although phenol(LXI)
itself requires heating at 80°C for 15 min to force completion. The emission wave-

lengths of the products from several phenols tested in this reaction by Pesez and Bartos
are given in Table 12.

OH
’ HO
C(CH3)3 HO@OM Io P
HO e
0CH,
v IX LX

a-Tocopherol (Vitamin E, LXVII) can be measured in plasma and other biological
materials by extraction and fluorimetry.'?*'** The measurements are made in 3:1, hex-
ane:ethanol with excitation at 295 nm and emission at 340 nm. The limit of detection
is approximately 0.01 ug of LXVII. Esters of LXVII do not fluoresce and must be
hydrolyzed to the free phenol if they arc to be measured. LXVII has also been deter-
mined in plant oils using high pressure liquid chromatography with a fluorescence
detector,'* a procedure that should be easily adapted for the analysis of multi-vitamins
and other pharmaceutical preparations containing this vitamin.

3
H3C Q 0
HO
CH,



Table 12

Volume 1

PHENOLIC COMPOUNDS FORMING FLUORESCENT
PRODUCTS WITH ETHYL ACETOACETATE®

Compound

Phenol (LX)

Guaiacol (LXID

Pyrocatecho! (LXIHI)

Resorcinoi (LX1V)

Hydroquinone (LXV)

Phloroglucinol (LXVI)

HO

Structure

OH

OH

@

OH

Emission wavelength, rm

460

495

495

430

475

490

2 From Pesez, M. and Bartos, J., Colorimetric and Fluorimetric Meth-
ods of Analysis, Marcel Dekker, New York, 1974, 109. With per-

mission.

245

A large number of simple phenols and oxygen heterocycles have been determined
fluorimetrically in biological samples. For example, mycophenolic acid(LXVIII) has
been determined in plasma and tissue samples by extraction with dichloroethane, back
extraction into a pH 10 borate buffer, and measuring its emission at 438 nm with
excitation at 350 nm."*' Coumarin(XXXVI) and umbelliferone(LX1X) have been de- -
termined in blood by extraction and measurement of their fluorescence in alkaline
media.'*? Coumarin emits at 491 nm when excited at 361 nm and umbelliferone emits
at 450 nm when excited at 370 nm. Bufuralol(L.XXa)'** has also been determined fluor-
imetrically in blood and urine. LXX emits at 305 nm when excited at 250 nm in a
0.1 N hydrochloric acid solution. Other examples may be found in References 85 to

90.
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F. Pyridines

Many pyridine compounds form fluorescent products when treated with cyanogen
bromide.'**** Jensen and Pflaum'* studied the use of this reaction for development
of fluorescence in a number of antihistamines containing the pyridyl group. The exci-
tation and emission wavelengths they found are presented in Table 13. The reaction
of cyanogen bromide with pyridine derivatives bearing at least one a-hydrogen pro-
duces a derivative of glutaconic aldehyde(LXXb)'*” as shown in Equation 8. LXXb

R R
-
@ + CNBr ———— @ + ZHZO —— m (8)
N+ 0”
|

N CHOH

CN

may be responsible for the fluorescence, but the intermediate pyridinium cation is also
a possible source of the emission. The reaction may be carried out by warming a neu-
tral aqueous solution of the analyte with an equal volume of saturated aqueous cyan-
ogen bromide."**>” An analyte concentration between 5x 107* and 5 x 107 Mis usually
sufficient. The product LXXb may also be reacted further with an aromatic amine to
convert it to the more stable, fluorescent Schiff base. p-Aminobenzoic acid is fre-
quently used in this modification of the cyanogen bromide reaction.??*'?

OH
0
| N+ : HOOC ~"~COOH

LXXa LXXb

Many pyridine derivatives also develop fluorescence when treated with hydrogen
peroxide. Jensen and Pflaum'?* also tested this reaction on a number of pyridine con-
taining antihistamines and obtained the results summarized in Table 13. The reaction
gives the strongest fluorescence with 2-aminopyridine, moderate fluorescence with
other pyridines, and weak fluorescence with nonpyridine antihistamines.'** The pro-
cedure of Jensen and Pflaum consisted of heating an aqueous solution of the antihis-
tamine containing 1.5% hydrogen peroxide at 90°C for 30 min. Several nonpyridine
antihistamines also develop fluorescence under these reaction conditions.'*

Many 2-aminopyridine compounds have a natural fluorescence that can be used for
analysis. Wilson et al.'*® investigated the fluorescence and phosphorescence of a num-
ber of antihistamines containing the 2-aminopyridine group. The fluorescence eniission
and excitation wavelengths of these compounds are also listed in Table 13. Wilson et
al."** showed that the principal emitting specie is the pyridinium (+ 1) ion. They also
preserited a specific procedure for fluorimetric analysis of methapyrilene(LXXI1) in
tablets: The fluorimetric method would be suitable for use in content uniformity stud-
ies or other studics requiring single dose assays.

Fluorescence methods are frequently used in the analysis of compounds in the vita-
min B, group, including pyridoxine(LXXXIl), pyridoxal(VIll}, pyridoxamine
(LXXX), and pyridoxic acid(LXXXI). The fluorescence of these compounds as a func-
tion of pH and structure has been studied by Bridges et al.’® The characteristic wave-
lengths of their natural fluorescence are given in Table 14. Naturai fluorescence has
been used to determine VI, LXXX, and LXXXII in blood samples,**' but the sensi-



EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL PYRIDINE

Table 13

Volume [

COMPOUNDS AND THEIR REACTION PRODUCTS

Compound

/A

S
\/\/CH

e

Methapyrilene (LXX1)

! LCHy
UN‘/\N\
cH

Pyrilimine (LXX1I)

5@

NN -ty
ey

Tripclennamine (LXXIV)

c ;
Chlorpheniramine (LXXVI)

Natural fluorescence

After H, 0,

247

After CNBr

Excitation? Emission? Excitation Emission®

238,303

242,306

248, 306

363

366

363

345

340

345

335

350

409

408

408

394

436

Excitation Emission®

350

350

355

275

280

412

419

419

467

447
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Table 13 (continued)
EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL PYRIDINE
COMPOUNDS AND THEIR REACTION PRODUCTS

Natural fluorescence AfterH, 0, After CNBr
Compound ) Excitation? Emission® Excitation Emission® Excitation Emission®
Qr
cH - - 370 449 280 388
O~ Sk :
CHy
Doxylamine (LXXVII)
QO
H - - 330 352 275 434
-3
N ~

Pheniramine (LXXVI11)

N NH
@ 2 230.295 363 - - - -

2-Aminopyridine (LXXIX)

4 The cxcitation band giving the highest quantum efficiency is listed first.

b Data from Pesez, M. and Banos, 1., Colorimetric and Fluorimetric Methods of Analysis, Marcel Dekker,
New York, 1974, 392.

¢ Data trom Pertman, E., J. Pharmacol. Exp. Ther.. 95, 465, 1949.

tivity and selectivity are not as good as in methods using derivatization prior to meas-
urement.

Pyridoxic acid lactone(LXXX1II) exhibits strong fluorescent emission at 450 nm
when excited at 350 nm.'*? Reddy et al.'** measured LXXXI in urine using an anion
exchange column to isolate it from other urine components and then converting it to
the lactone by heating at 100°C for 15 min in 5 N hydrochloric acid. Fujita et al.'*
used a similar procedure to determine VIII, LXXX, LXXXII, as well as LXXXI in
biological sampies after converting them to the lactone.

H
é ‘ 3 HO\ ’O N CH3
OH P
HO/ \O\@OH
0 0

VI1I can also be determined by converting it to the cyanohydrin(LXXXIV) with

4
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Table 14
FLUORESCENCE OF THE B, VITAMINS

Natural fluorescence

Compound Excitation? Emission® Quantum efficiency?

330 am 385 nm 0.048

o

OH
CHO

VIl
Pyridoxal

335 nm 400 nm 0.110

HO oM

2

b

NH

LXXX
Pyridoxamine

H)

. >
1
|
!

LXXXI
Pyridoxic acid

340 nm 400 nm -
HO

el

LXXXII
Pyridoxine

2 Data from Coursin, D. B. and Brown, V. C., Proc. Soc. Exp. Biol.
Med,, 98, 315, 1958. ’
® Data from Chen, R. I, Science, 150, 1593, 1965.

potassium cyanide:

N N
c"} - pH 7.4 c"}
O w2
50 HOCH
HOCH, o st 2 o1 )
CHO NzC 7 OH .
it IXXXIV

This reaction was first studied by Bonavita and Scardi’** as the basis for a spectropho-
tometric assay for pyridoxal-5-phosphate (LXXXV) and was later developed into &
fluorimetric procedure by the same investigators.'*3-**¢ The reaction is run ina pH 7.4
phosphate buffer which is 0.01 Min KCN and the reaction is complete within 30 min.
at 25°C."¢ VIH and LXXXYV can be determined in the presence of one another using
this procedure.'*¢ LXXX can also be determined using this procedure'*’ after convert-
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ing it to VIII by transamination with glyoxylate as described by Metzler et al.’** The
limit of detection for these substances is approximately 107 M.'*’

G. Indoles

Most of the work on fluorimetric methods of analysis for indoles has been directed
to the biologically important 3-alkylindoles such as tryptamine(LXXXVI), 5-hydroxy-
tryptamine (serotonine, LXXXVII), and indole-3-acetic acid(LXXXVIII). Methods
based upon the natural fluorescence of these compounds and upon the fluorescence
of derivatives have been reported. LXXXVII'*®* and LXXXVIII'*® have been deter-
mined in biological samples using their natural fluorescence in solution in hydrochloric
acid which affords a limit of detection of about 0.03 ug/m{. Maximum sensitivity may
not have been achieved in these early analyses since the fluorescence of indoles is re-
duced in acidic solutions (see Section 1V.C. and Reference 69).

H H
N N
l [:::[;‘;ﬂ\\/
HO/@‘l ~~NHy COOH

IXXXVII [XXXVII

Both the sensitivity and selectivity of the fluorimetric procedures can be improved
by converting the indole into strongly fluorescent derivatives. Hess and Udenfriend's
developed a procedure for analysis of LXXXVI which improved the specificity but
not the sensitivity of the assay. In their procedure LXXXVI is converted to tetrahy-
dronorharman(LXXXIX) by condensation with formaldehyde and subsequently oxi-
dized to norharman(LX XX X) with peroxide as shown in Equation 10. The analyte

0
®
M-} — o)
N NH, A\ N NH
H H H H

LXXXIX
1 %,

owue!

H

(10)

Lxxxvl

LXXXX

is extracted into 0.1 N sulfuric acid, enough concentrated formaldehyde solution is
added to make the mixture 0.5% in formaldehyde, and the reaction is allowed to pro-
ceed at 100°C for 20 min. Hydrogen peroxide is added to make the solution approxi-
mately 0.15% in this reagent and heating is continued for another 20 min. The fluores-
cence is measured at 440 nm with excitation at 365 nm. This procedure has also been
used for the determination of N-terminal tryptophan dipeptides'*? and polypeptides.'s*

A significant improvement in sensitivity can be achieved by reacting the indole amine
with o-phthalaldehyde(LXXXX]1) instead of formaldehyde.'$* The reaction is carried
out by heating the indole derivative at 100°C for 1 hr in 10 N hydrochloric acid con-
taining 0.005% LXXXXI. Maickel and Miller'** found the presence of a hydroxy or
methoxy group at position 5 of the indole ring and an alkyl substituent at 3 were both
required to produce a strongly fluorescent product in this reaction. Indole itself was
not converted to a fluorescent product, and substances having only a single substituent
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at the 3 or 5 position fluoresced weakly. The limit of detection was estimated as 2.6 x
107" mol of S-methoxytryptamine(LXXXXID'** or 2 x 107" mol of LXXXXVII.'**
The products of the reaction of tryptamine derivatives with o-phthalaldehyde are not
known, but they may be similar (o the highly fluorescent products obtained by con-
densing tryptamine with benzaldehyde(LXXXXI11) as shown in Equation 11.'%*

CHO
I: :l T h e @__,@ ] '\/©
N 2 N N
H H

LXXXVI LXXXXIII 1
. H
LXXXXIV

LXXXXI1V fluoresces as strongly as the condensation products derived from
LXXXXI, but has not been yet exploited for trace level analysis of this class of com-
pounds. The excitation and emission wavelengths for LXXXXIV in solution in meth-
anol are 285 nm and 360 nm, respectively.'*® Special attention should be given to po-
- tential interferences when these reactions are considered for an analysis, since a wide
variety of compounds including the a-amino acids form colored or fluorescent conden-
sation products with aromatic aldehydes.'*”-**®* The other reaction products may reduce
the accuracy of the analysis by absorbing at either the excitation or emission wave-
length of the analyte as well as by contributing to the observed fluorescence.

1

H
©:CHO : :N]
H NH
CHO H,CO 2
LXXXXT LXXXXIT

LXXXVII has been analyzed by reaction with ninhydrin(LXXXV) to form a highly
fluorescent product.'*'¢® Bufotenin(LXXXXVI) and 5-hydroxytryptophan
(LXXXXVII) also form fluorescent compounds with LXXXXYV, but a wide variety of
indoles and a-amino acids do not react with this reagent to form fluorescent prod-
ucts.'®® The reaction is carried out in a pH 7.0 phosphate buffer containing 0.01 M
LXXXXYV by heating at 75°C for 30 min, and the fluorescence is measured at 490 nm
with activation at 385 nm.

LXXXVIII has been analyzed by reaction with acetic anhydride in the presence of
boron trifluoride or trifluoroacetic acid to form a fluorescent indolo-a-pyrone
(LXXXXVIII) as shown in Equation 12.'¢''** The reaction

'0

20 CHy _ 7

t 3 c\ 7L

\ r—

" on * L A0 (12)
CHS—C

Y
0

LXXXXVITI
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% carried out in a I:1 mixture of acetic anhvdride:trifluoracetic acid at 0°C and is
complete in 15 min. Approximately 5 x 10°* M LXXXVIII can be measured using the
emission at 500 nm with excitation at 440 nm.

[XXXXY
LXXXXIV
H H
HO NC HO NH,
LXXXXVI [XXXXVI

H. Quinolines and Isoquinolines

Quinoline(XXVII) and isoquinoline(1C) derivatives are often strongly fluorescent.
The fluorescence of this group of compounds is usually greatest in polar solvents.
Quinine(X), which contains the quinoline nucleus, is often used as a fluorescence
standard. Both X and its isomer, quinidine, can be measured in biological samples by
extracting from an alkaline solution into benzene, back extracting into 0.1 N sulfuric
acid, and measuring the emission at 450 nm with excitation at 350 nm.'** A number
of other Cinchona alkaloids containing a quinoline group can also be analyzed fluori-
metrically,'** as can most quinoline antimalarial drugs. ’

QO

Ic

Emetine(C), cephaeline(Cl), and a number of other alkaloids contain a tertiary
1,2,3,4-tetrahydroisoquinoline group, (CII) which is not fluorescent. However, tertiary
tetrahydroisoquinoline groups are readily oxidized to 3,4-dihydroisoquinolines
(CIH)'*s'*¢ or isoquinolines(I1C)'*’-'** which fluoresce strongly in acid solution.
acid solution.

LR LR R

N Hg (C5H705),/CHyCOOH I hv N
- O (13)
100°C in 0.IN M550,

cII . CIII LXXXXIX

Knabe'** originally reported using mercuric acetate in ethylencdiaminetetracetic acid
to carry out the conversion CIl to CI, but Schwartz and Rieder''® found that mer-
curic acetate in acetic acid gave a higher and more reproducible vield. Mercuric acetate
oxidation 1o the dihydroisoquinoline derivative has been used to determine
emetine(C),'** dehydroemetine(C1IV),'** and methopholine(CV)'"* in biological sam-
ples. -
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deSilva et al.'*® used the photochemical conversion of Clll to IC to provide a very
sensitive fluorimetric analysis for 3,4-dihydro-1-isoquinoline acetamide{(CV1) in blood
and urine. The photochemical oxidation was accomplished by irradiating a solution
of the sample in 30% trichloroacetic acid for 1 hr under an intense UV lamp. The
emission was measured at 380 nm with excitation at 335 nm. Methods for metabolites
were also given in this paper.’®®

1. Phenothiazines and Thioxanthenes

Most phenothiazine drugs are fluorescent and have similar excitation and emission
spectra.””784.78% The excitation and emission maxima for a number of phenothiazines
and thioxanthenes are listed in Table 15. The natural fluorescence of these compounds
can be used to analyze for them in biological samples. Martin,'”* for example, deter-
mined triflupromazine{(CV1l) by measuring its emission at 500 nm using excitation at
325 nm in concentrated sulfuric acid. The limit of detection for CVII was approxi-
mately 0.05 ug/m¢{. deSilva and D’Arconte'’? determined chlorprothixene(CVIIa) in
blood after extracting into concentrated sulfuric acid. The limit of detection for CVllla
was approximately 0.0 ug/mt.

Q.
é o0,

‘ Y,
7N\
TVl CVIla  ‘“nichy),

The sensitivity of the fluorimetric procedures can be improved by oxidation of the
phenothiazine to a sulfoxide prior to measurement.

. ;
s :

QL 10L, O 101 4
N x T N X _
) 1
R R 2
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Table 15
FLUORESCENCE EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL
PHENOTHIAZINES AND THEIR OXIDATION PRODUCTS’

Natural Oxidized

Compound “Excitation Emission Excitation Emission

' @[: @ ¢1 340 470 360 440
S

Chlorphenothiazine

H
@:n @tg 300 350 350 410
S .

Trifluophenothiazine

N
(_) 325 450 340 380

N
Q 320 470 350 405

Trifluorperazine

CH3 ~ . CHB
N

é 320 450 340 375
oL 10
S
Promazine

CH} - CH3

§ 325 455 3490 380

Chlorpromazine
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Table 15 (continued)
FLUORESCENCE EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL
PHENOTHIAZINES AND THEIR OXIDATION PRODUCTS’

Natural Oxidized
Compound Excitation Emission Excitation Emission
CH3 ~ - CH}
N
§ 330 475 350 405

S
Tritluopromazine

(M3
N

/O 325 480 350 405
N

oo™
S

Tritluomepazine

CHS [N C"S

330 470 360 440

Methiomeprazine

VYO,\,W
QL0

O\/on

N
\-Y . ) 330 460 345 380

oo

Perphenazine

325 475 350 405

2 I‘'rom Ragland, J. B. and Kinross-Wright, V. 1., Anal. Chem., 36, 1356, 1964. With permission.
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Oxidation shifts the excitation maximum to a longer wavelength and the emission max-
imum (o a shorter wavelength as indicated in Table 15. The oxidation can be accom-
plished with hydrogen peroxide,”®*'”? potassium permanganate,’ " ceric sulfate,'’*'’$
cupric perchlorate,'” and others. Hydrogen peroxide and potassium permanganate are
most frequently used in the fluorimetric analysis of phenothiazines.

s
@I @ COOH
©:S© N SCHy OH
N Cli

> Cz—cw3 NHz
N(CHy), X

ci N

O [
P Sl
HoN ~

CVIib.

'y

The usual procedure when potassium permanganate is used is to treat a solution of
the analyte in ethanol with twice its volume of 6.3 x 10* M KMnO, (0.001%) in 0.1
M sulfuric acid and then dilute 1:2 with 0.1 M sulfuric acid. The reaction is complete
within 2 hr at room temperature. Oxidation with hydrogen peroxide can be accom-
plished in 10 min at 100°C in 3% hydrogen peroxide in S0% acetic acid (dilute 30%
H.0; 1:2 with 50% acetic acid). Tompsett employed the hydrogen peroxide procedure
to determine CV1l, and Ragland et al.'”? used it for the analysis of CVII, chlorprom-
azine(CVII1b), and thioridazine(CIX) in blood, urine, and tissue samples. Mellinger
and Keeler’” analyzed CIX in urine, saliva, spinal ftuid, stomach juice, and bile using
the potassium permanganate oxidation procedure.

‘L.

J. Miscellaneous Anilines and Nitrogen Heterocycles

Aniline derivatives including aminobenzoic acids are often fluorescent when present
as a neutral amine. The anilinium ions and amides are usually not fluorescent. The
fluorescence of p-aminosalicylic acid(CX) and procaine amide(CXI1) have been re-
ported,”? but have not been used for analysis of these materials since UV and colori-
metric methods give adequate sensitivity for these materials in biological samples. Cun-
ningham et al.''” have reported a fluorescence method for probenecid(CXII) in which
the drug is first converted to p-sulfoanthranilic acid(CXII1). CXIII is quantitated by
measuring its emission at 415 nm in 50% aqueous ethanol at pH 3.3 to 3.9 with exci-

4
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tation at 340 nm.

conc. H, 80, /HNO NH2

‘ 250, /HNO3, 1
7 N-s0 100 : e HO ¢S c00
N- H H
—~ 2 oo R ] 3 (]5)
100°C for 20 min,

X CXIIl

Quinacrine(CX1V)'™ ' and other acridine derivatives'*''*? can be quantitated
fluorimetrically. The closely related phenazines also fluoresce, and 5-aminophena-
zine(CXV) has been analyzed in a variety of pharmaceutical preparations using its
emission at 415 nm with excitation at 365 nm.'** deSilva et al.'®** have reported the
fluorescence and phosphorescence characteristics of a large number of drug substances
containing the carbazole(CXVI), tetrahydrocarbazole(CXVIIl), and 1,4-benzodiaze-
pin{CXVI111) groups. The fluorescence characteristics of several of these compounds
are presented in Table 16. The 1,4-benzodiazepines can be quantitated using either
their native fluorescence or the fluorescence or phosphorescence developed by convert-
ing them to quinazolinones(CXIX) or 9-acridinones(CXX) as shown in Figure 9.'*

Riboflavin(vitamin B,, CXXI), an isoalloxazine derivative, is usually analyzed by
fluorescence in biological samples and pharmaceutical preparations. The U.S.P. pro-
cedure for CXXI and CXXI Injection specifies measuring the fluorescence emission
at approximately 530 nm in a water solution with excitation at about 444 nm.'®* After
measurement, the sample is treated with hydrosulfite to reduce CXXI to a nonfluores-
cent specie so that the fluorescence background in the sample can- be determined.
CXXI in tablets is determined fluorimetrically after a more extensive sample work-
up.s

3 1

i

HOCH
]

HOCH N“N
| .

HOCH [ :] l
] ci CN>’LNH
CHZOH

TXxXi XX

Pyrimethamine(CXXII), a 2,4-diaminopyrimidine, has been measured in urine using
the compound’s natural fluorescence.'®® Simmons and DeAngelis'®” have quantitated
several diaminopyrimidines in situ on thin layer plates after spraying the plates with
2.0 M aqueous ammonium hydrogen sulfate to enhance their natural fluorescence.
Thiamine(vitamin B,, CXXIII), a 4-aminopyrimidine, is nonfluorescent but can be
quantitatively oxidized to the highly fluorescent .compound, thiochrome(CXXIV), as
shown in Equation 16.'**-'*' The oxidation is

tHy N M, s A oy 3 Ny S o :
oA, =0T,
. 3

CxXx111 CXXIV
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Table 16
FLUORESCENCE EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL
TETRAHYDROCARBAZOLES, CARBAZOLES. AND BENZODIAZEPINES'® AT 77 K

Excitation Emission

Compound Solvent Maximum, nm ~ Maximum, nm

Carbazoles

© : a 265, 290. 340 355,370

Carbazole

Z X

Zx
=

b 5
. © @ CooH 270, 312,370 395
[
6-Chloro-2-carbazole acetic acid
H a 270, 300, 340 370
cacay
(]
(d,1)-6-Chloro-a-methylcarbazole-2-acetic acid
Tetrahy drocarbazoles
H
N
@L@ a 290 360
1.2.3 4-Tetrahydrocarbazole
H
@D . 297 340
c1
6-Chloro-1.2.34-1etrahydrocarbazole
1.4-Benzodiazepines
CH
3
i
N
3 b 290, 380 480
c1 =N

Piazepam
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FLUORESCENCE EXCITATION AND EMISSION WAVELENGTHS FOR SEVERAL
TETRAHYDROCARBAZOLES, CARBAZOLES, AND BENZODIAZEPINES'® AT 77 K

Compound

1,4-Benzodiazepines (continued)

.

O Fu
c1 =N
Oxazepam

NHCH
N 3

Q,

Flurazepam

Q.

N-l;Hydroxyethylflurazepam

Note: a=ethanol; b= 1% sulfuric acid in ethanol. .

Excitation

Emission

Maximum, nm

285, 325, 365

Maximum, nm

490,510

Not tluorescent

280, 375

260, 280, 375

475

475, 500

usually accomplished with alkaline ferricyanide and the fluorescence emission is meas-
ured at 435 nm with excitation at 365 nm."? This procedure has been automated for
applications requiring large numbers of samples of CXXIII to be analyzed.'** '
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FIGURE 9. Chemical reactions of |,4-benzodiazepines and their
fluorescent derivalives. Species a and b rearrange in concentrated
acids to form quinazolinones, ¢, and quinazoline-carboxaldehvdes, d.
Oxidation of aat C2 yields the amide, b, which can be hydrolyzed to
the o-aminobenzophenone, e, by treatment with 6 M hydrochloric
acid at 100°C. e can be catalvzed to a 9-acridinone, /, by treatment
at 100°C with potassium carbonate in dimethylformamide. Substi-
tuent groups: R, = H or alkyl; R, = halogen or —=NO,; R, = H or
halogen; R, =— O; R = H or —OH; and R, = H, -NH,, or
~NHCH,.

Many“indole alkaloids are fluorescent or can easily be converted to a fluorescent
specie. Ergotamine(CXXV) has been determined in tablets by extraction and measure-
ment of the fluorescence emission at 402 nm in ethanol with excitation at 318 nin.'**
CXXYV has also been analyzed by high pressure liquid chromatography using fluori-
metric detection.'**'** Lysergic acid diethylamide(CXXV1) emits at 445 nm when ex-
cited at 325 nm in dilute acid.'” Fluorimetric procedures have been widely used to
determine trace levels of CXXVI in blood.'* '** Reserpine(11) has relatively weak nat-
ural fluorescence, but is easily oxidized to the strongly fluorescent 3,4-didehydrores-
erpine(CXXV1I) as shown in Figure 10.2°° Oxidation with nitrite in dilute acid has been
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O CHy

OCH,4

OCH,

0 CH,
OCH,

FIGURE 10. Oxidation of reserpine to 3,4-didehydrores-
erpine.

used for analysis of II in tablets,?®* including single tablet assays.°?2°* Hydrogen per-
oxide,03-2% selenious acid,?*®’ and vanadium pentoxide?®*-?'* have also been used for
the oxidation. CXXVI1I emits at 510 nm when excited at 390 nm. The oxidation of II
to CXXVII and measurement of the absorbance rather than the fluorescence of
CXXVII is also used in the analysis of reserpine.*'? '

H CHs Q ~\2
N ?O NHE e NH NS NH
H ! —
Y \
CHy
TXXVI

K. Steroids

Most steroids are not naturally fluorescent, but many of them will develop intense
fluorescence if treated with goncentrated sulfuric acid or sulfuric acid/alcohol mix-
tures.?’* Sadee et al.* have shown that 17a-alkyl-17f-hydroxy-4,6-dien-3-
ones(CXXVIII) are converted to highly fluorescent 178-methyl-17«-alkyl-
4,6,8(14)trien-3-ones upon treatment with sulfuric acid, as shown in Figure 11. The
products formed upon treatment of other steroids with sulfuric acid have not been
identified, but the reactions are probably similar to the one in Figure 11.

Uete et al.?'* have made a systematic study of the relation between steroid structure
and the fluorescence induced by sulfuric acid. Over 50 steroids were examined in their
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HO ',“ wlr, R ch /R
N —_— [%
0~ s HO 0%
s
FIGURE 11. Rcaction of [ 7-a-alkyi-178-hydroxv-4.6-dien-3-ones with concentrated sulfuric acid.

study. They found that the intensity of the fluorescence of A*-3-ketosteroids including
the corticosteroids, progesterone derivatives, and androstene derivatives was increased
by substituting hydroxyl groups at C-11, C-17 and C-21, but was decreased by the
presence of a keto function on C-11, a double bond between C-1 and C-2, a hydroxyl
on C-16, or reduction of the double bond between C-4 and C-5. The fluorescence
intensity of estrogens was increased by the presence of a hydroxyl group on C-17 and
decreased by a hydroxyl on C-16. The fluorescence of A*-androstenes and A*-pregnenes
was enhanced by a hydroxyl on either C-17 or C-21. The intensity of fluorescence from
pregnenolone and dehydroepiandrosterone was also increased by the presence of a
hydroxyl group on C-16. The fluorescence in these studies was developed by dissolving
3 x 10"* mol of steroid in 2.5 m{ of concentrated sulfuric acid at room temperature
and measuring the intensity of the fluorescence at intervals after mixing. Most of the
steroids except the estrogens yielded maximum emission near 520 nm when excited
near 470 nm. Maximum fluorescence for the estrogens was observed near 480 nm with
excitation at 430 nm. The emission wavelengths depend upon the concentration of
sulfuric acid/alcohol used for fluorescence development.?*® The wavelength of emis-
sion can also be shifted to the red by diluting the solution with alcohol after the acid
treatment.?"’

The standard methods of analysis for cortisel(CXX1X) and corticosterone(CXXX)
in blood employ sulfuric acid to develop fluorescence after a preliminary extraction
and purification step.?'*-22' From 70 to 90% sulfuric acid in ethanol may be used with
reaction times ranging from 15 min to 1 hr at room temperature. Emission is measured
near 525 nm with excitation near 465 nm. In some cases the steroid is converted to an
oxime or other derivative before sulfuric acid treatment.?®® Estrone(CXXXI) and
equilin(CXXXII) have been determined fluorimetrically after separation by liquid
chromatography on a polydextran column.??? The steroids were heated at 80°C for 15
min in a sulfuric acid:methanol:water mixture, 8:1:1 by volume, to develop the fluo-
rescence. The fluorimetric procedure has also been automated for use in content uni-
formity testing of estrogen tablets.??* Other steroids that have been measured using
the sulfuric acid reaction include testosterone(CXXXIII),2**?** canrenone
(CXXX1V),2? spironolactone(CXXXV),??* and mestranol(CXXVI). A number of ad-
ditional references to the analysis of steroids in blood and urine using this procedure
have been listed by White and Argauer.?*’




CXXXVY
00
rR H
H~, OH
CH3 0o
-,
CHy ¢
CH,
HO
OH
CXXXVII R =-H

CXXXVII R =-0OH
Several other reagents that are used to develop fluorescence in steroids may lead to
products similar to those of the sulfuric acid reaction. Jakovljevic?*® has prepared flu-
orescent derivatives of the cardiac glycosides digitoxin(CXXXVIl) and digoxin
(CXXXVIII) by warming them with a mixture of acetic anhydride, acetyl chloride,
and trifluoroacetic acid. CXXXVII emits at 500 nm when excited at 470 nm after
treatment, and CXXXVIII emits at 470 nm and 500 nm when excited at 345 nm and

435 nm, respectively. The difference in excitation and emission wavelengths was used . .

10 analyze mixtures of these substances. Bondjers and Bjorkerud?** used a zinc chlq-a"
ride/acetyl chloride reagent to develop fluorescence in cholesterol. Emission was At
565 nm with excitation at 528 nm. >
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L. Penicillins, Cephalosporins, and Other Antibiotics

NH2 H
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Smith et al.?*” noted that a strongly fluorescent product was formed when ampicil-
Ln(CXXXIX) was heated in strongly acidic solutions. Jusko®' later optimized this
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reaction and applied it to the analysis of CXXXIX in biood and urine. A protein-free
solution containing 0.2 to 10 ug/m{ ampicillin is diluted with an equal volume of 7%
formaldehyde in 0.4 M pH 2 citrate buffer and heated for 2 hr at 90°C. After cooling,
the sample is taken into 2 Nsodium hydroxide either by direct dilution or by extracting
into acetoneloroform, 1:1 and back extracting into the sodium hydroxide solution.
The fluorescence emission is measured at 422 nm with excitation at 346 nm. Hetacil-
lin(CXXXX), which hydrolyses rapidly to CXXXIX, gave the same fluorescence inten-
sity as CXXXIX, and cephalexin(CXXXXI) gave approximately 9% as intense a re-
sponse. Benzylpenicillin(CXXXXI1I), methicillin{(CXXXXII1), oxactlin(CXXXXIV),
and cephalothin(CXXXXV) gave no response. Jusko?*' proposed the formation of 3,4-
diketopiperazines(CXXXXVI) as shown in Equation (17) to account for the observed
fluorescence.

0 0
O Py s W @\
NH —_— NH
I l | H,0 (a7
NH,, s N 2 "N\/\ R
0

COOH
n

CXxXxIx CXXXXVI

Yu et al.**? have reported a similar method for developing fluorescence in cephalospo-
rin antibiotics. The cephalosporin is prepared in 0.1 N sodium hydroxide and heated
at 100°C for periods ranging from 30 min to several hours. In order of decreasing
fluorescence intensity, the cephalosporins tested were CXXXXV, CXXXXI!, cephal-
oglycin(CXXXXVII), desacetyl cephalothin(CXXXXVIII), cefazolin(CIL), cephalor-
idine(CL), and cefamandole(CLI). Emission maxima ranged from 390 nm to 435 nm
with excitation between 310 and 360 nm in this series of compounds. This reaction
also produces fluorescence with CXXXIX, penicillin G(CLII), and amoxicillin(CLIII).
Penicillins have also been determined in biological samples by coupling with the flu-
orescent 2-methoxy-6-chloro-9-(2-aminoethyl)aminoacridine(CL1V) as shown in Equa-
tion 18.334

A~~~ NH,
-0 NH
[1] 1
+
0 CooH N7 c
cLIv
o l (18)

"
S

R-C-NH
] ml
W "o COOH

N7 1

A number of the tetracycline antibiotics exhibit native fluorescence in basic aqueous
solutions which can be wused for analysis. Tetracycline(XXXVII) and
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oxytetracycline(CLV) emit between 515 nm and 520 nm when excited at 390 nm in
solution at pH 11, while chlortetracycline(CL V1) emits at 445 nm when excited at 355
nm under the same conditions.* The fluorescence observed for CLV1 is due 10 iso-
chiortetracycline(CLVI1l) which is formed rapidly in neutral or alkaline solution as
shown in Equation 19.2** ' CLVI has been analyzed in pharmaceutical preparations
by fluorescence,?**-*V’ :

CH3\ /CHS
C1 HO CM3 N
QL
C NH
" OH w 2
OH o OH o O
cLvI
1 [oK"3 (19)
CH CH
3
¢ CHy R
OH
QL 1
CNH
" w OH w2
OH 0 [¢] 0 [¢]
cLVII

and tetracyclines in general are frequently measured fluorimetrically in biological sam-
ples. Tetracyclines have also been analyzed fluorimetrically in tissues after converting
them to anhydrotetracyclines by treating with 0.6 N HCl at 100°C for a few minutes.**
The fluorescence is measured in sodium hydroxide solution with emission and excita-
tion at 510 and 390 nm, respectively, for CLV and dimethyichlortetracycline(CLVI11),
and at 560 nm and 425 nm v LIV, CLVI, and N-pyrrolidinomethyl-
tetracycline(CL1X).

Tserng and Wagner?*® have reported a fluorimetric method for erythromycin(CLX)
and erythromycin propionate(CLX]1) in blood after extraction as an ion pair with the
fluorescent dye, Tinopal GS(CLXI1). lon-pair extraction procedures are discussed in
more detail in Chapter II.

Amphotericin B(CLXII1) has also been analyzed fluorimetrically.*** Emission max-
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FIGURE 12. Photochemical reactions of diethylstilbesterol.
ima occur near 427 nm, 451 nm, and 472 nm with excitation at 340 nm in aqueous

solution.**"-2** However, the fluorescence spectra of CLXIII depend strongly upon the
solvent used.

OCH3

: ,()@)H
~ .
Il o . ’ O

M. Diethylstilbesterol

Goodyear et al.*** observed that diethylstilbesterol(CLXIV) develops a yellow color
(Auax = 420 nm) when irradiated with UV light, and used this method of color devel-
opment as the basis of a spectrophotometric analysis of the drug in pharmaceutical
preparations. The product of irradiation is strongly fluorescent, and Goodyear and
Jenkinson** reported a sensitive fluorimetric analysis of CLIV based upon this reac-
tion. The sample is dissolved in ethanol and irradiated with an intense source of short
wavelength UV light for several minutes. The emission intensity is then measured at
435 nm with excitation at 360 nm, and compared with the intensity of standards pre-
pared in the same manner. In alkaline ethanol the emission and excitation maxima
shift to 410 nm and 525 nm, respectively. The limit of detection is on the order of 100
ng of CLXIV. The' photochemical reaction converts CLXIV to the fluorescent phen-
anthrene derivative(CLXV) shown in Figure 12.%**-*¢ Automated versions of this anal-
ysis have also been reported.?*’
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