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A quantitative expression of fluorescence efficiency is the fluorescent quantum yield, ®;, which is the fraction of excited state
molecules that return to the ground state by fluorescence. The fluorescent quantum yields range from 1 when every molecule in an
excited state undergoes fluorescence, to 0 when fluorescence does not occur.

The intensity of fluorescence, I, is proportional to the amount of radiation absorbed by the sample, Py — Pr, and the fluorescence
quantum yield

I; =k®¢(Py—Pr) (15.1.1)
where k is a constant that accounts for the efficiency of collecting and detecting the fluorescent emission. From Beer’s law we
know that

Pr
= —10°¢C 15.1.2
B (15.1.2)

where C is the concentration of the fluorescing species. Solving Equation 15.1.2for Pt and substituting into Equation 15.1.1 gives,
after simplifying

I} =k®;P) 1-10"%¢ (15.1.3)
When ebC' < 0.01, which often is the case when the analyte's concentration is small, Equation 15.1.3simplifies to
I; =2.303k®ebCP) =K' Py (15.1.4)

where k' is a collection of constants. The intensity of fluorescence, therefore, increases with an increase in the quantum efficiency,
the source’s incident power, and the molar absorptivity and the concentration of the fluorescing species.

Fluorescence generally is observed when the molecule’s lowest energy absorption is a w — 7* transition, although some n — 7*
transitions show weak fluorescence. Many unsubstituted, nonheterocyclic aromatic compounds have a favorable fluorescence
quantum yield, although substitutions on the aromatic ring can effect ®; significantly. For example, the presence of an electron-
withdrawing group, such as —-NO,, decreases ®;, while adding an electron-donating group, such as —OH, increases ®;.
Fluorrescence also increases for aromatic ring systems and for aromatic molecules with rigid planar structures. Figure 15.1.3
shows the fluorescence of quinine under a UV lamp.

Figure 15.1.3. Tonic water, which contains quinine, is fluorescent when placed under a UV lamp. Source: Splarka
(commons.Wikipedia.org).
A molecule’s fluorescent quantum yield also is influenced by external variables, such as temperature and solvent. Increasing the
temperature generally decreases ®; because more frequent collisions between the molecule and the solvent increases external
conversion. A decrease in the solvent’s viscosity decreases ®; for similar reasons. For an analyte with acidic or basic functional
groups, a change in pH may change the analyte’s structure and its fluorescent properties.

As shown in Figure 15.1.3 fluorescence may return the molecule to any of several vibrational energy levels in the ground
electronic state. Fluorescence, therefore, occurs over a range of wavelengths. Because the change in energy for fluorescent
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emission generally is less than that for absorption, a molecule’s fluorescence spectrum is shifted to higher wavelengths than its
absorption spectrum.

Variables that Affect Phosphorescence

A molecule in a triplet electronic excited state’s lowest vibrational energy level normally relaxes to the ground state by an
intersystem crossing to a singlet state or by an external conversion. Phosphorescence occurs when the molecule relaxes by emitting
a photon. As shown in Figure 15.1.2 phosphorescence occurs over a range of wavelengths, all of which are at lower energies than
the molecule’s absorption band. The intensity of phosphorescence, I, is given by an equation similar to Equation 15.1.4 for
fluorescence

Ip = 2303k<I’P6bCPO
=KP (15.1.5)
where ®,, is the phosphorescence quantum yield.

Phosphorescence is most favorable for molecules with n — 7* transitions, which have a higher probability for an intersystem
crossing than w — 7* transitions. For example, phosphorescence is observed with aromatic molecules that contain carbonyl groups
or heteroatoms. Aromatic compounds that contain halide atoms also have a higher efficiency for phosphorescence. In general, an
increase in phosphorescence corresponds to a decrease in fluorescence.

Because the average lifetime for phosphorescence can be quite long, ranging from 10~4-10* s, the phosphorescent quantum yield
usually is quite small. An improvement in ®,, is realized by decreasing the efficiency of external conversion. This is accomplished
in several ways, including lowering the temperature, using a more viscous solvent, depositing the sample on a solid substrate, or
trapping the molecule in solution. Figure 15.1.4shows an example of phosphorescence.

Figure 15.1.4. An europium doped strontium silicate-aluminum oxide powder under (a) natural light, (b) a long-wave UV lamp,
and (c) in total darkness. The photo taken in total darkness shows the phosphorescent emission. Source: modified from Splarka
(commons.Wikipedia.org).

Emission and Excitation Spectra

Photoluminescence spectra are recorded by measuring the intensity of emitted radiation as a function of either the excitation
wavelength or the emission wavelength. An excitation spectrum is obtained by monitoring emission at a fixed wavelength while
varying the excitation wavelength. When corrected for variations in the source’s intensity and the detector’s response, a sample’s
excitation spectrum is nearly identical to its absorbance spectrum. The excitation spectrum provides a convenient means for
selecting the best excitation wavelength for a quantitative or qualitative analysis.

In an emission spectrum a fixed wavelength is used to excite the sample and the intensity of emitted radiation is monitored as
function of wavelength. Although a molecule has a single excitation spectrum, it has two emission spectra, one for fluorescence
and one for phosphorescence. Figure 15.1.5 shows the UV absorption spectrum and the UV fluorescence emission spectrum for
quinine.
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Figure 15.1.5. Absorbance spectrum and fluorescence emission spectrum for quinine in 0.05 M H,SO,4. The emission spectrum
uses an excitation wavelength of 350 nm with a bandwidth of 20 nm. Both spectra are normalized so that the maximum absorbance
is 1.00 and the maximum emission is 1.00. The actual maximum absorbance is 0.444 and the actual maximum emission is 126747.
Source: data from Daniel Scott, Department of Chemistry & Biochemistry, DePauw University.

This page titled 15.1: Theory of Fluorescence and Phosphorescence is shared under a CC BY-NC-SA 4.0 license and was authored, remixed,
and/or curated by David Harvey.
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15.2: Instruments for Measuring Fluorescence and Phosphorescence

Instrumentation

The basic instrumentation for monitoring fluorescence and phosphorescence—a source of radiation, a means of selecting a narrow
band of radiation, and a detector—are the same as those for absorption spectroscopy. The unique demands of fluorescence and
phosphorescence, however, require some modifications to the instrument designs discussed in earlier chapters: the filter
photometer, the single-beam spectrophotometer, the double-beam spectrophotometer, and the diode array spectrometer. The most
important difference is that the detector cannot be placed directly across from the source. Figure 15.2.1shows why this is the case.
If we place the detector along the source’s axis it receives both the transmitted source radiation, Pt, and the fluorescent, I, or
phosphorescent, I, radiation. Instead, we rotate the director and place it at 90° to the source.
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Figure 15.2.1. Schematic diagram showing the orientation of the source and the detector when measuring fluorescence and
phosphorescence. Contrast this to Figure 13.4.2, which shows the orientation for absorption spectroscopy.

Instruments for Measuring Fluorescence

Figure 15.2.2 shows the basic design of an instrument for measuring fluorescence, which includes two wavelength selectors, one
for selecting the source's excitation wavelength and one for selecting the analyte's emission wavelength. In a fluorometer the
excitation and emission wavelengths are selected using absorption or interference filters. The excitation source for a fluorometer
usually is a low-pressure Hg vapor lamp that provides intense emission lines distributed throughout the ultraviolet and visible
region. When a monochromator is used to select the excitation and the emission wavelengths, the instrument is called a
spectrofluorometer. With a monochromator the excitation source usually is a high-pressure Xe arc lamp, which has a continuous
emission spectrum. Either instrumental design is appropriate for quantitative work, although only a spectrofluorometer can record
an excitation or emission spectrum.

A Hg vapor lamp has emission lines at 254, 312, 365, 405, 436, 546, 577, 691, and 773 nm.
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Figure 15.2.2. Schematic diagram for measuring fluorescence showing the placement of the wavelength selectors for excitation and
emission. When a filter is used the instrument is called a fluorometer and when a monochromator is used the instrument is called a
spectrofluorometer.

signal processor

The sample cells for molecular fluorescence are similar to those for molecular absorption. Remote sensing using a fiber optic
probe is possible using with either a fluorometer or spectrofluorometer. An analyte that is fluorescent is monitored directly. For an
analyte that is not fluorescent, a suitable fluorescent probe molecule is incorporated into the tip of the fiber optic probe. The
analyte’s reaction with the probe molecule leads to an increase or decrease in fluorescence.

Instruments for Measuring Phosphorescence

An instrument for molecular phosphorescence must discriminate between phosphorescence and fluorescence. Because the lifetime
for fluorescence is shorter than that for phosphorescence, discrimination is achieved by incorporating a delay between exciting the
sample and measuring the phosphorescent emission. Figure 15.2.3 shows how two out-of-phase choppers allow us to block
fluorescent emission from reaching the detector when the sample is being excited and to prevent the source radiation from causing
fluorescence when we are measuring the phosphorescent emission.

Exciting Sample Measuring Emission
from from
source  gpen source blocked

blocked
ocke y choppers open

to to
detector detector

Figure 15.2.3. Schematic diagram showing how choppers are used to prevent fluorescent emission from interfering with the

measurement of phosphorescent emission.
Because phosphorescence is such a slow process, we must prevent the excited state from relaxing by external conversion. One way
this is accomplished is by dissolving the sample in a suitable organic solvent, usually a mixture of ethanol, isopentane, and
diethylether. The resulting solution is frozen at liquid-N, temperatures to form an optically clear solid. The solid matrix minimizes
external conversion due to collisions between the analyte and the solvent. External conversion also is minimized by immobilizing
the sample on a solid substrate, making possible room temperature measurements. One approach is to place a drop of a solution
that contains the analyte on a small disc of filter paper. After drying the sample under a heat lamp, the sample is placed in the
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spectrofluorometer for analysis. Other solid substrates include silica gel, alumina, sodium acetate, and sucrose. This approach is
particularly useful for the analysis of thin layer chromatography plates.

This page titled 15.2: Instruments for Measuring Fluorescence and Phosphorescence is shared under a CC BY-NC-SA 4.0 license and was
authored, remixed, and/or curated by David Harvey.
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15.3: Applications and Photoluminescence methods

Quantitative Applications

Molecular fluorescence and, to a lesser extent, phosphorescence are used for the direct or indirect quantitative analysis of analytes
in a variety of matrices. A direct quantitative analysis is possible when the analyte’s fluorescent or phosphorescent quantum yield is
favorable. If the analyte is not fluorescent or phosphorescent, or if the quantum yield is unfavorable, then an indirect analysis may
be feasible. One approach is to react the analyte with a reagent to form a product that is fluorescent or phosphorescent. Another
approach is to measure a decrease in fluorescence or phosphorescence when the analyte is added to a solution that contains a
fluorescent or phosphorescent probe molecule. A decrease in emission is observed when the reaction between the analyte and the
probe molecule enhances radiationless deactivation or results in a nonemitting product. The application of fluorescence and
phosphorescence to inorganic and organic analytes are considered in this section.

Inorganic Analytes

Except for a few metal ions, most notably UQ,, most inorganic ions are not sufficiently fluorescent for a direct analysis. Many
metal ions are determined indirectly by reacting with an organic ligand to form a fluorescent or, less commonly, a phosphorescent
metal-ligand complex. One example is the reaction of Al3* with the sodium salt of 2, 4, 3'-trihydroxyazobenzene-5'-sulfonic acid
—also known as alizarin garnet R—which forms a fluorescent metal-ligand complex (Figure 15.3.1). The analysis is carried out
using an excitation wavelength of 470 nm, with fluorescence monitored at 500 nm. Table 15.3.1 provides additional examples of
chelating reagents that form fluorescent metal-ligand complexes with metal ions. A few inorganic nonmetals are determined by
their ability to decrease, or quench, the fluorescence of another species. One example is the analysis for F~ based on its ability to
quench the fluorescence of the Al®*—alizarin garnet R complex.

.0
OH HO 0--AP
/ OH
HO N=N OH HO N
alizarin garnetR fluorescent complex

Figure 15.3.1. Structure of alizarin garnet R and its metal-ligand complex with A1**,

Table 15.3.1. Chelating Agents for the Fluorescent Analysis of Metal Ions

chelating agent metal ions
8-hydroxyquinoline A1, Be?*, Zn?*, Li*, Mg?* (and others)
flavonal Zr¥*, Sn**
benzoin B4027, Zn?*
2'.3" 4',5,7 — pentahydroxylflavone Be?*
2-(o-hydroxyphenyl) benzoxazole Cd**

Organic Analytes

As noted earlier, organic compounds that contain aromatic rings generally are fluorescent and aromatic heterocycles often are
phosphorescent. Table 15.3.2 provides examples of several important biochemical, pharmaceutical, and environmental compounds
that are analyzed quantitatively by fluorimetry or phosphorimetry. If an organic analyte is not naturally fluorescent or
phosphorescent, it may be possible to incorporate it into a chemical reaction that produces a fluorescent or phosphorescent product.
For example, the enzyme creatine phosphokinase is determined by using it to catalyze the formation of creatine from
phosphocreatine. Reacting the creatine with ninhydrin produces a fluorescent product of unknown structure.

Table 15.3.2. Examples of Naturally Photoluminescent Organic Analytes

class compounds (F = fluorescence, P = phosphorescence)
phenylalanine (F)
aromatic amino acids tyrosine (F)

tryptophan (F, P)

https://chem.libretexts.org/@go/page/366516
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class compounds (F = fluorescence, P = phosphorescence)

vitamin A (F)
vitamin B2 (F)
vitamin B6 (F)
vitamin B12 (F)

vitamin E (F)

folic acid (F)

vitamins

dopamine (F)

catecholamines . .
norepinephrine (F)

quinine (F)
salicylic acid (F, P)
morphine (F)
barbiturates (F)
LSD (F)
codeine (P)
caffeine (P)
sulfanilamide (P)

pharmaceuticals and drugs

pyrene (F)
benzo[a]pyrene (F)
environmental pollutants organothiophosphorous pesticides (F)
carbamate insecticides (F)
DDT (P)

Standardizing the Method

In Section 15.1 we showed that the intensity of fluorescence or phosphorescence is a linear function of the analyte’s concentration
provided that the sample’s absorbance of source radiation (A = ebC') is less than approximately 0.01. Calibration curves often are
linear over four to six orders of magnitude for fluorescence and over two to four orders of magnitude for phosphorescence. For
higher concentrations of analyte the calibration curve becomes nonlinear because the assumption that absorbance is negligible no
longer apply. Nonlinearity may be observed for smaller concentrations of analyte fluorescent or phosphorescent contaminants are
present. As discussed earlier, quantum efficiency is sensitive to temperature and sample matrix, both of which must be controlled
when using external standards. In addition, emission intensity depends on the molar absorptivity of the photoluminescent species,
which is sensitive to the sample matrix.

Representative Method: Determination of Quinine in Urine

The best way to appreciate the theoretical and the practical details discussed in this section is to carefully examine a typical
analytical method. Although each method is unique, the following description of the determination of quinine in urine provides an
instructive example of a typical procedure. The description here is based on Mule, S. J.; Hushin, P. L. Anal. Chem. 1971, 43, 708—
711, and O’Reilly, J. E.; J. Chem. Educ. 1975, 52, 610-612.

Description of the Method

Quinine is an alkaloid used to treat malaria. It is a strongly fluorescent compound in dilute solutions of HySO4 (@ = 0.55).
Quinine’s excitation spectrum has absorption bands at 250 nm and 350 nm and its emission spectrum has a single emission band at
450 nm. Quinine is excreted rapidly from the body in urine and is determined by measuring its fluorescence following its extraction
from the urine sample.

Procedure

Transfer a 2.00-mL sample of urine to a 15-mL test tube and use 3.7 M NaOH to adjust its pH to between 9 and 10. Add 4 mL of a
3:1 (v/v) mixture of chloroform and isopropanol and shake the contents of the test tube for one minute. Allow the organic and the
aqueous (urine) layers to separate and transfer the organic phase to a clean test tube. Add 2.00 mL of 0.05 M H,SOy4 to the organic
phase and shake the contents for one minute. Allow the organic and the aqueous layers to separate and transfer the aqueous phase
to the sample cell. Measure the fluorescent emission at 450 nm using an excitation wavelength of 350 nm. Determine the
concentration of quinine in the urine sample using a set of external standards in 0.05 M H,SOy, prepared from a 100.0 ppm solution
of quinine in 0.05 M H»SO4. Use distilled water as a blank.

https://chem.libretexts.org/@go/page/366516
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Questions

1. Chloride ion quenches the intensity of quinine’s fluorescent emission. For example, in the presence of 100 ppm NaCl (61 ppm
CI") quinine’s emission intensity is only 83% of its emission intensity in the absence of chloride. The presence of 1000 ppm NaCl
(610 ppm CI") further reduces quinine’s fluorescent emission to less than 30% of its emission intensity in the absence of chloride.
The concentration of chloride in urine typically ranges from 4600-6700 ppm CI~. Explain how this procedure prevents an
interference from chloride.

The procedure uses two extractions. In the first of these extractions, quinine is separated from urine by extracting it into a
mixture of chloroform and isopropanol, leaving the chloride ion behind in the original sample.

2. Samples of urine may contain small amounts of other fluorescent compounds, which will interfere with the analysis if they are
carried through the two extractions. Explain how you can modify the procedure to take this into account?

One approach is to prepare a blank that uses a sample of urine known to be free of quinine. Subtracting the blank’s
fluorescent signal from the measured fluorescence from urine samples corrects for the interfering compounds.

3. The fluorescent emission for quinine at 450 nm can be induced using an excitation frequency of either 250 nm or 350 nm. The
fluorescent quantum efficiency is the same for either excitation wavelength. Quinine’s absorption spectrum shows that €950 is
greater than €350. Given that quinine has a stronger absorbance at 250 nm, explain why its fluorescent emission intensity is greater
when using 350 nm as the excitation wavelength.

We know that It is a function of the following terms: k, ®, Py, €, b, and C. We know that ®¢, b, and C are the same for both
excitation wavelengths and that ¢ is larger for a wavelength of 250 nm; we can, therefore, ignore these terms. The greater
emission intensity when using an excitation wavelength of 350 nm must be due to a larger value for Py or k . In fact, Py at
350 nm for a high-pressure Xe arc lamp is about 170% of that at 250 nm. In addition, the sensitivity of a typical
photomultiplier detector (which contributes to the value of k) at 350 nm is about 140% of that at 250 nm.

-4 Sxample

To evaluate the method described iabove, a series of external standard are prepared and analyzed, providing the results shown
in the following table. All fluorescent intensities are corrected using a blank prepared from a quinine-free sample of urine. The
fluorescent intensities are normalized by setting I for the highest concentration standard to 100.

[quinine] (pg/mL) If
1.00 10.11
3.00 30.20
5.00 49.84
7.00 69.89
10.00 100.0

After ingesting 10.0 mg of quinine, a volunteer provides a urine sample 24-h later. Analysis of the urine sample gives a relative
emission intensity of 28.16. Report the concentration of quinine in the sample in mg/L and the percent recovery for the
ingested quinine.

Solution

Linear regression of the relative emission intensity versus the concentration of quinine in the standards gives the calibration
curve shown below and the following calibration equation.
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https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/366516?pdf

