The success of fluorescence experiments requires attention
to experimental details and an understanding of the instru-
mentation. There are also many potential artifacts that can
distort the data. Light can be detected with high sensitivity.
As a result, the gain or amplification of instruments can
usually be increased to obtain observable signals, even if
the sample is nearly nonfluorescent. These signals seen at
high amplification may not originate with the fluorophore
of interest. Instead, the interference can be due to back-
ground fluorescence from the solvents, light leaks in the
instrumentation, emission from the optical components,
stray light passing through the optics, light scattered by tur-
bid solutions, and Rayleigh and/or Raman scatter, to name
a few interference sources.

An additional complication is that there is no ideal
spectrofluorometer. The available instruments do not yield
true excitation or emission spectra. This is because of the
nonuniform spectral output of the light sources and the
wavelength-dependent efficiency of the monochromators
and detector tubes. The polarization or anisotropy of the
emitted light can also affect the measured fluorescence
intensities because the efficiency of gratings depends on
polarization. It is important to understand and control these
numerous factors. In this chapter we will discuss the prop-
erties of the individual components in a spectrofluorometer,
and how these properties affect the observed spectral data.
These instrumental factors can affect the excitation and
emission spectra, as well as the measurement of fluores-
cence lifetimes and anisotropies. Additionally, the optical
properties of the samples—such as optical density and tur-
bidity—can also affect the spectral data. Specific examples
are given to clarify these effects and the means to avoid
them.

Instrumentation for

Fluorescence
Spectroscopy

2.1. SPECTROFLUOROMETERS

2.1.1. Spectrofluorometers for
Spectroscopy Research

With most spectrofluorometers it is possible to record both
excitation and emission spectra. An emission spectrum is
the wavelength distribution of an emission measured at a
single constant excitation wavelength. Conversely, an exci-
tation spectrum is the dependence of emission intensity,
measured at a single emission wavelength, upon scanning
the excitation wavelength. Such spectra can be presented on
either a wavelength scale or a wavenumber scale. Light of a
given energy can be described in terms of its wavelength A,
frequency v, or wavenumber. The usual units for wave-
length are nanometers, and wavenumbers are given in units
of cm-!. Wavelengths and wavenumbers are easily intercon-
verted by taking the reciprocal of each value. For example,
400 nm corresponds to (400 x 10-7 cm)-! = 25,000 cm-'.
The presentation of fluorescence spectra on the wavelength
or wavenumber scale has been a subject of debate. Admit-
tedly, the wavenumber scale is linear in energy. However,
most commercially available instrumentation yields spectra
on the wavelength scale, and such spectra are more familiar
and thus easier to interpret visually. Since corrected spectra
are not needed on a routine basis, and since accurately cor-
rected spectra are difficult to obtain, we prefer to use the
directly recorded technical or uncorrected spectra on the
wavelength scale.

For an ideal instrument, the directly recorded emission
spectra would represent the photon emission rate or power
emitted at each wavelength, over a wavelength interval
determined by the slit widths and dispersion of the emission

27



28

INSTRUMENTATION FOR FLUORESCENCE SPECTROSCOPY

|
DUAL GRATING
EXCITATION
MONOCHROMATOR LIGHT SOURCE
XENON ARC
e LAMP
PMT
PMT |—
| e —— SHUTTER
—1 FILTER HOLDER
— 1 BEAM SPLITTER
REF
CELL ——+ POLARIZER
S/ OPTICAL
"/ EMISSION MODULE
~" /' MONOCHROMAT 8 il ]
Fd e — - 3 W
0N 0O —
f [ | L []
SAMPLE CHAMBER
MONOCHROMATOR DISPLAY
CONTROLLER
EX EM
COMPUTER
A

Figure 2.1. Schematic diagram of a spectrofluorometer [1].

monochromator. Similarly, the excitation spectrum would
represent the relative emission of the fluorophore at each
excitation wavelength. For most fluorophores the quantum
yields and emission spectra are independent of excitation
wavelength. As a result, the excitation spectrum of a fluo-
rophore can be superimposable on its absorption spectrum.
However, such identical absorption and excitation spectra
are rarely observed because the excitation intensity is dif-
ferent at each wavelength. Even under ideal circumstances
such correspondence of the excitation and absorption spec-
tra requires the presence of only a single type of fluo-
rophore, and the absence of other complicating factors,
such as a nonlinear response resulting from a high optical
density of the sample or the presence of other chro-
mophores in the sample. Emission spectra recorded on dif-
ferent instruments can be different because of the wave-
length-dependent sensitivities of the instruments.

Figure 2.1 shows a schematic diagram of a general-
purpose spectrofluorometer: this instrument has a xenon

lamp as a source of exciting light. Such lamps are general-
ly useful because of their high intensity at all wavelengths
ranging upward from 250 nm. The instrument shown is
equipped with monochromators to select both the excitation
and emission wavelengths. The excitation monochromator
in this schematic contains two gratings, which decreases
stray light, that is, light with wavelengths different from the
chosen one. In addition, these monochromators use concave
gratings, produced by holographic means to further
decrease stray light. In subsequent sections of this chapter
we will discuss light sources, detectors and the importance
of spectral purity to minimize interference due to stray
light. Both monochromators are motorized to allow auto-
matic scanning of wavelength. The fluorescence is detected
with photomultiplier tubes and quantified with the appro-
priate electronic devices. The output is usually presented in
graphical form and stored digitally.

The instrument schematic also shows the components
of the optical module that surrounds the sample holder. Ver-
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satile and stable optical components are indispensable for a
research spectrofluorometer. The module shown in Figure
2.1 contains a number of convenient features that are useful
on a research instrument. Shutters are provided to eliminate
the exciting light or to close off the emission channel. A
beam splitter is provided in the excitation light path. This
splitter reflects part of the excitation light to a reference
cell, which generally contains a stable reference fluo-
rophore. The beam splitter consists of a thin piece of clear
quartz, which reflects about 4% of the incident light. This
amount is generally adequate for a reference channel that
frequently contains a highly fluorescent quantum counter
(Section 2.8.1). The intensity from the standard solution is
typically isolated with a bandpass filter, and is proportional
to the intensity of the exciting light. Changes in the intensi-
ty of the arc lamp may be corrected for by division of the
intensity from the sample by that of the reference fluo-
rophore.

Polarizers are present in both the excitation and emis-
sion light paths. Generally, the polarizers are removable so
that they can be inserted only for measurements of fluores-
cence anisotropy, or when it is necessary to select for par-
ticular polarized components of the emission and/or excita-
tion. Accurate measurement of fluorescence anisotropies
requires accurate angular positioning of the polarizers. The
polarizer mounts must be accurately indexed to determine
the angular orientation. The optical module shown in Fig-
ure 2.1 has an additional optical path on the right side of the
sample holder. This path allows measurement of fluores-
cence anisotropy by the T-format method (Chapter 10).
There are many occasions where the additional light path is
necessary or convenient for experiments, but with modern
electronics it is usually not necessary to use the T-format for
anisotropy measurements.

The present trend is toward small compact spectroflu-
orometers, with all the optical components in a single
enclosure. Such instruments are easy to maintain because
there is little opportunity to alter the configuration. A mod-
ular instrument has some advantages in a spectroscopy lab-
oratory. For instance, if the xenon lamp and monochroma-
tor are removable, a laser source can be used in place of the
arc lamp. On some occasions it is desirable to bypass the
emission monochromator and use bandpass filters to collect
as much of the emission as possible. Such experiments are
possible if the emission monochromator is removable. If the
monochromator cannot be removed the gratings can act like
mirrors if set at the zero-order diffraction or a wavelength
of zero. If the wavelength is set to zero the monochromator
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typically transmits all wavelengths. Filters can be used to
isolate the desired range of wavelengths.

It is convenient if the instrument has a versatile sample
holder. If the research involves anisotropy measurements it
will often be necessary to measure the fundamental
anisotropy (r,) in the absence of rotational diffusion. This is
accomplished at low temperature, typically —50°C in glyc-
erol. Low temperature can only be achieved if the sample
holder is adequately sized for a high rate of coolant flow,
has good thermal contact with the cuvette, and is insulated
from the rest of the instrument. Many cuvette holders can
maintain a temperature near room temperature, but may
not be able to maintain a temperature much above or
below that.

Another useful feature is the ability to place optical fil-
ters into the excitation or emission light path. Filters are
often needed, in addition to monochromators, to remove
unwanted wavelengths in the excitation beam, or to remove
scattered light from the emission channel.

2.1.2. Spectrofluorometers for High Throughput

At present the design of fluorescence experiments is chang-
ing toward a multi-sample approach. Instead of detailed
experiments on a single sample, the experiments are
designed to include many samples. Such experiments
can include binding studies, quenching, and cell-based
assays. High-throughput screening assays are used in
drug discovery, often using numerous microplates, each
with 384 or more wells. Such measurements are typically
performed using microplate readers (Figure 2.2). The sam-
ples are contained in the wells of the microplates, which are
taken inside the instrument for the measurements. Such an
instrument may not provide the detailed information avail-
able using an instrument designed for spectroscopy (Figure
2.1) but can rapidly provide measurements on numerous
samples.

Figure 2.2. Fluorescence microplate reader.
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Figure 2.3. Optical path for a microplate reader [2].

The optics used in microplate readers are different than
in an instrument designed for use with a cuvette. Microwell
plates must remain horizontal, and it is not possible to use
right-angle observation as can be used with a cuvette. Fig-
ure 2.3 shows a typical optical path for microplate readers.
The light source is a xenon flash lamp, which is becoming
more common in fluorescence instruments. The desired
excitation wavelength is selected using a monochromator. A
unique feature is the mirror with a hole to transmit the exci-
tation. The fluorescence, which occurs in all directions, is
directed toward the detector optics by the same mirror. Typ-
ically, the microplate is moved to position each well in the
observation path by an x—y scanning stage. Some micro-
plate readers include a second mirror under the microplate
to facilitate cell-based assays or absorption measurements.
Microplate readers are typically used for intensity measure-
ments on a large number of samples. Microplate readers
have become available for research spectrofluorometers
allowing collection of spectra, anisotropies, and lifetimes.

2.1.3. An ldeal Spectrofluorometer

In an ideal case the recorded excitation and emission spec-
tra would represent the relative photon intensity per wave-
length interval. To obtain such "corrected" emission spectra
the individual components must have the following charac-
teristics:

1. the light source must yield a constant photon
output at all wavelengths;

2. the monochromator must pass photons of all
wavelengths with equal efficiency;
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Figure 2.4. Properties of the ideal components of a spectrofluorome-
ter.

3. the monochromator efficiency must be inde-
pendent of polarization; and

4. the detector (photomultiplier tube) must
detect photons of all wavelengths with equal
efficiency.

These characteristics for ideal optical components are
illustrated in Figure 2.4. Unfortunately, light sources,
monochromators, and photomultiplier tubes with such ideal
characteristics are not available. As a result, one is forced to
compromise on the selection of components and to correct
for the nonideal response of the instrument.

An absorption spectrophotometer contains these same
components, so why is it possible to record correct absorp-
tion spectra? In recording an absorption spectrum the inten-
sity of light transmitted by the sample is measured relative
to that transmitted by the blank. Comparative measure-
ments are performed with the same components, at the
same wavelengths. The nonideal behavior of the compo-
nents cancels in the comparative measurements. In contrast
to absorption measurements, fluorescence intensity meas-
urements are absolute, not relative. Comparison of the sam-
ple fluorescence with a blank is not useful because the
blank, in principle, displays no signal. Also, the weak back-
ground signal has an unknown spectral distribution, and
thus cannot be used for correction of the wavelength
dependence of the optical components. Hence, the opportu-
nity for internal compensation is limited. As will be
described below, a limited number of standard spectra are
available for correction purposes. Corrected emission spec-
tra are provided in Appendix L.

2.1.4. Distortions in Excitation and
Emission Spectra

To record an excitation spectrum, the emission monochro-
mator is set at the desired wavelength, generally the emis-
sion maximum. The excitation monochromator is then
scanned through the absorption bands of the fluorophore.
The observed signal is distorted for several reasons:
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1. The light intensity from the excitation source
is a function of wavelength. Even if the inten-
sity of the exciting light is monitored via the
beam splitter shown in Figure 2.1, and cor-
rected by division, the response of the refer-
ence solution or detector may be dependent
upon wavelength.

2. The transmission efficiency of the excitation
monochromators is a function of wavelength.

3. The optical density of the sample may exceed
the linear range, which is about 0.1 absor-
bance units, depending upon sample geome-
try.

Emission spectra are recorded by choosing an appro-
priate excitation wavelength and scanning wavelength with
the emission monochromator. In addition to the factors dis-
cussed above, the emission spectrum is further distorted by
the wavelength-dependent efficiency of the emission mono-
chromator and photomultiplier. The emission spectrum can
also be distorted by absorption of the sample.

2.2. LIGHT SOURCES

We now describe the individual components of a spectroflu-
orometer. The general characteristics of these components
are considered along with the reason for choosing specific
components. Understanding the characteristics of these
components allows one to understand the capabilities and
limitations of spectrofluorometers. We will first consider
light sources.

2.2.1. Arc and Incandescent Xenon Lamps

At present the most versatile light source for a steady-state
spectrofluorometer is a high-pressure xenon (Xe) arc lamp.
These lamps provide a relatively continuous light output
from 250 to 700 nm (Figure 2.5), with a number of sharp
lines occurring near 450 nm and above 800 nm. Xenon arc
lamps emit a continuum of light as a result of recombina-
tion of electrons with ionized Xe atoms. These ions are gen-
erated by collisions of Xe atoms with the electrons that flow
across the arc. Complete separation of the electrons from
the atoms yields the continuous emission. Xe atoms that are
in excited states but not ionized yield lines rather than broad
emission bands. The peaks near 450 nm are due to these
excited states. The output intensity drops rapidly below 280
nm. Furthermore, many Xe lamps are classified as being
ozone-free, meaning that their operation does not generate
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Figure 2.5. Spectral output of a continuous xenon arc lamp and a
xenon flash lamp. Revised from [3]. Courtesy of Newport Corp.

ozone in the surrounding air. The quartz envelope used in
such ozone-free lamps does not transmit light with wave-
lengths shorter than 250 nm, and the output of such lamps
decreases rapidly with decreasing wavelength.

The wavelength-dependent output of Xe lamps is a
major reason for distortion of the excitation spectra of com-
pounds that absorb in the visible and ultraviolet. To illus-
trate this effect Figure 2.6 shows corrected and uncorrected
excitation fluorescein spectra. The uncorrected spectra are
recorded emission intensities with no correction for wave-
length-dependent excitation intensity. The uncorrected
excitation spectrum displays a number of peaks near 450
nm. These peaks are due to the output of the Xe lamp,
which also displays peaks near 450 nm (Figure 2.5). Also
shown in Figure 2.6 is the excitation spectrum, corrected for
the wavelength-dependent output of the Xe arc lamp. A
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Figure 2.6. Corrected and uncorrected excitation spectra of fluores-
cein. From [4].
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quantum counter was used in the reference channel to pro-
vide a signal proportional to the lamp intensity, and the
intensity of the sample was divided by this reference inten-
sity (Section 2.8.1). The peaks are no longer apparent in the
corrected excitation spectrum, and this spectrum corre-
sponds more closely with the absorption spectrum of fluo-
rescein. The marked difference between the corrected and
uncorrected spectra illustrates how the spectral output of
the lamp influences the shape of the excitation spectra.

Xenon lamps are usually contained within specially
designed housings. The arc lamp housing serves several
important functions (Figure 2.7). The gas in xenon lamps is
under high pressure (about 10 atmospheres), and explosion
is always a danger. The housing protects the user from the
lamp and also from its intense optical output. The housing
also directs air over the lamp and removes excess heat and
ozone. A xenon lamp that is on should never be observed
directly. The extreme brightness will damage the retina, and
the ultraviolet light can damage the cornea.

Another important role of the housing is for collecting
and collimating lamp output, which is then focused into the
entrance slit of the monochromator. Some lamp houses
have mirrors behind the lamp to direct additional energy
toward the output. Most of the light output originates from
the small central region between the electrodes, and this
spot needs to be focused on the optical entrance slit of the
excitation monochromator.

Because of the heat and high intensity of a running
xenon lamp, it is not practical to adjust the position of an
uncovered lamp. Hence the lamp housing should have
external provisions for position adjustment and focusing.
The useful life of a xenon lamp is about 2000 hours. Safety
glasses should be worn when handling these lamps. The
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quartz envelope should not be touched, and if touched
should be cleaned with a solvent such as ethanol. The fin-
gerprint residues will char, resulting in hot spots on the
quartz envelope and possible lamp failure. To protect the
next person handling the disposed lamp, one should wrap
the lamp in heavy paper and break the quartz envelope. It is
important to pay close attention to mounting lamps in the
proper orientation, which can be different for different
types of lamps.

The power supplies of arc lamps are extremely danger-
ous, generating 25 amps at 20 volts, for a typical 450-watt
lamp. Starting the lamps requires high-voltage pulses of 20
to 40 kV. This voltage can penetrate the skin, and the fol-
lowing high current could be lethal. Starting of xenon lamps
can damage nearby sensitive electronics. The high-voltage
starting pulse can destroy sensitive amplifiers or confuse
computers. If possible, it is preferable to start a lamp first,
and then turn on other electronic devices.

Xenon arc lamps have become more compact (Figure
2.8). These lamps typically have the arc within a parabolic
reflector, which collects a large solid angle and provides a
collimated output.® In addition to improved light collection
efficiency, these lamps are compact, and as a result are
found in commercial spectrofluorometers.

When using a xenon arc lamp it is important to remem-
ber the lamps emit a large amount of infrared radiation,
extending beyond the wavelength range of Figure 2.5.
Because of the infrared output, the lamp output cannot be
passed directly through most optical filters. The filter will
heat and/or crack, and the samples will be heated. When
passed through a monochromator the optical components
and housing serve as a heat sink. If the xenon lamp output
is to be used directly, one should use a heat filter made of
heat-resistant glass, which absorbs the infrared.

2.2.2. Pulsed Xenon Lamps

At present compact fluorometers and plate readers often
use xenon flash lamps. The output of a xenon flash lamp
is more structured than a continuous lamp (Figure 2.5).
The output of a flash lamp is higher in the UV. The output
intensities in Figure 2.5 are the time-averaged output of
the lamp. The peak intensity of the pulses is usually higher
than that of the continuous arcs. The flash lamps consume
less power and generate less heat. In some cases the lack of
continuous excitation can minimize photodamage to the
sample.
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Figure 2.8. Compact xenon arc lamps. Reprinted from Cermax lamp
engineering guide.

2.2.3. High-Pressure Mercury (Hg) Lamps

In general Hg lamps have higher intensities than Xe lamps,
but the intensity is concentrated in lines. It is usually better
to choose the excitation wavelengths to suit the fluo-
rophore, rather than vice versa. These lamps are only useful
if the Hg lines are at suitable wavelengths for excitation.

2.2.4. Xe-Hg Arc Lamps

High-pressure mercury—xenon lamps are also available.
These have higher intensities in the ultraviolet than Xe
lamps, and the presence of Xe tends to broaden the spectral
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Figure 2.9. Spectral output of a low pressure mercury—argon lamp.
Revised from [7]. Courtesy of Ocean Optics Inc.

output. The output of these lamps is dominated by the Hg
lines. The Hg—Xe lamp has slightly more output between
the Hg lines. When first started the Hg—Xe lamp output is
due mostly to Xe. As the lamp reaches operating tempera-
ture all the Hg becomes vaporized, and the Hg output
increases.

2.2.5. Quartz-Tungsten Halogen (QTH) Lamps

These lamps provide continuous output in the visible and
IR regions of the spectrum. Previously such lamps were not
useful for fluorescence because they have low output below
400 nm, and are thus not useful for excitation of UV
absorbing fluorophores. However, there is presently
increasing interest in fluorophores absorbing in the red and
near infrared (NIR), where the output of a QTH lamp is sig-
nificant.

2.2.6. Low-Pressure Hg and Hg-Ar Lamps

These lamps yield very sharp line spectra that are useful
primarily for calibration purposes (Figure 2.9). Previously
the lamps contained only mercury. Some lamps now con-
tain both mercury and argon. The mercury lines are below
600 nm and the argon lines are above 600 nm (Table 2.1).
The use of these lamps for wavelength calibration is
described in Section 2.3.5.

2.2.7. LED Light Sources

LEDs are just beginning to be used as light sources in spec-
trofluorometers.® A wide range of wavelengths are avail-
able with LEDs (Figure 2.10, see also Figure 4.13). In order
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Table 2.1. Strong Emission Lines from a Mercury—Argon
Calibration Source?

Mercury lines (nm)

Argon lines (nm)

253.7 404.7 696.5 763.5 842.5
296.7 407.8 706.7 772.4 852.1
302.2 435.8 710.7 794.8 866.8
3132 546.1 727.3 800.6 912.3
334.1 5717.0 738.0 811.5 922.6
365.0 579.1 750.4 826.5

aData from [7].

to obtain a wide range of wavelengths an array of LEDs can
be used.® LEDs can be placed close to the samples, and if
needed the excitation wavelength can be defined better by
the use of an excitation filter. Unlike a xenon lamp, LEDs
do not generate significant infrared, so that an additional
heat filter is not needed. There are ongoing efforts to devel-
op white LEDs, which are already found in LED flash-
lights. These LEDs contain phosphors to provide a wider
range of wavelengths.” LEDs have the advantage of long
life and low power consumption. The use of LEDs as an
excitation source is likely to broaden in the near future.

2.2.8. Laser Diodes

Another light source is the laser diode. In contrast to LEDs,
laser diodes emit monochromatic radiation. Laser diodes
are available with wavelengths ranging from about 405 to
1500 nm. Laser diodes are convenient because the output is
easily focused and manipulated. In contrast to arc lamps
or incandescent lamps, the output of LEDs and laser
diodes can be pulsed or modulated. LEDs can be amplitude
modulated up to about 100 MHz, and laser diodes can
be modulated to several GHz. The use of these light sources
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Figure 2.10. Spectral output of light-emitting diodes [8]. The black
line shows the output of a white LED [7].
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for time-resolved measurements is described in Chapters
4 and 5.

2.3. MONOCHROMATORS

Monochromators are used to disperse polychromatic or
white light into the various colors or wavelengths. This dis-
persion can be accomplished using prisms or diffraction
gratings. The monochromators in most spectrofluorometers
use diffraction gratings rather than prisms. The perform-
ance specifications of a monochromator include dispersion,
efficiency, and stray light levels. Dispersion is usually given
in nm/mm. The slit width is sometimes expressed in mm,
which requires knowledge of the dispersion. A monochro-
mator for fluorescence spectroscopy should have low stray
light levels to avoid problems due to scattered or stray light.
By stray light we mean light transmitted by the monochro-
mator at wavelengths outside the chosen wavelength and
bandpass. Monochromators are also chosen for high effi-
ciency to maximize the ability to detect low light levels.
Resolution is usually of secondary importance since emis-
sion spectra rarely have peaks with line widths less than 5
nm. The slit widths are generally variable, and a typical
monochromator will have both an entrance and exit slit. The
light intensity that passes through a monochromator is
approximately proportional to the square of the slit width.
Larger slit widths yield increased signal levels, and there-
fore higher signal-to-noise ratios. Smaller slit widths yield
higher resolution, but at the expense of light intensity. If the
entrance slit of the excitation monochromator is already
wide enough to accept the focused image of the arc, then
the intensity will not be increased significantly with a wider
slit width. If photobleaching of the sample is a problem, this
factor can sometimes be minimized by decreasing the exci-
tation intensity. Gentle stirring of the sample can also min-
imize photobleaching. This is because only a fraction of the
sample is illuminated and the bleached portion of the sam-
ple is continuously replaced by fresh solution.
Monochromators can have planar or concave gratings
(Figure 2.11). Planar gratings are usually produced
mechanically. Concave gratings are usually produced by
holographic and photoresist methods. Imperfections of the
gratings are a source of stray light transmission by the
monochromators, and of ghost images from the grating.
Ghost images can sometimes be seen within an open mono-
chromator as diffuse spots of white light on the inside sur-
faces. Monochromators sometimes contain light blocks to
intercept these ghost images. Monochromators based on
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Figure 2.11. Monochromators based on a plane (top) or concave (bot-
tom) grating. Revised from [7].

concave gratings can have fewer reflecting surfaces, lower
stray light, and can be more efficient. A concave grating can
serve as both the diffraction and focusing element, resulting
on one instead of three reflecting surfaces. For these rea-
sons the holographic gratings are usually preferable for flu-
orescence spectroscopy.

1.0
™
-
! \
G : \ 750 nm BLAZE,
Zz | \ 600 | /mm GRATING
w 0.5
1) \
I 250nm BLAZE,
i \600 I/mm GRATING
1] = LY 'I
“
~ I
~ \
~ I\
~=u M
ol 1 ] 1 el ]
500 1000 1500 2000

WAVELENGTH (nm)

Figure 2.12. Efficiency of two-ruled grating blazed for different
wavelengths. Redrawn from [5]. Courtesy of Newport Corp.
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Figure 2.13. Emission spectra of p-terphenyl collected with a spectral
resolution of 0.5 and 10 nm. From [10].

The transmission efficiency of a grating and mono-
chromator is dependent on wavelength and on the design of
the grating. Examples are shown in Figures 2.12 and 2.13.
For a mechanically produced plane grating the efficiency at
any given wavelength can be maximized by choice of blaze
angle, which is determined by the shape and angle of the
tool used to produce the grating. By choice of this angle one
may obtain maximum diffraction efficiency for a given
wavelength region, but the efficiency is less at other wave-
lengths. For the examples shown in Figure 2.12 the efficien-
cy was optimized for 250 or 750 nm. Generally, the excita-
tion monochromator is chosen for high efficiency in the
ultraviolet and an emission monochromator for high effi-
ciency at visible wavelengths.

2.3.1. Wavelength Resolution and
Emission Spectra

The emission spectra of most fluorophores are rather broad
and devoid of structure. Hence, the observed emission spec-
tra are typically independent of spectral resolution. For flu-
orophores that display structured emission, it is important
to maintain adequate wavelength resolution, which is
adjusted by the slit widths on the monochromator. Emission
spectra of p-terphenyl are shown in Figure 2.13. They dis-
play vibrational structure when recorded with a resolution
of 0.5 nm. However, this structure is nearly lost when the
resolution is 10 nm. Although not important for steady-state
measurements, the transit time through a monochromator
can depend on wavelength (Section 4.6.5).
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Figure 2.14. Grating efficiency for a 1800 line/mm halographic grat-
ing, optimized for the UV. The bold line is the average, and the other
lines are for differently (S and P) polarized light, defined in Figure
2.39. Redrawn from [11].

2.3.2. Polarization Characteristics of
Monochromators

For a grating monochromator the transmission efficiency
depends upon the polarization of the light. This is illustrat-
ed in Figure 2.14 for a concave grating. For this reason, the
observed fluorescence intensities can be dependent upon
the polarization displayed by the fluorescence emission.
The emission spectrum can be shifted in wavelength and
altered in shape, depending upon the polarization condi-
tions chosen to record the emission spectrum. For example,
consider an emission spectrum recorded with the grating
shown in Figure 2.14, and through a polarizer oriented ver-
tically (Il) or horizontally (). Assume that the dotted trans-
mission curve corresponds to vertically polarized light. The
spectrum recorded through the vertically oriented polarizer
would appear shifted to shorter wavelengths relative to that
recorded with the polarizer in the horizontal position. This
is because the transmission efficiency for vertically polar-
ized light is higher at shorter wavelengths. This spectral
shift would be observed irrespective of whether its emission
was polarized or not polarized.

The polarization properties of concave gratings can
have a dramatic effect on the appearance of emission spec-
tra. This is shown in Figure 2.15 for a probe bound to DNA.
The emission spectrum shows a dramatic decrease near 630
nm when the emission polarizer is in the horizontal posi-
tion. This drop is not seen when the emission polarizer is in
a vertical orientation. In addition to this unusual dip in the
spectrum, the emission maximum appears to be different
for each polarizer orientation. These effects are due to the
polarization properties of this particular grating, which dis-
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Figure 2.15. Emission spectra of [Ru(bpy),(dppz)]** bound to DNA.
This probe is described in chapter 20. Excitation at 460 nm. Except for
intensity, the same spectral distributions was observed for vertically as
horizontally polarized excitation. From [12].

plays a minimum in efficiency at 630 nm for horizontally
polarized light. Such effects are due to the emission mono-
chromator, and are independent of the polarization of the
excitation beam.

The polarization characteristics of monochromators
have important consequences in the measurement of fluo-
rescence anisotropy. Such measurements must be corrected
for the varying efficiencies of each optical component. This
correction is expressed as the G factor (Section 10.4). How-
ever, the extreme properties of the concave gratings (Figure
2.14) can cause difficulties in the measurement of fluores-
cence polarization. For example, assume that the polariza-
tion is to be measured at an excitation wavelength of 450
nm. The excitation intensities will be nearly equal with the
excitation polarizers in each orientation, which makes it
easier to compare the relative emission intensities. If the
emission is unpolarized the relative intensities with parallel
(Il) and perpendicular (1) excitation intensities will be near-
ly equal. However, suppose the excitation is at 340 nm, in
which case the intensities of the polarized excitation will be
very different. In this case it is more difficult to accurately
measure the relative emission intensities because of the
larger difference in the excitation intensities. Measurement
of the G factor is generally performed using horizontally
polarized light, and the intensity of this component would
be low.

2.3.3. Stray Light in Monochromators

The stray light level of the monochromator is a critical
parameter for florescence measurements. Stray light is
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defined as any light that passes through the monochromator
besides the desired wavelength. Consider the excitation
monochromator. The entire output from the light source
enters the monochromator. Ultraviolet wavelengths are fre-
quently used for excitation, and the ultraviolet intensity
may be 100-fold less than the visible output of the Xe lamp.
Stray light at longer wavelengths can be passed by the exci-
tation monochromator, and can easily be as intense as the
fluorescence itself. Fluorescence intensities are frequently
low, and many biological samples possess significant tur-
bidity. The incident stray light at the emission wavelength
can be scattered, and can interfere with measurements of
the fluorescence intensity. For these reasons, double-grating
monochromators are frequently used, especially for excita-
tion. Stray light levels for such monochromators are fre-
quently 10-8 to 10-12 of the peak intensities. However, dou-
ble-grating monochromators are less efficient, and sensitiv-
ity must be sacrificed.

The stray light properties of the emission monochro-
mator are also important. Generally, only a low percentage
of the exciting light is absorbed by the fluorophores, and
fluorescence quantum yields can be small. It is not unusual
for the fluorescence signal to be 1000-fold less intense than
the exciting light. Now consider a turbid suspension of
membranes, from which we wish to observe the fluores-
cence of membrane-bound proteins. The excitation and
emission wavelengths would be near 280 and 340 nm,
respectively. Since the emission monochromator is imper-
fect, some of the scattered light at 280 nm can pass through
the emission monochromator set at 340 nm. Assume that
the emission monochromator, when set at 340 nm, discrim-
inates against 280 nm by a factor of 10-*. The intensity of
scattered light at 280 nm can easily be 103—fold more
intense than the fluorescence at 340 nm. Hence 10% of the
"fluorescence" at 340 nm may actually be due to scattered
exciting light at 280 nm. It is also important to recognize
that scattered light is highly polarized, typically 100%. This
means that the scattered light will contribute to the vertical
intensity but not to the horizontal intensity. Stray scattered
light can easily invalidate measurements of fluorescence
anisotropy.

The stray light rejection of holographic gratings is
superior to that of the mechanically produced ruled grat-
ings. It appears that the passage of stray light depends upon
imperfections in the gratings, resulting in ghost images
which can escape from the monochromators. Fewer such
images are present with the holographic gratings because
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they are produced optically and have fewer imperfections.
In addition, monochromators with holographic gratings
generally have fewer reflecting surfaces within the mono-
chromators (Figure 2.11). This is because the concave grat-
ing can also act as an imaging device, and thus additional
concave mirrors are not required for focusing. With fewer
reflecting surfaces there is a decreased probability of stray
light escaping from the monochromator.

2.3.4. Second-Order Transmission in
Monochromators

Another source of unwanted light is higher-order light dif-
fraction by the monochromator. Light diffraction at the
grating can occur as a first, second- or higher-order process.
These diffraction orders frequently overlap (Figure 2.16).
Suppose the excitation monochromator is set at 600 nm.
The xenon light source contains output of both 300 and 600
nm. When the monochromator is set at 600 nm, some 300-
nm light can be present at the exit slit due to second-order
diffraction.

Transmission of second-order diffraction can also
result in extraneous light passing through the emission
monochromators. Suppose the excitation is at 300 nm and
the emission monochromator is scanned through 600 nm. If
the sample is strongly scattering, then some of the scattered
light at 300 nm can appear as second-order diffraction when
the emission monochromator is set to 600 nm. The emission
spectrum from a turbid solution can have a peak at twice the
excitation wavelength due to 2nd-order transmission
through the emission monochromator. Bandpass excitation
filters can be used to remove unwanted wavelengths from
the excitation beam.

, 300nm, 15t Order

/ 600nm, 15t Order
/ ,~ 300nm 2" Order

P
P (5t Order

Incident
Radiation

2™ order

Figure 2.16. First- and second-order diffraction off a diffraction grat-
ing. The region where there is no overlap of the 1st- and 2nd-order dif-
fraction is called the free spectral range.
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2.3.5. Calibration of Monochromators

The wavelength calibration of monochromators should be
checked periodically. Calibration can be performed using a
low pressure mercury or mercury—argon lamp. These lamps
are shaped like a cylinder, about 5 mm in diameter, and con-
veniently fit into the cuvette holder. These lamps provide a
number of sharp lines that can be used for calibration (Fig-
ure 2.9). The lamp can be held stationary with a block of
metal in which the lamp fits snugly. This holder is the same
size as a cuvette. A pinhole on the side of this holder allows
a small amount of the light to enter the emission monochro-
mator. A small slit width is used to increase the precision of
wavelength determination and to decrease light intensity. It
is important to attenuate the light so that the photomultipli-
er tube and/or amplifiers are not damaged. Following these
precautions, the dominant Hg lines are located using the
emission monochromator. The measured wavelengths are
compared with the known values, which are listed in Table
2.1. Since there are multiple Hg lines, it is necessary to
observe three or more lines to be certain a line is assigned
the correct wavelength. If the observed wavelengths differ
from the known values by a constant amount, one recali-
brates the monochromator to obtain coincidence. A more
serious problem is encountered if the wavelength scale is
nonlinear.

After calibration of the emission monochromator, the
excitation monochromator can be calibrated against this
new standard. The slits on both monochromators should be
set to the same small value, consistent with the available
light intensity. A dilute suspension of glycogen or Ludox is
placed in the cuvette holder to scatter the exciting light. The
emission monochromator is set to some arbitrary wave-
length. If the excitation monochromator is properly cali-
brated, then the maximum intensity of the scattered light is
seen when the indicated wavelengths are identical. The lin-
earity of the wavelength scale can be determined by setting
the emission monochromator at various wavelengths. One
advantage of this procedure is that there is no need to
remove the light source. The mercury light can be used in
place of the xenon lamp to calibrate the excitation mono-
chromator, but then the xenon lamp must be removed.

2.4. OPTICAL FILTERS
2.4.1. Colored Filters

While spectrofluorometers have monochromators for wave-
length selection, it is often important to use optical filters in
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Figure 2.17. Transmission spectra of some typical colored glass fil-
ters. From [13].

addition to monochromators. Optical filters are used to
compensate for the less-than-ideal behavior of monochro-
mators. Also, when the spectral properties of a fluorophore
are known, maximum sensitivity is often obtained using fil-
ters rather than monochromators. A large range of filters are
available. The manufacturers typically provide the trans-
mission spectra of the filters. Before the advances in thin
film technology, most filters were colored-glass filters. Col-
ored-glass filters can transmit a range of wavelengths (Fig-
ure 2.17, top). Some color filters are called long-pass filters
and transmit all wavelengths above some particular wave-
length (bottom). The names of the filters divide them into
classes according to their colors (BG, blue glass, GG, green
glass, etc.).

The transmission spectra shown in Figure 2.17 are
visually pleasing but may not provide all the needed infor-
mation. In turbid or dilute samples the scattered light can be
orders of magnitude more intense than the fluorescence.
This is also true for two-photon excitation when the excita-
tion wavelength is longer than the emission wavelength. For
these reasons transmission curves are often presented on a
logarithm scale, which makes it possible to determine if the
filter transmits 1% or much less than 1% of the light at any
given wavelength (Figure 2.18). These curves also show
transmission at longer wavelengths, where there may be
interference from scattered light from the higher-order
transmission of monochromators.
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Figure 2.18. Transmission spectra of colored-glass filters. Top: in
order of increasing wavelength FCG 414, 419, and 423. Bottom: FCG
409, 413, 421, and 425. From [13].

An important consideration in the use of bandpass fil-
ters is the possibility of emission from the filter itself. Many
filters are luminescent when illuminated with UV light,
which can be scattered from the sample. For this reason it is
usually preferable to locate the filter further away from the
sample, rather than directly against the sample. Glass filters
of the type shown in Figures 2.17 and 2.18 are highly ver-
satile, effective, and inexpensive, and a wide selection is
needed in any fluorescence laboratory. Excitation and emis-
sion filters can be used in all experiments, even those using
monochromators, to reduce the possibility of undesired
wavelengths corrupting the data.

2.4.2. Thin-Film Filters

A wide variety of colored-glass filters are available, but the
transmission curves are not customized for any given appli-
cation. During the past ten years there have been significant
advances in the design of thin-film optical filters.!* Almost
any desired transmission curve can be obtained. Filters are
now being designed for specific applications, rather than
choosing the colored-glass filter that best suits an applica-
tion. Long-pass filters are an example of this type filter
(Figure 2.19). These filters have a sharp cut on the transmis-
sion above 325 nm or 488 nm, which are wavelengths avail-
able from a helium—cadmium or argon ion laser, respective-
ly. The transmission above the cut-on wavelength is close to
100% to provide maximum sensitivity.
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Figure 2.19. Long-pass filters designed to reject light from a helium-
cadmium laser at 325 nm or an argon ion laser at 488 nm. Revised
from [15].

Thin-film filters are also available to specifically trans-
mit or reject laser lines. Laser light can contain additional
wavelengths in addition to the main laser line. This emis-
sion is referred to as the plasma emission, which typically
occurs over a range of wavelengths and is not strongly
directional. The light can be made more monochromatic by
passing the laser beam through a laser line filter, such as the
one shown for a helium—neon laser at 633 nm (Figure 2.20).
Alternatively, it may be necessary to eliminate scattered
light at the laser wavelength. This can be accomplished with
a notch filter which transmits all wavelengths except the
laser wavelengths. These filters are sometimes called
Raman notch filters because of their use in Raman spec-
troscopy.

Emission can usually be selected using a long-pass fil-
ter. However, there may be additional emission at longer
wavelengths, such as the acceptor emission in an energy
transfer experiment. In these cases it is useful to have a fil-
ter that transmits a selected range of wavelengths or auto-
fluorescence from the sample. Figure 2.21 shows examples
of bandpass filters that transmit from 460 to 490 nm or from
610 to 700 nm. The width of transmission can be made nar-
rower or wider. Such filters are often referred to as interfer-
ence filters.
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Figure 2.20. Laser line filter to transmit only the laser wavelength
(top) and a notch filter to reject the laser wavelength. From [15].

2.4.3. Filter Combinations

While one can obtain almost any desired filter with modern
coating technology, the design of custom filters for each
experiment is usually not practical. If a single filter is not
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Figure 2.21. Interference filter to transmit selected wavelengths.
From [15].
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Figure 2.22. Transmission profile of a combination of Corning and
Schott filters used to isolate protein fluorescence (top) and Indo-1 flu-
orescence (bottom). Lower panel from [17].

adequate for a given experiment, it is often possible to com-
bine two or more bandpass filters to obtain the desired spec-
tral properties. This possibility is shown in Figure 2.22. The
UG-11 and WG-320 filters are often used in our laboratory
to isolate protein fluorescence.!® For probes emitting near
450 nm, we often use a combination of Corning 4-96 and 3-
72 filters.!7 In this example the filter was selected to reject
702 nm, which was the excitation wavelength for two-pho-
ton excitation of Indo-1.17 This example illustrates an
important aspect in selecting filters. Filters should be select-
ed not only for their ability to transmit the desired wave-
length, but perhaps more importantly for their ability to
reject possible interfering wavelengths.

2.4.4. Neutral-Density Filters

Neutral-density filters are used to attenuate light equally at
all wavelengths. They are typically composed of sheets of
glass or quartz coated with a metal to obtain the desired
optical density. Quartz transmits in the UV and is preferred
unless no experiments will be done using wavelengths
below 360 nm. Neutral-density filters are described by their
optical density, and can typically be obtained in increments
of 0.1, up to optical densities of 4. It is often necessary to
adjust or match the intensity of two signals, which is con-
veniently accomplished using neutral-density filters.
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Figure 2.23. Filter geometry used for epifluorescence microscopy.

2.4.5. Filters for Fluorescence Microscopy

Fluorescence microscopy relies on optical filters rather than
monochromators for wavelength selection. Most fluores-
cence microscopy is performed using the epifluorescence
configuration. The term epifluorescence refers to excitation
and emission passing through the same objective (Figure
2.23). This configuration has the advantage of most of the
excitation traveling away from the detector. Additionally,
the excitation can be observed for the same location. Even
though most of the excitation passes through the sample, a
substantial fraction of the excitation is reflected or scattered
back into the objective.

Observation of the fluorescence image requires spe-
cially designed sets of filters. A set contains an excitation
filter, an emission filter, and a dichroic beam splitter. The
function of such filters can be understood by examination of
their transmission spectra (Figure 2.24). The excitation fil-
ter selects a range of wavelengths from a broadband source
to excite the sample. The emission filter transmits the emis-
sion and rejects the excitation wavelengths. The unusual
component is the dichroic beam splitter, which serves a
dual function. It reflects the excitation wavelengths into the
objective, and transmits the emission and allows it to reach
the eyepiece or detector. Filter sets for microscopy are now
often named for use with specific fluorophores rather than
wavelengths.

Fluorescence microscopy is often performed using
multiple fluorophores to label different regions of the cell,
allowing the region to be identified by the emission wave-
length. Emission filters have been designed to pass the
emission from multiple fluorophores. Figure 2.25 shows
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Figure 2.24. Epifluorescence filter sets for fluorescein or CysS.
From [15].
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Figure 2.25. Multi-bandpass filter designed to transmit the emission
of DAPI, fluorescein and Texas Red. Note that this is a single filter
with three bandpasses. From [15].

the transmission curve of a filter designed to pass the emis-
sion from DAPI near 460 nm, fluorescein near 530 nm,
and Texas Red at 630 nm. The availability of such filters
has greatly expanded the capabilities of fluorescence
microscopy.

2.5. OPTICAL FILTERS AND SIGNAL PURITY

A major sources of errors in all fluorescence measurements
is interference due to scattered light, stray light, or sample
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Figure 2.26. Emission spectrum of a 0.8-uM solution of tryptophan
(bottom) in 0.1 M phosphate buffer, pH 7.0. The observation polariz-
er was vertically oriented. Top: emission spectrum of a blank buffer
solution under the same optical conditions. The emission polarizer
was vertical (Il), horizontal (L) or at the 54.7° magic angle (MA) posi-
tion. From [10].

impurities. These problems can be minimized by careful
selection of the emission filter, the use of optical filters in
addition to the excitation and emission monochromators,
and by control experiments designed to reveal the presence
of unwanted components. The use of optical filters and con-
trol experiments to avoid such artifacts is best illustrated by
specific examples.

Figure 2.26 (bottom) shows the emission spectrum of a
dilute solution of tryptophan in aqueous buffer. The large
sharp peak on the left is due to scattered excitation, the
broad peak at 360 nm is the tryptophan fluorescence, and
the small sharp peak at 310 nm is the Raman scatter. Raman
scatter will occur from all solvents. For water, the Raman
peak appears at a wavenumber 3600 cm-! lower than the
incident wavenumber. For excitation at 280 nm, the Raman
peak from water occurs at 311 nm. Highly fluorescent sam-
ples generally overwhelm the Raman peak. However, if the
gain of the instrument is increased to compensate for a
dilute solution or a low quantum yield, the Raman scatter
may become significant and distort the emission spectrum.
Raman scatter always occurs at a constant wavenumber dif-
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ference from the incident light, and can be identified by
changing the excitation wavelength. Also, the spectral
width of the Raman peak will be determined by the resolu-
tion of the monochromators.

In microscopy and in assays the fluorescence may be
observed without a monochromator. The emission can be
observed through a filter that is presumed to remove the
scattered light. Observation through a filter rather than a
monochromator increases the sensitivity because the band-
pass of the observation is increased and the attenuation due
to the monochromator is removed. The signal level can
often be 50-fold higher when observed through filters rather
than a monochromator. Lifetime measurements are usually
performed using long-pass filters to observe the entire
emission. Under these conditions it is important to choose
an emission filter that eliminates both the scattered incident
light and the Raman scatter.

In any fluorescence experiment it is essential to exam-
ine blank samples, which are otherwise identical to the
sample but do not contain the fluorophore. These control
samples allow the presence of Rayleigh and Raman scatter
to be determined. Control samples can also reveal the pres-
ence of fluorescent impurities. An emission spectrum of the
buffer blank for the dilute tryptophan solution is shown in
Figure 2.26 (top). The gain of the instrument should be the
same when recording the emission spectrum of the sample
and that of the blank. These control spectra are recorded
under the same conditions, because the only meaningful
consideration is whether the blank contributes to the emis-
sion under the conditions of a given experiment. In this case
the blank spectrum above 320 nm is essentially zero, show-
ing that the peak at 360 nm (bottom) is in fact due to the
sample. While this may seem like a trivial result, the pres-
ence of background fluorescence and/or scattered light is
the most common error in fluorescence measurements.
Examination of the blank sample also allows identification
of the peak at 310 nm as due to the buffer and not to the
sample.

The most appropriate blank solution is one that is iden-
tical to the sample, but does not contain the fluorophore.
This can be difficult to accomplish with protein or mem-
brane solutions, where the macromolecules themselves are
the source of the signal. Such solutions will typically be
more strongly scattering than the buffer blanks. In these
cases it is useful to add glycogen or colloidal silica (Ludox)
to the buffer blank, to mimic the amount of scattering from
the sample. This allows selection of filters that are adequate
to reject scattered light from the sample.
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Figure 2.27. Rejection of scattered light from the 0.8-uM tryptophan
solution using a bandpass filter (top) or a polarizer but no bandpass fil-
ter (bottom). The emission polarizer was oriented vertically (Il) or hor-
izontally (). From [10].

2.5.1. Emission Spectra Taken through Filters

Suppose you wanted to measure the lifetime of the trypto-
phan sample in Figure 2.26 (bottom) and the measurements
are to be performed using a bandpass filter to isolate the
emission. How can one know the scattered light has been
rejected by the emission filter? This control is performed by
collecting an emission spectrum through the filter used to
measure the lifetime (Figure 2.27, top). In this case the
Schott WG320 filter rejected both the scattered light and the
Raman scatter, as seen by the zero intensity from 280 to 310
nm. In some cases the filter itself can be a source of back-
ground emission. The use of an equivalent scattering solu-
tion is preferred, as this provides the most rigorous test of
the filter for rejecting scattered light and for displaying
minimal fluorescence.

It is important to remember that scattered light is usu-
ally 100% polarized (p = r = 1.0). This is the reason the
emission polarizer was vertical in Figure 2.27 (top), which
is the worst-case situation. If the emission spectrum was
recorded with the polarizer in the horizontal position, then
the scattered light would be rejected by the polarizer (Fig-
ure 2.27, bottom). If the sample is then measured with a
vertical polarizer, scattered light may be detected. When
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examining spectra for the presence of scattered light, it is
preferable to keep both polarizers in the vertical position,
and thereby maximize the probability that the interfering
signal will be observed. Conversely, a horizontal emission
polarizer can be used to minimize the scattered light if only
the emission spectrum needs to be recorded.

The emission spectra in Figure 2.27 (bottom) illustrate
how the polarization-dependent transmission properties of
the monochromator can distort the emission spectra. For
these spectra the excitation was polarized vertically, and the
emission spectra were recorded through a polarizer orient-
ed vertically (Il) or horizontally (). These spectra are clear-
ly distinct. The spectrum observed through the vertically
oriented polarizer is blue shifted relative to the spectrum
observed when the emission polarizer is in the horizontal
orientation. The extra shoulder observed at 390 nm is due to
the transmission properties of the monochromator. These
results illustrate the need for comparing only those spectra
that were recorded under identical conditions, including the
orientation of the polarizers. The emission spectra for the
same fluorophore can differ slightly if the emission is polar-
ized or unpolarized.

One way to avoid these difficulties is to use a defined
orientation of the polarizers when recording emission spec-
tra. One preferred method is to use the so-called "magic
angle" conditions. This is vertically polarized excitation and
an emission polarizer oriented 54.7° from the vertical. In
effect, the use of this condition results in a signal propor-
tional to the total fluorescence intensity (/.) which is given
by I, + 21, where [, and I, are the intensities of vertically
and horizontally polarized emission. Such precautions are
generally taken only when necessary. If the excitation
source is unpolarized, the presence of polarizers in both the
excitation and emission light paths results in an approxi-
mate fourfold decrease in signal level.

Polarization or anisotropy measurements are frequent-
ly performed using filters rather than monochromators.
Scattered light is 100% polarized (r = 1.0). Hence, a small
percentage of scatter can result in serious errors. For exam-
ple, assume 10% of the observed intensity is due to Raman
scatter. Furthermore, assume that the actual anisotropy of a
sample, in the absence of scatter, is 0.10. The observed
anisotropy is then given by

Tops = fiI's + fele (2.1)
where the f, value represents the fractional contribution of
the scattered light, f;. is the fractional contribution of the flu-
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Figure 2.28. Emission spectra of tryptophan with a trace impurity of
tyrosine, for excitation at 275 and 295 nm. From [10].

orescence, 1y is the anisotropy of the fluorescence, and r, is
the anisotropy of the scattered light. Substitution into eq.
2.1 yields r.,, = 0.19. Hence, a 10% contribution from scat-
tered light can result in an almost twofold error in the meas-
ured anisotropy. The relative error would be still larger if 7
was smaller. These considerations apply to both Raman and
Rayleigh scattering.

When measuring tryptophan or protein emission it is
important to recognize that Raman scatter can be mistaken
for tyrosine emission. This possibility is shown in Figure
2.28, which shows the emission spectrum of a tryptophan
solution that contains a minor amount of tyrosine. Upon
excitation at 275 nm the tyrosine results in a peak near 300
nm. The fact that this peak is due to tyrosine is shown by
the spectrum obtained for 295-nm excitation, which shows
only the tryptophan emission. If the emission spectrum of
tryptophan alone was recorded at lower resolution, one can
readily imagine how the broadened Raman line would
become visually similar to tyrosine emission (Figure 2.28).

2.6. PHOTOMULTIPLIER TUBES

Almost all fluorometers use photomultiplier tubes (PMTs)
as detectors, and it is important to understand their capabil-
ities and limitations. A PMT is best regarded as a current
source. The current is proportional to the light intensity. A
PMT responds to individual photons, and the pulses can be
detected as an average signal or counted as individual pho-
tons.

A PMT vacuum tube consists of a photocathode and a
series of dynodes which are the amplification stages (Figure
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Figure 2.29. Schematic diagram of a photomultiplier tube and its dyn-
ode chain.

2.29). The photocathode is a thin film of metal on the inside
of the window. Incident photons cause electrons to be eject-
ed from this surface. The generation efficiency of photo-
electrons is dependent upon the incident wavelength. The
photocathode is held at a high negative potential, typically
—1000 to —2000 volts. The dynodes are also held at negative
potentials, but these potentials decrease toward zero along
the dynode chain. The potential difference between the pho-
tocathode and the first dynode potential is generally fixed at
a constant voltage by a Zener diode, at values ranging from
=50 to —200 volts. This potential difference causes an eject-
ed photoelectron to be accelerated toward the first dynode.
Upon collision with the first dynode the photoelectron caus-
es 5 to 20 additional electrons to be ejected, depending on
the voltage difference to this dynode. This process contin-
ues down the dynode chain until a current pulse arrives at
the anode. The size of this pulse depends upon the overall
voltage applied to the PMT. Higher voltages result in an
increased number of electrons ejected from each dynode,
and hence higher amplification. PMTs are useful for low-
level light detection because they are low-noise amplifiers.
Little additional noise is created as the electrons pass
through the PMT. Amplification outside of the PMT gener-
ally results in more noise being added to the signal.

For quantitative measurements, the anode current must
be proportional to the light intensity. A nonlinear response
can result from an excessive current being drawn from the
photocathode. Under high-intensity illumination the electri-
cal potential of the photocathode can be decreased because
of its limited current-carrying capacity. This decreases the
voltage difference between the photocathode and the first
dynode, and also decreases the gain. Excessive photocur-
rents can damage the light-sensitive photocathodes, result-
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Figure 2.30. Typical transmittance of PMT window materials.

ing in loss of gain and excessive dark currents. The dark
current from a PMT is the current in the absence of incident
light.

A linear response also requires that the dynode volt-
ages remain constant, irrespective of the incident light level
and anode current. Dynode chains are designed so that the
total current through the chain is at least 100-fold greater
than the maximum anode current. Consider the 10-stage
tube shown in Figure 2.29. Using resistors with R = 100 kQ,
the dynode current would be 1.0 Ma at 1000 volts total volt-
age across the PMT. Hence 10 pA should be the maximum
anode current. There are often capacitors placed between
the higher-numbered dynodes to provide a source of current
during a single photoelectron pulse or periods of high illu-
mination. Constant amplification by a PMT requires careful
control of the high voltage. A typical PMT will yield a
threefold increase in gain for each 100 volts. Hence, a small
change in voltage can result in a significant change in the
signal. The high voltage supply needs to provide a constant,
ripple-free voltage that is stable for long periods of time.
Photomultiplier tubes are available in a wide variety of
types. They can be classified in various ways, such as
according to the design of the dynode chain, size, and
shape, spectral response, or temporal response.

2.6.1. Spectral Response of PMTs

The sensitivity of a PMT depends upon the incident wave-
length. The spectral response is determined by the type of
transparent material used for the window, and the chemical
composition of the photocathode. Only light that enters the
PMT can generate photocurrent. The input windows must
be transparent to the desired wavelengths. The transmission
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curves of typical windows material are shown in Figure
2.30. UV transmitting glass is frequently used and transmits
all wavelengths above 200 nm. Synthetic quartz can be used
for detection deeper into the UV. MgF, windows are only
selected for work in the vacuum ultraviolet. Since atmos-
pheric oxygen absorbs strongly below 200 nm, there is lit-
tle reason for selecting MgF, unless the apparatus is used in
an oxygen-free environment. For this reason the spectral
region below 200 nm is called the vacuum ultraviolet.

The second important factor is the material used for the
photocathode. Numerous types of photocathodes are avail-
able, and the spectral responses of just a few are shown in
Figure 2.31. The quantum efficiency is not constant over
any reasonable range of wavelengths. This is one origin of
the nonideal wavelength response of spectrofluorometers.
Most photocathodes are sensitive in the UV, blue and green
(300-500 nm) regions of the spectrum. The differences in
photocathode material are important mostly for wave-
lengths above 600 nm. One of the most commonly used is
the bialkali photocathode (Figure 2.31), which provides
high sensitivity and low dark current. One disadvantage of
the bialkali photocathode is the rapid decrease in sensitivi-
ty above 600 nm. Given the current emphasis on red and
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Figure 2.31. Spectral response curves of typical photocathodes. From

[18].
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Table 2.2. Characteristics of Typical Photomultiplier Tubes?

R446 R2560 R3809 R3811
Type Side window Head-on Head-on Subminiature
Dynode chain Circular cage Linear plate Microchannel cage Circular cage
Photocathode Multi-alkali Bialkali Multi-alkali S-20 Multi-alkali
Wavelength 185-870 300-650 160-185 185-850
range (nm)
Amplification 5x 100 6 x 100 2x 10° 1.3 x 106
Rise time (ns) 2.2 2.2 0.15 14
Transit time (ns) 22 26 0.55 15
Bandwidth (MHz) 200 200 2000 300
(estimate)

2 The number refers to types provided by Hammamatsu Inc.!$

NIR fluorescence, the bialkali photocathode is becoming
less useful.

The sensitivity above 500 nm has been increased by the
introduction of multi-alkali and extended red multi-alkali
photocathodes, which provide good sensitivity to 700 or
800 nm (Figure 2.31). Red-sensitive PMTs typically have
higher dark current, but for most multi-alkali photocathodes
the dark current is not a problem. Sensitivity to still longer
wavelengths can be obtained using Ag—O—Cs or S-1 photo-
cathodes. However, their quantum efficiency is uniformly
poor, and it is often difficult to detect the signal above the
dark current with an S-1 PMT. In fact, these PMTs are
rarely used without cooling to reduce the dark current.

Photo-
Sensitive
Area

Photo -
Sensitive

2.6.2. PMT Designs and Dynode Chains

The major types of PMTs and dynode chains used in fluo-
rescence are shown in Figures 2.32 and 2.33. A commonly
used PMT is the side-window or side-on tube. A large num-
ber of variants are available, and all are descendants of one
of the earliest PMTs, the 1P-28. These side-on tubes used a
circular cage dynode chain, sometimes referred to as a
squirrel cage (Figure 2.33). The specifications of one side-
on tube are listed in Table 2.2. The multi-alkali photocath-
ode of the R446 is sensitive from 185 to 870 nm. This type
of circular cage PMT has evolved into the subminiature
PMTs. Because of their compact design the time response
is excellent (Table 2.2). PMTs are also available in the com-
pact TO-8 format, which is 16 nm in diameter. Small PMTs
are available complete with a high voltage supply and dyn-
ode chain, all in a compact package. These compact high-
sensitivity detectors have appeared in many research and
clinical instruments.

Side-On Head- On
Circular cage
25mm
H Microchannel plate —
14 ram PHOTOELECTROM il 2 = ELECTRONS
i 5 -1 +
Sub ~Miniature TO-8 —voLTAeE—s|

Figure 2.32. Types of photomultiplier tubes.

Figure 2.33. Types of PMT dynode chains. From [14].
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Another type of PMT is the head-on design (Figure
2.32). This design is used with various types of dynode
chains, such as the box and grid, blind and mesh design. For
time-resolved fluorescence the head-on PMTs typically use
a linear-focused dynode chain (Figure 2.33). The purpose
of this design is to minimize the transit time spread and thus
improve the time response of the PMT. The use of a head-
on design allows the dynode chain to be extended as long as
desired, so that the highest amplification is usually avail-
able with this type of PMT.

The final type of PMT is the microchannel plate PMT
(MCP-PMT). In place of a dynode chain the MCP-PMT has
plates that contain numerous small holes (Figure 2.33). The
holes in these plates are the microchannels, which are lined
with a secondary emissive dynode material. The electrons
are amplified as they drop down the voltage gradient across
the microchannel plate. Because of the short distances for
electron travel, and the restricted range of electron paths,
this type of PMT shows the fastest time response and is
used in the most demanding time-resolved measurements.
MCP-PMTs are available with one, two, or three stages of
microchannel plates. The amplification is generally lower
than for PMTs with discrete dynode chains. Also, the max-
imum photocurrent is typically 100 nA, as compared with
10 to 100 pA for a dynode PMT.

2.6.3. Time Response of Photomultiplier Tubes

For steady-state measurements the time response of a PMT
is not important. The PMT time response is important for
lifetime measurements. There are three main timing charac-
teristics of PMT—the transit time, the rise time, and the
transit time spread (Figure 2.34). The transit time of a PMT
is the time interval between the arrival of a photon at the
cathode and the arrival of the amplified pulse at the anode.
Typical transit times range from 20 to 50 ns. The rise time
is the time required for the PMT anode signal to rise from
10 to 90% of its final level. The rise time is determined pri-
marily by the transit time variation in the PMT, that is, the
scatter around the average transit time.

The transit time spread is the most important specifica-
tion for time-resolved measurements. These timing varia-
tions result from the different geometric paths that the elec-
trons can take from the photocathode to the anode. The pho-
toelectrons can originate from different parts of the photo-
cathode, or can have different trajectories from the same
region of the photocathode. The electrons subsequently
ejected from the dynodes can take slightly different geo-
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Figure 2.34. Time response of a typical PMT. The data are for a
R2059, head on, 12-stage linear focused PMT. Revised from [18].

metric paths through the PMT. This can be seen in Figure
2.29 from the various ejection angles of electrons coming
off the first dynode. Transit time spread can be decreased by
using photocathode and dynode geometries which mini-
mize the number of different trajectories. This can be
accomplished by the use of small illuminated areas, or a
dynode designed to direct the flight of the electrons along a
defined trajectory.

The most dramatic advance in high-speed PMTs has
been the introduction of the MCP-PMT. In this case the
photoelectrons are proximity focused into the MCP (Figure
2.33). There is very little variation in terms of electron tra-
jectory within the MCP. For this reason MCP-PMTs have
transit time spreads tenfold smaller than those of standard
PMTs (Table 2.2).

A second source of the time dependence of a PMT
results from the photocathode itself. Typically, its time
response is dependent upon the wavelength incident on the
photocathode. This property is called the color effect. The
energy of the ejected electrons is dependent upon the inci-
dent wavelength, and the energy affects the path an electron
takes through the phototube. Color effects are not important
for steady-state measurements. Color effects were a signif-
icant source of error in lifetime measurements, but color
effects seem to be smaller in the current generation of fast
PMTs.
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Figure 2.35. Photon-counting detection using a PMT. From [19].

2.6.4. Photon Counting versus Analog
Detection of Fluorescence

A PMT is capable of detecting individual photons. Each
photoelectron results in a burst of 105 to 10¢ electrons,
which can be detected as individual pulses at the anode
(Figure 2.35). Hence, PMTs can be operated as photon
counters, or can be used in the analog mode in which the
average photocurrent is measured. Note that we are consid-
ering steady-state measurements. Time-correlated photon
counting for lifetime measurements will be discussed in
Chapter 4. In photon-counting mode, the individual anode
pulses due to each photon detected and counted. As a result,
the detection system is operating at the theoretical limits of
sensitivity. Noise or dark current in the PMT frequently
results from electrons that do not originate at the photocath-
ode, but from further down the dynode chain. Such anode
pulses from these electrons are smaller, and can be ignored
by setting the detection threshold high enough to count only
fully amplified primary photoelectrons. Besides increased
sensitivity, the stability of the detection system can be
increased. Because the PMT is operated at a constant high
voltage, small drifts in the voltage do not result in signifi-
cant changes in the efficiency with which each photon is
counted. Photon-counting detection is frequently used
when signal levels are low, and when it is necessary to aver-
age repetitive wavelength scans to increase the signal-to-
noise ratio.

There can be disadvantages to photon counting for
steady-state measurements. The gain of the PMT cannot be
varied by changing the applied voltage. Photon-counting
detection can be inconvenient when signal levels are high.
To stay within the linear range, one must adjust the slit
widths or the fluorescence intensities (using neutral-density
filters). Another disadvantage of photon counting is the lim-
ited range of intensity over which the count rate is linear. If
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two pulses arrive at the anode closely spaced in time, they
will be counted as a single pulse. Anode pulses resulting
from a single photon are typically 5 ns wide. This limits the
response of the PMT to 200 MHz, or 2 x 108 Hz for a peri-
odic signal. For random events, the count rates need to be
about 100-fold less to avoid the simultaneous arrival of two
photons. Hence, count rates are limited to several MHz.
Manufacturers often specify count rates of 50 MHz or high-
er. However, these count rates apply to uniformly spaced
pulses, and the pulse widths of the detector may be too wide
to distinguish pulses which occur too close together. In
practice, the count rates often become sublinear before the
theoretical upper limit is reached (Figure 2.36). Higher
count rates can be obtained with PMTs which show shorter
pulse widths. Additionally, the signal-to-noise ratio
becomes unsatisfactory at count rates below 10,000 photons
per second. The linear dynamic range can be as small as 3
log units (Figure 2.36).20 This limited intensity range is a
drawback of photon-counting detection for steady-state
measurements of fluorescence, unless the highest sensitivi-
ty is required.

In analog mode the individual pulses are averaged.
Since the current from each pulse contributes to the average
anode current, the simultaneous arrival of pulses is not a
problem. When using analog detection the gain of the
detection system can be varied by changing either the
amplifier gain or the voltage on the photomultiplier tube. As
aresult, a wider range of signal levels can be detected with-
out concerns about a nonlinear response. The precision of
the individual measurements can be higher than for photon
counting measurements, because of the higher overall sig-
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Figure 2.36. Dynamic range available with photon counting and ana-
logue detection. From [19].
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nal levels. However, even the analog measurements have a
limited range because all PMTs display saturation above a
certain light level if one exceeds the capacity of the photo-
cathode to carry the photocurrent, or an ability of the dyn-
ode chain to maintain a constant voltage.

2.6.5. Symptoms of PMT Failure

Photomultiplier tubes should be handled with care. Their
outer surfaces should be free of dust and fingerprints, and
should not be touched with bare hands. The photocathode is
light sensitive, and it is best to perform all manipulations in
dim light. It is convenient to know the common signs of
PMT failure. One may observe pulses of current when the
applied voltage is high. At lower voltages this symptom
may appear as signal instability. For instance, the gain may
change 20% to several-fold over a period of 2-20 seconds.
The origin of this behavior is frequently, but not always, a
leakage of gas into the tube. The tube cannot be fixed and
replacement is necessary. In some instances the tube may
perform satisfactory at lower voltages.

A second symptom is high dark current. This appears
as an excessive amount of signal when no light is incident
on the PMT. The origin of high dark currents is usually
excessive exposure of the tube to light. Such exposure is
especially damaging if voltage is applied to the tube at the
same time. Again, there is no remedy except replacement or
the use of lower voltages.

Signal levels can be unstable for reasons other than a
failure of the photomultiplier tube. If unstable signals are
observed one should determine that there are no light leaks
in the instrument, and that the high voltage supplies and
amplifiers are functioning properly. In addition, the pins
and socket connections of the PMT should be checked,
cleaned, and tightened, as necessary. Over a period of years,
oxide accumulation can result in decreased electrical con-
tact. Photobleaching of a sample may give the appearance
of an instrument malfunction. For example, the fluores-
cence intensity may show a time-dependent decrease due to
bleaching, and then an increase in intensity due to convec-
tion currents which replenish the bleached portion of the
sample.

2.6.6. CCD Detectors

There is a growing usefulness of charge-coupled devices
(CCDs) in fluorescence spectroscopy.2!-22 CCDs are imag-
ing detectors with remarkable sensitivity and linear dynam-
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Figure 2.37. CCD spectrofluorometer and emission spectra of fluo-
rescein. The light source for the fluorescein spectra was a 450 nm blue
LED. From [25]. Image courtesy of Ocean Optics Inc.

ic range. CCDs typically contain 10 or more pixels. Each
pixel acts as an accumulating detector where charge accu-
mulates in proportion to total light exposure. The charge at
each pixel point can be read out when desired, to obtain a
two-dimensional image. CCDs are used widely in fluores-
cence microscopy.23-24

Small spectrofluorometers using CCDs are commer-
cially available.?> These devices are conveniently interfaced
via a USB cable and have no moving parts. The sensitivity
can be rather good, as seen from the fluorescein emission
spectra (Figure 2.37). The signal is easily brought to the
device using a fiber-optic cable. When combined with an
LED light source the entire instrument becomes a solid-
state device. These spectrofluorometers are convenient for
bringing the instrument to the experiment, rather than vice
versa.

2.7. POLARIZERS

When discussing polarizers it is useful to recall a few con-
ventional definitions. The laboratory vertical-axis is typi-
cally referred to as the z-axis. Light can be described as
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having a direction for its electrical component. Unpolarized
light, of the type from incandescent or arc lamp sources, has
equal amplitudes of the electric vector normal to the direc-
tion of light propagation. Polarized light has greater ampli-
tude in one of the directions. Light with its electrical vector
directed along the z-axis is said to be vertically polarized
(Figure 2.38). Light with its electrical vector at right angles
to the z-axis is said to be horizontally polarized.

In a discussion of polarization, the terms "S" and "P"
polarization are often used. These terms are defined relative
to the normal to the plane of incidence of the light on the
optical interface. The plane of incidence is the plane
defined by the light ray and the axis normal to the surface.
If the electrical vector is in the plane of incidence the ray is
said to be "P" polarized (Figure 2.39). If the electrical vec-
tor is perpendicular to the plane of incidence this ray is said
to be "S" polarized.

Polarizers transmit light when the electric vector is
aligned with the polarization axis, and block light when the

Incidentﬁh\

Ray

Figure 2.39. Definition of S and P polarization. P-polarized light has
the electric field polarized parallel to the plane of incidence. S-polar-
ized light has the electric field polarized perpendicular to the plane of
incidence.
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Principal Axis
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Figure 2.40. Transmission of light through polarizers. The incident
beam is unpolarized. Only vertically polarized light passes through
the first polarizer. Transmission through the second polarizer is pro-
portional to cos? 0.

electric vector is rotated 90°. These principles are shown in
Figure 2.40. The incident light is unpolarized. About 50%
of the light is transmitted by the first polarizer, and this
beam is polarized along the principal axis of the polarizer.
If the second polarizer is oriented in the same direction,
then all the light is transmitted except for reflection losses.
If the second polarizer is rotated through an angle 6 the
intensity is given by

I=1

max €08 > 0 2.2)

where [, corresponds to 6 = 0. Polarizers are frequently
characterized by their extinction ratios. If the first polarizer
is illuminated with linearly polarized light along the princi-
pal axis, the extinction ratio is the ratio of intensities for
parallel (6 = 0°) and crossed polarizers (6 = 90). A slightly
different definition is used if the first polarizer is illuminat-
ed with unpolarized light. Extinction ratios range from 103
to 106.

For general use in fluorescence spectroscopy a UV-
transmitting Glan-Thompson polarizer has the best all-
around properties (Figure 2.41). These polarizers consist of
calcite prisms, which are birefringent, meaning the refrac-
tive index is different along each optical axis of the crystal.
The angle of the crystal is cut so that one polarized compo-
nent undergoes total internal reflection at the interface, and
the other continues along its optical path. The reflected
beam is absorbed by the black material surrounding the cal-
cite. The purpose of the second prism is to ensure that the
desired beam exits the polarizer in the same direction as the
entering beam. For high-power laser applications an exit
port is provided to allow the reflected beam to escape.
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Figure 2.41. Glan-Thompson polarizer (top) and light paths (bottom).

Calcite transmits well into the UV, and the transmis-
sion properties of the polarizer are determined by the mate-
rial between the two prisms, which can be air or some type
of cement. An air space is usually used for UV transmis-
sion. The polarizers are typically mounted in 1 inch diame-
ter cylinders for ease of handling. Glan-Thompson polariz-
ers provide high extinction coefficients near 109, but that
is not the reason they are used in fluorescence. Glan-
Thompson polarizers have a high acceptance angle, 10-15°,
allowing them to be used where the beams are not well
collimated. Another advantage is the low UV and
visible absorbance of calcite, providing high transmission
efficiency.

Another type of polarizer used in fluorescence are film
polarizers, the same type used in polaroid glasses. These are
thin films of a stretched polymer that transmit the light
polarized in one direction and absorb the light polarized in
another direction (Figure 2.40). Because the light is
absorbed they are easily damaged by intense laser beams.
They have a wide acceptance angle, but overall transmis-
sion is poor, especially in the ultraviolet. A wide variety of
other polarizers are available. Most of the others, such as
Wallaston polarizers and Rachon prism polarizers, split the
unpolarized light into two beams, which must then be spa-
tially selected.

2.8. CORRECTED EXCITATION SPECTRA

The development of methods to obtain excitation and emis-
sion spectra, corrected for wavelength-dependent effects,
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has been the subject of numerous investigations. None of
these methods are completely satisfactory, especially if the
corrected spectra are needed on a regular basis. Prior to cor-
recting spectra, the researcher should determine if such cor-
rections are necessary. Frequently, it is only necessary to
compare emission spectra with other spectra collected on
the same instrument. Such comparisons are usually made
between the technical (or uncorrected) spectra. Further-
more, the response of many spectrofluorometers is similar
because of the similar components, and comparison with
spectra in the literature can frequently be made. Of course,
the spectral distributions and emission maxima will differ
slightly, but rigorous overlap of spectra obtained in differ-
ent laboratories is rarely a necessity.

Modern instruments with red-sensitive PMTs and with
gratings comparable to that shown in Figure 2.41 can pro-
vide spectra that are not very distorted, particularly in the
visible to red region of the spectrum. Corrected spectra are
needed for calculation of quantum yields and overlap inte-
grals (Chapter 13). We briefly describe the methods judged
to be most useful.

2.8.1. Corrected Excitation Spectra Using a
Quantum Counter

Excitation spectra are distorted primarily by the wavelength
dependence of the intensity of the exciting light. This inten-
sity can be converted to a signal proportional to the number
of incident photons by the use of a quantum counter. Rho-
damine B (RhB) in ethylene glycol (3 g/1) is the best-known
quantum counter,2¢ and to this day remains the most gener-
ally reliable and convenient quantum counter. This concen-
trated solution absorbs virtually all incident light from 220
to 600 nm. The quantum yield and emission maximum
(=630 nm) of rhodamine B are essentially independent of
excitation wavelength from 220 to 600 nm.

The principle of a quantum counter is illustrated in Fig-
ure 2.42, which shows the ratio of the intensities observed
from the RhB quantum counter and a thermopile. It is seen
that the ratio remains constant at varying wavelengths.
Since the emission spectrum of rhodamine B is independent
of excitation wavelength, the quantum counter circumvents
the wavelength-dependent sensitivity of the reference pho-
totube. Hence, this solution provides a signal of constant
emission wavelength and this signal, which is proportional
to the photon flux of the exciting light. Quantum counters
can also be made using moderately concentrated solutions
of quinine sulfate or fluorescein. Quinine sulfate (4 g/l in 1
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Figure 2.42. Comparison of the thermopile and the rhodamine B
quantum counter as radiation detectors. Redrawn from [26].

N H,SO,) is useful at excitation wavelengths ranging from
220 to 340 nm and fluorescein (2 g/l in 0.1 N NaOH) is use-
ful over this same range, but is less reliable from 340 to 360
nm,2° where absorption of fluorescein is weaker.

To record corrected excitation spectra, the quantum
counter is placed in the reference channel of the spectroflu-
orometer (Figure 2.1). Because of the high optical density,
the reference cell holder is modified so that the emission is
observed from the same surface of the quantum counter that
is being illuminated. Alternatively, quantum counters can
be used in a transmission mode by observing the fluores-
cent light exiting the back surface of the illuminated
cuvette.?’ In either case an optical filter is placed between
the quantum counter and the PMT, which eliminates inci-
dent light but transmits the fluorescence. With a quantum
counter in place, a corrected excitation spectrum may be
obtained by scanning the excitation monochromator and
measuring the ratio of the fluorescence intensity from the
sample to that from the quantum counter. The wavelength-
dependent response of the emission monochromator and
phototube are not important because the emission wave-
length is unchanged during a scan of the excitation wave-
length. This procedure was used to record the corrected
excitation spectrum of fluorescein shown in Figure 2.6.

Other quantum counters have been described, and are
summarized in Table 2.3. The long wavelength dye HITC
extends the range to 800 nm, but its response is not as flat
as RhB. Unfortunately, there is no perfect quantum counter,
and for most applications RhB appears to be the best
choice.
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Table 2.3. Quantum Counters

Solution Range (nm) Flatness  Reference

3 g/l Rhodamine B in 220-580 +5% 26
ethylene glycol

8 g/l Rhodamine B in 250-600 +4% 27
ethylene glycol®

2 g/l Fluorescein in 240-400°0 +5% 26
0.1 N NaOH

4 g/l quinine sulfate 220-340 +5% 26
in 1 N H,SO,

Rhodamine in polyvinyl 360-600 +3% 28¢
alcohol (PVA) films

Coumarins in PVA films 360480 +3% 28¢

5 g/l Ru(bpy);2* in 360-540 1.1% 29
methanol

Ru(bpy);* in PVA films 360-530 1% 29d

8 g/l HITC¢ in acetonitrile 320-800f +10% 30

2A higher concentration of RhB is claimed to be preferred for use in
transmission mode. See [27].

bResponse may be 15% lower from 340 to 360 nm.

cSee [28] for details on the rhodamines, coumarins, and PVA film
preparations.

dSee [29] for details.

¢HITC, 1,1',3,3,3',3'-hexamethylindotricarbocyanine.

Deviation up to 20% occurs near 470 nm.

2.9. CORRECTED EMISSION SPECTRA
2.9.1. Comparison with Known Emission Spectra

It is necessary to know the wavelength-dependent efficien-
cy of the detection system to calculate the corrected emis-
sion spectra. It is difficult and time consuming to measure
the correction factors for any given spectrofluorometer.
Even after careful corrections are made the results are only
accurate to +10%. For this reason the observed technical
spectra are usually reported. If corrected spectra are neces-
sary, one simple and reliable method of obtaining the nec-
essary correction factors is to compare the observed emis-
sion spectrum of a standard substance with the known cor-
rected spectrum for this same substance. Such spectra have
been published for a variety of readily available fluo-
rophores including quinine sulfate, $-naphthol, 3-aminoph-
thalimide, 4-dimethylamino-4'-nitrostilbene, and N,N-
dimethylamino-m-nitrobenzene.3'-3¢ The emission wave-
lengths of these compounds cover the range from 300 to
800 nm and the data are presented in graphical and numer-
ical form. Corrected spectra have been published for a
series of harmine derivatives, covering the range 400-600
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nm.?’ For convenience some of these corrected spectra are
given in Appendix I, Corrected Emission Spectra.

To obtain correction factors the emission spectrum of a
standard compound is recorded and compared to the data
for a standard compound. This simple comparative method
avoids the difficulties inherent in the more rigorous proce-
dures described below. 3-Naphthol should probably not be
used as a standard because, under the conditions described,
both naphthol and naphtholate emission are observed. The
dual emission is a result of an excited state reaction, the
extent of which is difficult to control. Quinine sulfate has
been questioned as a standard, because its intensity decay
may not be a single exponential and its quantum yield may
be somewhat dependent on excitation wavelength.38 How-
ever, it seems to be an acceptable standard for most circum-
stances. One should remember that quinine sulfate is colli-
sionally quenched by chloride,?® so solutions of quinine
used as a quantum yield standard should not contain chlo-
ride. A potentially superior standard is -carboline, whose
spectral characteristics are similar to quinine sulfate and
which displays a single exponential decay time.*° The emis-
sion spectra of quinine sulfate and B-carboline are similar.

2.9.2. Corrections Using a Standard Lamp

The correction factors can also be obtained by observing
the wavelength-dependent output from a calibrated light
source. The wavelength distribution of the light from a
tungsten filament lamp can be approximated by that of a
black body of equivalent temperature. Standard lamps of
known color temperature are available from the National
Bureau of Standards and other secondary sources. General-
ly one uses the spectral output data provided with the lamp
(L(A)) because the black-body equation is not strictly valid
for a tungsten lamp. The detection system is then calibrated
as follows:

1. The intensity of the standard lamp versus
wavelength I(A) is measured using the detec-
tion system of the spectrofluorometer.

2. The sensitivity of the detection system S(A) is
calculated using

SA) = I()/L(A) (2.3)
where L(A) is the known output of the lamp.

3. The corrected spectra are then obtained by

dividing the measured spectra by these sensi-
tivity factors.
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It is important to recognize that the operation of a stan-
dard lamp requires precise control of the color temperature.
In addition, the spectral output of the lamp can vary with
age and usage of the lamp.

2.9.3. Correction Factors Using a Quantum
Counter and Scatterer

Another method to obtain the correction factors for the
emission monochromator and PMT is to calibrate the xenon
lamp in the spectrofluorometer for its spectral output.26 The
relative photon output (L(A)) can be obtained by placing a
quantum counter in the sample compartment. Once this
intensity distribution is known, the xenon lamp output is
directed onto the detector using a magnesium oxide scatter-
er. MgO is assumed to scatter all wavelengths with equal
efficiency. Correction factors are obtained as follows:

1. The excitation wavelength is scanned with the
quantum counter in the sample holder. The
output yields the lamp output L(A).

2. The scatterer is placed in the sample compart-
ment and the excitation and emission mono-
chromators are scanned in unison. This proce-
dure yields the product L(A) S(A), where S(A)
is the sensitivity of the detector system.

3. Division of S(A) ¢ L(A) by L(A) yields the sen-
sitivity factors S(A).

A critical aspect of this procedure is obtaining a reli-
able scatterer. The MgO must be freshly prepared and be
free of impurities. Although this procedure seems simple, it
is difficult to obtain reliable correction factors. It is known
that the reflectivity of MgO changes over time, and with
exposure to UV light, particularly below 400 nm.*' In addi-
tion to changes in reflectivity, it seems probable that the
angular distribution of the scattered light and/or collection
efficiency changes with wavelength, and one should proba-
bly use an integrating sphere at the sample location to avoid
spatial effects. Given the complications and difficulties of
this procedure, the use of emission spectrum standards is
the preferred method when corrected emission spectra are
needed.

2.9.4. Conversion Between Wavelength and
Wavenumber

Occasionally, it is preferable to present spectra on the
wavenumber scale (y) rather than on the wavelength scale
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Figure 2.43. Relationship between spectral resolution in wavelength
(L) or wavenumber (V).

(A). Wavelengths are easily converted to wavenumbers
(cm') simply by taking the reciprocal. However, the band-
pass in wavenumbers is not constant when the spectrum is
recorded with constant wavelength resolution, as is usual
with grating monochromators. For example, consider a con-
stant bandpass AL = A, — A,, where A, and A, are wave-
lengths on either side of the transmission maximum (Figure
2.43). At 300 nm a bandpass (AA) of 2 nm is equivalent to
222 cm~!'. At 600 nm, this same bandpass is equivalent to a
resolution (A) of 55 cm-!. As the wavelength is increased,
the bandpass (in cm-!) decreases as the square of the excit-
ing wavelength. From y = 1/4, it follows that IAVI = IAAI/AZ.
Therefore, if spectra are obtained in the usual form of inten-
sity per wavelength interval I(A, A + AL)/AL and I(v) =
I(v,v + Av), then conversion to the wavenumber scale
requires38-40 that each intensity be multiplied by A2:
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The effect of this wavelength-to-wavenumber conversion is
illustrated in Appendix I. Multiplication by A2 results in
selective enhancement of the long-wavelength side of the
emission, and there is a shift in the apparent emission max-
imum. It should be noted that even after this correction is
performed the resolution of the spectrum still varies with
wavenumber.

2.10. QUANTUMYIELD STANDARDS

The easiest way to estimate the quantum yield of a fluo-
rophore is by comparison with standards of known quantum
yield. Some of the most used standards are listed in Table
2.4. The quantum yields of these compounds are mostly
independent of excitation wavelength, so the standards can
be used wherever they display useful absorption.

Determination of the quantum yield is generally
accomplished by comparison of the wavelength integrated
intensity of the unknown to that of the standard. The optical
density is kept below 0.05 to avoid inner filter effects, or the
optical densities of the sample and reference (r) are
matched at the excitation wavelength. The quantum yield of
the unknown is calculated using

Q Q I OD R n?
=Ur7 1 2 2.5
I(V) = 221(%) (2.4) Iz OD nj 23
Table 2.4. Quantum Yield Standards
Compound Solvent Ay (NM) °C 0 Reference
Quinine sulfate 0.1 M H,SO, 350 22 0.577 45
366 - 0.53 = 0.023 46
B-Carboline? 1 N H,SO, 350 25 0.60 40
Fluorescein 0.1 M NaOH 496 22 0.95 = 0.03 47
9,10-DPAP cyclohexane - - 0.95 48
9,10-DPA " 366 - 1.00 + 0.05 49-50
POPOP¢ cyclohexane - - 0.97 48
2-Aminopyridine 0.1 N H,SO, 285 - 0.60 = 0.05 50-51
Tryptophan water 280 - 0.13 = 0.01 52
Tyrosine water 275 23 0.14 = 0.01 52
Phenylalanine water 260 23 0.024 52
Phenol water 275 23 0.14 = 0.01 52
Rhodamine 6G ethanol 488 - 0.94 53
Rhodamine 101 ethanol 450-465 25 1.0 54
Cresyl Violet methanol 540-640 22 0.54 55

a3-carboline is 9H-pyrido[3,4-3]-indole.
v9,10-DPA, 9,10-diphenylanthracene.
‘POPOP, 2,2'-(1,4-phenylene)bis[S-phenyloxazole].



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

n; No

Interface

Figure 2.44. Refractive index effects in quantum yield measurements.
The point source, S, is in a medium of refractive index n,, the detector
in a medium of refractive index ny,. n, < n;. Reprinted with permission
from [42], copyright © 1971, American Chemical Society.

where Q is the quantum yield, / is the integrated intensity,
OD is the optical density, and n is the refractive index. The
subscript R refers to the reference fluorophore of known
quantum yield. In this expression it is assumed that the sam-
ple and reference are excited at the same wavelength, so
that it is not necessary to correct for the different excitation
intensities of different wavelengths.

This expression is mostly intuitive, except for the use
of the ratio of refractive indices of the sample (n) and refer-
ence (ng). This ratio has its origin in consideration of the
intensity observed from a point source in a medium of
refractive index n,, by a detector in a medium of refractive
index n, (Figure 2.44). The observed intensity is modi-
fied*>3 by the ratio (n,/n,)>. While the derivation was for a
point source, the use of the ratio was found to be valid for
many detector geometries.**

2.11. EFFECTS OF SAMPLE GEOMETRY

The apparent fluorescence intensity and spectral distribu-
tion can be dependent upon the optical density of the sam-
ple, and the precise geometry of sample illumination. The
most common geometry used for fluorescence is right-
angle observation of the center of a centrally illuminated
cuvette (Figure 2.45, top left). Other geometric arrange-
ments include front-face and off-center illumination. Off-
center illumination decreases the path length, which can
also be accomplished by using cuvettes with path lengths
less than 1 cm. These methods are generally used to
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Figure 2.45. Various geometric arrangements for observation of fluo-
rescence.

decrease the inner filtering effects due to high optical den-
sities or to sample turbidity.

Frequently, front-face illumination is performed using
either triangular cuvettes or square cuvettes oriented at 30
to 60° relative to the incident beam (Figure 2.45). In our
opinion, an angle of 45° should be discouraged. A large
amount of light is reflected directly into the emission mono-
chromator, increasing the chance that stray light will inter-
fere with the measurements. With front-face illumination
we prefer to orient the illuminated surface about 30° from
the incident beam. This procedure has two advantages.
First, less reflected light enters the emission monochroma-
tor. Second, the incident light is distributed over a larger
surface area, decreasing the sensitivity of the measurement
to the precise placement of the cuvette within its holder.
One disadvantage of this orientation is a decreased sensitiv-
ity because a larger fraction of the incident light is reflect-
ed off the surface of the cuvette.

It is important to recognize that fluorescence intensities
are proportional to the concentration over only a limited
range of optical densities. Consider a 1 x 1 cm cuvette that
is illuminated centrally and observed at a right angle (Fig-
ure 2.45, top left). Assume further that the optical density at
the excitation wavelength is 0.1. Using the definition of
optical density (log /,/I = OD), the light intensity at the cen-
ter of the cuvette (/) is 0.881,, where I, is the intensity of the
light incident to the cuvette. Since the observed fluores-
cence intensity is proportional to the intensity of the excit-
ing light, the apparent quantum yield will be about 10% less
than that observed for an infinitely dilute solution. This is
called an inner filter effect. These effects may decrease the
intensity of the excitation at the point of observation, or
decrease the observed fluorescence by absorption of the flu-
orescence. The relative importance of each process depends
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Figure 2.46. Effects of optical density on the fluorescence intensity of
quinine sulfate. The solid line ( ) shows the measured intensities,
and the dashed line (— — -) indicates the corrected intensities, accord-
ing to equation (2.6) with OD,_ = 0. These data were obtained in a 1-
cm? cuvette that was centrally illuminated.

upon the optical densities of the sample at the excitation
and emission wavelengths.

The data for quinine sulfate in Figure 2.46 illustrates
the effect of optical density on fluorescence intensity. The
measured intensity is proportional to optical density only to
an optical density of 0.05. The linear range of the fluores-
cence intensities could be expanded by using off-center
illumination, which reduces the effective light path. These
intensities can be approximately corrected for the inner fil-
ter effects as follows. Suppose the sample has a significant
optical density at both the excitation and emission wave-
lengths, OD,, and OD,,, respectively. These optical densi-
ties attenuate the excitation and emission by 10-0-50DPex and
10-050Dem regpectively. Attenuation due to absorption of the
incident light or absorption of the emitted light are some-
times called the primary and secondary inner filter effects,
respectively.’®>7 The corrected fluorescence intensity is
given approximately by
(2.6)

F,

oD, + OD,,
corr Fobs antilog (—)

2

The corrected intensities for quinine sulfate are shown
in Figure 2.46, and these calculated values are seen to
match the initial linear portion of the curve. For precise cor-
rections it is preferable to prepare calibration curves using
the precise compounds and conditions that will be used for
the actual experimentation. Empirical corrections are typi-
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Figure 2.47. Effect of concentrations on the intensity of anthracene.
Short pass refers to a 1 mm x 10 mm cuvette. Revised from [61].

cally used in most procedures to correct for sample absor-
bance.36-60

Figure 2.47 shows the effect of anthracene concentra-
tion on its emission intensity as observed for several
geometries. TIRF refers to total internal reflection, which is
described in Chapter 23. Short pass refers to a cuvette, 1 by
10 mm in dimension. The highest signal levels were
obtained with the standard right-angle geometry. The linear
range can be somewhat extended by using other geometries.
Intuitively we may expect that with the front-face geometry
the intensity will become independent of fluorophore con-
centration at high concentrations.®®¢2 Under these condi-
tions all the incident light is absorbed near the surface of the
cuvette. Front-face illumination is also useful for studies of
optically dense samples such as whole blood, or a highly
scattering solution. The intensity is expected to be propor-
tional to the ratio of the optical density of the fluorophore
to that of the sample.®3 When front-face illumination is used
the total optical density can be very large (20 or larger).
However, high fluorophore concentrations can result in
quenching due to a variety of interactions, such as radiative
and non-radiative transfer and excimer formation. Fluo-
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Figure 2.48. Effects of self-absorption of anthracene on its emission
spectrum. A l-cm? cuvette was used with right-angle observation.
Revised from [61].

rophores like fluorescein with a small Stokes shift are par-
ticularly sensitive to concentration quenching.

High optical densities can distort the emission spectra
as well as the apparent intensities. For example, when right-
angle observation is used, the short-wavelength emission
bands of anthracene are selectively attenuated (Figure
2.48). This occurs because these shorter wavelengths are
absorbed by anthracene. Attenuation of the blue edge of the
emission is most pronounced for fluorophores that have sig-
nificant overlap of the absorption and emission spectra. Flu-
orophores that display a large Stokes shift are less sensitive
to this phenomenon.

A dramatic effect of concentration can be seen with
fluorophores that display a small Stokes shift. Figure 2.49
shows a photograph of three bottles of rhodamine 6G on a
light box, with the concentration increasing from left to
right. The color changes from green to orange. This effect
is due to reabsorption of the shorter wavelength part of the
emission. The emission spectra shift dramatically to longer
wavelengths at higher concentrations.

2.12. COMMON ERRORS IN SAMPLE
PREPARATION

It is valuable to summarize some of the difficulties that can
be encountered with any given sample (Figure 2.50). The
sample can be too concentrated, in which case all the light
is absorbed at the surface facing the light source. In fact,
this is one of the more common errors. With highly absorb-
ing solutions and right-angle observations the signal levels
can be very low. Other problems are when the sample con-
tains a fluorescent impurity, or the detected light is contam-
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Figure 2.49. Effect of concentrations on the color and emission spec-
tra of rhodamine 6G. The concentrations of R6G are 5 x 109, 1.6 x
104, and 5.7 x 10-3 M. From [64].

inated by Rayleigh or Raman scatter. Sometimes the signal
may seem too noisy given the signal level. Intensity fluctu-
ations can be due to particles that drift through the laser
beam, and fluoresce or scatter the incident light.

Even if the fluorescence is strong, it is important to
consider the possibility of two or more fluorophores, that is,
an impure sample. Emission spectra are usually independ-
ent of excitation wavelength.®> Hence it is useful to deter-
mine if the emission spectrum remains the same at different
excitation wavelengths.

One example of a mixture of fluorophores is shown in
Figure 2.51, which contains a mixture of coumarin 102
(C102) and coumarin 153 (C153). For a pure solution of
C102 the same emission spectrum is observed for excitation
at 360 and 420 nm (top). For a mixture of C102 and C153,
one finds an increased intensity above 500 nm for excitation
at 420 (bottom, dashed). This peak at 520 nm is due to
C153, which can be seen from its emission spectrum (dot-
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Figure 2.50. Common errors in sample preparation.

ted). Whenever the emission spectrum changes with excita-
tion wavelength one should suspect an impurity.

It is interesting to note the significant change in the
emission spectra of these two coumarin derivatives for a
small change in structure. The fluorine-substituted
coumarin (C153) appears to be more sensitive to solvent
polarity. This effect is probably due to an increased charge
separation in C153, due to movement of these amino elec-
trons toward the —CF; group in the excited state. These
effects are described in Chapter 6.

2.13. ABSORPTION OF LIGHT AND DEVIATION
FROM THE BEER-LAMBERT LAW

A fundamental aspect of fluorescence spectroscopy is the
measurement of light absorption. While the theory of light
absorption is well known, a number of factors can result in
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Figure 2.51. Emission spectra of C102 (top) and a mixture of C102
and C153 (bottom) excited at 360 and 420 nm. From [66].

misleading measurements of light absorption. We will first
derive the Beer-Lambert Law, and then describe reasons for
deviations from this law.

Consider a thin slab of solution of thickness dx that
contains n light-absorbing molecules/cm? (Figure 2.52). Let
o be the effective cross-section for absorption in cm?. The
light intensity dI absorbed per thickness dx is proportional
to the intensity of the incident light / and to both ¢ and n,
where n is the number of molecules per cm?:

dl

— 2.7
I 2.7

= — Jon

Rearrangement and integration, subject to the boundary
condition / = I, at x = 0, yields

ln70 = ond (2.8)

where d is the thickness of the sample. This is the Beer-
Lambert equation, which is generally used in an alternative
form:
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Figure 2.52. Light absorption.

log 70 = ecd = optical density (2.9)

where ¢ is the decadic molar extinction coefficient (in M-!
cm!) and c is the concentration in moles/liter. Combina-
tion of eqs. 2.8 and 2.9 yields the relationship between
the extinction coefficient and the cross-section for light
absorption:

G = 2.3038”—6 (2.10)

Since n = Nc/103 (where N is Avogadro's number), we
obtain

c=2382x10"2g (incm?) (2.11)

It is interesting to calculate the absorption cross-sec-
tion for typical aromatic compounds. The extinction coeffi-
cients of anthracene are 160,000 and 6,300 M-! cm-! at 253
and 375 nm, respectively. These values correspond to cross-
sections of 6.1 and 0.24 A2, respectively. Assuming the
molecular cross-section of anthracene to be 12 A2, we see
that anthracene absorbs about 50% of the photons it
encounters at 253 nm and 2% of the photons at 375 nm.

Occasionally one encounters the term "oscillator
strength." This term represents the strength of absorption
relative to a completely allowed transition. The oscillator
strength (f) is related to the integrated absorption of a tran-
sition by

439 x 107°
="
n

J e(v)dv (2.12)

where n is the refractive index.
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2.13.1. Deviations from Beer's Law

Beer's Law predicts that the optical density is directly pro-
portional to the concentration of the absorbing species.
Deviations from Beer's law can result from both instrumen-
tal and intrinsic causes. Biological samples are frequently
turbid because of macromolecules or other large aggregates
that scatter light. The optical density resulting from scatter
will be proportional to 1/A* (Rayleigh scattering), and may
thus be easily recognized as a background absorption that
increases rapidly with decreasing wavelength.

If the optical density of the sample is high, and if the
absorbing species is fluorescent, the emitted light cannot
reach the detector. This effect yields deviations from Beer's
law that are concave toward the concentration axis. The flu-
orescence is omnidirectional, whereas the incident light is
collimated along an axis. Hence, this effect can be mini-
mized by keeping the detector distant from the sample, and
thereby decreasing the efficiency with which the fluores-
cence emission is collected.

If the absorbing species is only partially soluble, it may
aggregate in solutions at high concentrations. The absorp-
tion spectra of the aggregates may be distinct from the
monomers. An example is the common dye bromophenol
blue. At concentrations around 10 mg/ml it appears as a red
solution, whereas at lower concentrations it appears blue.
Depending upon the wavelength chosen for observation, the
deviations from Beer's law may be positive or negative.

The factors described above were due to intrinsic prop-
erties of the sample. Instrumental artifacts can also yield
optical densities that are nonlinear with concentration. This
is particularly true at high optical densities. For example,
consider a solution of indole with an optical density of 5 at
280 nm. In order to accurately measure this optical density,
the spectrophotometer needs to accurately quantify the
intensity of /, and I, the latter of which is 10-3 less intense
than the incident light /,. Generally, the stray light passed
by the monochromator, at wavelengths where the com-
pound does not absorb, are larger than this value. As a
result, one cannot reliably measure such high optical densi-
ties unless considerable precautions are taken to minimize
stray light.

2.14. CONCLUSIONS

At first glance it seems easy to perform fluorescence exper-
iments. However, there are numerous factors that can com-
promise the data and invalidate the results. One needs to be
constantly aware of the possibility of sample contamina-
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tion, or contamination of the signal from scattered or stray
light. Collection of emission spectra, and examination of
blank samples, is essential for all experiments. One cannot
reliably interpret intensity values, anisotropy, or lifetimes
without careful examination of the emission spectra.
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PROBLEMS

P2.1.

P2.2.

Measurement of High Optical Densities: Suppose you
wish to determine the concentration of a 10* M solu-
tion of rhodamine B, which has an extinction coeffi-
cient near 100,000 M-! cm-! at 590 nm. The monochro-
mator in your spectrophotometer is imperfect, and the
incident light at 590 nm contains 0.01% of light at
longer wavelengths, not absorbed by rhodamine B.
What is the true optical density of the solution? Which
is the apparent optical density measured with your spec-
trophotometer? Assume the path length is 1 cm.

Calculation of Concentrations by Absorbance: Suppose
a molecule displays an extinction coefficient of 30,000
M-! cm-!, and that you wish to determine its concentra-
tion from the absorbance. You have two solutions, with
actual optical densities of 0.3 and 0.003 in a 1-cm
cuvette. What are the concentrations of the two solu-
tions? Assume the measurement error in percent trans-
mission is 1%. How does the 1% error affect determina-
tion of the concentrations?
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