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Chapter 1

Introduction

1.1 Principle and properties of fluorescence

1.1.1 Jablonski diagram

The phenomenon of fluorescence is best explained with the help of Jablonski
diagram (figure 1.1). The singlet ground, first excited and second excited
states are depicted by Sy, S; and S, respectively, the first excited triplet
state is depicted by 77 and various vibrational levels are depicted by 0, 1, 2;
0 having the lowest energy. Transition of electrons between various energy
states are depicted as vertical lines/arrows.
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Figure 1.1: Jablonski diagram

Upon excitation of an atom, it accepts a certain quantum of energy in
a form of a photon. This is called absorption. The atom can be excited
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to various vibrational energy levels of S; state (most commonly), S, or
sometimes even higher states. The excited atom usually immediately relaxes
to the lowest vibrational level of Sy (singlet state). This process is called
internal conversion. The atom can also relax to the T state (triplet state)
due to spin-orbital interaction that changes the spin of the electron. This
is called intersystem crossing. Both of these processes are non-radiative and
are accompanied by a loss of energy of the electron. Internal conversion
generally occurs in 10712 s. The loss of energy results in longer wavelength
of the emitted photon in comparison to the absorbed one. This phenomenon
is called the Stokes’s shift and can be directly observed in the absorption
and emission spectra (see any absorption/emission spectrum in chapter 5).
The radiative transition from S; or 77 states to any of the vibrational
levels of Sy is generally called luminescence. Substances that are lumines-
cent are called luminophores. Depending on the excited state, we distinguish
between fluorescence (transition from S; to Sp) and phosphorescence (tran-
sition from 77 to Sp). For fluorescence, lifetimes (see section 1.1.2) near 10
ns or shorter are typical, whilst for phosphorescence, the lifetimes range gen-
erally from milliseconds to seconds. The reason for this large difference in
lifetimes is that the transition from 77 to Sy is forbidden due to quantum
mechanics (a spin conversion is essential) while the transmission from S is
allowed. In our work, we focused on the phenomenon of fluorescence.

1.1.2 Fluorescence lifetimes and quantum yields

Fluorescence lifetime and quantum yield are ones of the most important
characteristics of a fluorophore. Their meaning is best described by the sim-
plified Jablonski diagram (figure 1.2). Here, the processes leading to the
relaxed S state are not explicitly depicted. Instead, this diagram concen-
trates on the transitions from S; to Sy, particularly on the emissive rate I'
of the fluorophore and its rate of non-radiative decay to the ground state
.

Lifetime of a luminophore is the mean time, during which an electron
occupies an excited state prior to its radiative transition to any of the vibra-
tional energy levels of the ground state. During this time, the fluorophore
can undergo many interactions with its environment, for example quenching,
which is a non-radiative deexcitation of the fluorophore. As mentioned above,
lifetimes of fluorescence are typically in nanosecond range.
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Figure 1.2: Simplified Jablonski diagram

Let us assume a very short light pulse that excites a fluorophore to the
first excited state resulting in an initial population ngy. Using the emissive
and the non-radiative decay rate, we can describe the depopulating of the
excited state by a differential equation

dn(t)
dn
where n(t) is the population of the excited state in the time t following the
excitation. Solving this equation leads to an exponential decay of the excited
state population: n(t) = noe /7. The same principle applies to intensity
leading to a single exponential decay law:

= (['+ kn)n(t), (1.1)

I(t) = Ipe V", (1.2)

where the lifetime 7 is the reciprocal of the total decay rate: 7 = (I'+k,,.) '
It is important to note that this is only true for fluorophores with mono-
exponential decay, which is not always the case.

Quantum yield is defined as the ratio of the photons emitted to the
number of absorbed photons. The number of absorbed photons per second is
given by the sum of the emissive rate and the rate of non-radiative decay. The
number of emitted photons per second is equal to I'. Hence, the fluorescence
quantum yield ) can be noted as

r
Q_P+m{

Fluorophores with greater quantum yields display brighter emission.

(1.3)



1.2 Lifetime measurements

Lifetime measurements belong to so-called time-resolved methods. There are
two among many that are dominant: the time-domain and frequency-domain
method.

In time-domain or pulse measurements (TD) a short pulse of light of
an appropriate wavelength is used to excite the fluorophore. Following the
excitation, the time dependent intensity is measured and the decay time is
calculated from the plot of In(¢) or from the time that it takes the intensity
to drop to 1/e of the intensity at t=0. More common is to fit the experimental
data to assumed decay model (usually mono- or multi-exponential). The
intensity decays are always measured through a polarizer. In order to avoid
the effects of rotational diffusion on the intensity decay, the "magic angle”
condition is used (see [1] pg. 43).

On the contrary, by frequency-domain or phase-modulation method (FD)
we use an intensity-modulated light instead of a short pulse for excitation
of the investigated sample. The modulated light is typically sine-shaped.
To get reliable results from the measurements, the reciprocal of the mod-
ulation frequency w has to be comparable with the decay time. When this
method of excitation is used, the sample is forced to emit light with the same
modulation frequency, but of less modulation. Furthermore, due to the inter-
molecular processes that the excited electron undergoes prior to the actual
fluorescence, the emission is delayed in time relative to the excitation (see
figure 1.3). This time delay can be measured as a phase angle shift between
excitation and emission. By measuring of this phase angle (often also called
phase shift) ¢ we can estimate the decay time 7 of the sample using the
equation

75 = w 'tang, (1.4)

where w is the modulation frequency in radians.s™!. The polarizer in the
magic angle position should be used by FD measurements as well.

The sample excited at the peak of the excitation waveform continues to
emit when the excitation is at its minimum, which is the reason why the
emitted light has a lesser intensity modulation than the excitation. This ef-
fect is called demodulation and its extent is dependent on the decay time of
the sample and the modulation frequency. Thus, knowing the value of the
frequency, we can estimate the decay time through measuring of demodula-
tion m. The meaning of the demodulation can be described with the help
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of figure 1.3, where one can see parameters a and b that mean peak-to-peak
high and average intensity of the incident light, respectively. The parameters
A and B have the same meaning for the emitted light. The ratios a/b and
A/B are called the modulation of the incident and emitted light, respec-
tively. The demodulation parameter m is then calculated as a ratio of the
modulation of the emitted light relative to the modulation of the incident
light: m = (B/A)/(b/a). The decay time can be estimated by measuring of
the demodulation parameter following a calculation according to the formula

1 [1
SN LN} 1.5
Tn =\ 3 (1.5)

In the case of a mono-exponential decay the phase (74) and demodulation
(Tm) lifetimes have the same value equal to the actual lifetime 7 of the
fluorophore. If the decay is more complex, then equations (1.4) and (1.5)
yield apparent lifetimes that represent the weighted average of the decay
components. (For further information see [1], pg. 99).
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Figure 1.3: Demodulation: the ratios b/a and B/A represent the modulation
of the excitation and emission respectively

In the past, using the FD instrumentation, one was able to determine
the mean lifetime, but was not able to resolve any complex decay law. This
is no longer true and one can use FD for determining of any type of decay
function with reliable results. In the measurements of biological molecules,
mono-exponential decay is rather an exception. It is therefore essential to
understand other types of decay, as well. The simplest complex decay is
multi-exponential decay, which can be explained as a linear combination of
mono-exponential decays:
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I(t) = Zaie_t/”, (1.6)

where o; and 7; are amplitudes and lifetimes of individual decay components.
It can be useful to know, how specific components of the decay con-

tribute to the overall steady-state intensity of the emission. To calculate the

contribution of a certain component, one can use the equation

;T

J 25Ty
This is only true, if the used multi-exponential model describes the actual
decay. It is important to note that one can fit a multi-exponential model to
almost any experimental data, so one has to be very careful, whether the
obtained values actually have the physical meaning one wishes for.
When using the multi-exponential model, it is often useful to determine
the mean lifetime 7. To calculate this value, we use the equation

(1.7)

_ > Ty
T={(T)="="—""= iTi 1.8
)= S =S (18)
It is clear from this equation that for a mono-exponential decay, 7 has
the meaning of actual lifetime.

In FD measurements, the phase angle and demodulation are measured
over a wide range of frequencies. These data are called the frequency response
of the sample. The characteristic features of the frequency response of a
sample are illustrated in figure 1.4 for a single- and double-exponential decay.

If the decay is mono-exponential, we can take any of the measured values
of m and ¢ and calculate the actual lifetime using equations (1.5) and/or
(1.4). If the decay is more complex, it is essential to measure the modulation
and phase shift over the largest possible interval of modulation frequencies.
To estimate the decay times one takes the interval of frequencies, where the
phase angle is frequency dependent and the modulation still measurable. It
is the interval close to the intersection of the two experimental curves (in
figure 1.4 (right) it is approximately the interval between 10 and 100 MHz).

In actual FD measurements one should perform a comparison of the
phase shift and demodulation of the sample’s emission relative to scattered
light. Due to spectral dependence of photomultiplier tubes (PMTs), it is

12
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Figure 1.4: Simulated FD data for two independent fluorophores with life-
times 7 = 10 ns (red) and 75 = 2.5 ns (blue) fitted with the singe-
exponential model (left) and a single fluorophore with two components with
lifetimes 7y = 10 ns and 75 = 2.5 ns (right). The upper lines show fitted
demodulation and the lower lines show fitted phase shift dependence on the

change of modulation frequency. For illustration purpose, there is also a
single-exponential fit in the right picture (green).

advantageous to do this comparison on the same wavelength and use well-
characterized reference compounds for this purpose. Mono-exponential decay
and accurate knowledge of the fluorescent lifetime of the reference is an
essential requirement for valid FD measurements. For further information
on the method see [1], pg. 168.

1.3 Goals of the thesis

Time-resolved fluorescence spectroscopy is a very significant method when
studying structure and dynamics of macromolecules and biological systems.
For accurate phase measurements, use of an appropriate reference fluo-
rophore is essential and strict requirements on its photostability, fluores-
cence lifetime and spectral characteristics are needed to be fulfilled. The
main goal of our work was to create a well-characterized set of fluorescence
standards for time-resolved frequency-domain measurements. Emission max-
ima of these compounds lie in the visible and near UV part of the spectrum.
The created set of references will be used in the future for measurements of
important organic molecules.

13



Chapter 2

Material and methods

We selected twenty-three fluorophores (laser dyes) (table 2.1), by which we
expected short lifetimes and single-exponential decays. Then we prepared
dilute solutions of the selected dyes in spectroscopic methanol. We preferred
methanol as solvent to water, even though methanol is a volatile liquid.
The reason for this is simple. Because stock solutions of the compounds are
usually used, we had to consider that over a long period of time, microor-
ganisms could start to grow in water, even in distilled water of high purity.
Furthermore, the solubility of the dyes in methanol is better than in water.
Therefore, we decided to use methanol and store the solutions in a freezer
at —20°C.

To obtain the absorption spectra we used Cary 50 UV-Vis spectropho-
tometer! that uses a Xenon lamp as an excitation source. It is important
to use solutions of a proper concentration when acquiring the absorption
spectra. Too dilute samples give unsatisfactory signal-to-noise ratio and too
dense solutions cause deformation of the peaks due to a non-linear response
of the instrument.

After having measured absorption spectra of the samples, we measured
their emission spectra using a Fluoromaz-2 spectrometer?. In these mea-
surements, we excited the samples with a light beam from a Xenon lamp
at the maximum of the sample’s absorption. Once again, it was necessary
to prepare samples with appropriate concentration to avoid an inner filter
effect ([1] pg. 55).

Varian, Inc.
2ISA Jobin Yvon-Spex Instruments SA, Inc.
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The actual lifetime measurements were performed with a pulse dye laser
and the time-domain method using time-correlated single-photon counting
([1], pg. 103). The reason for this was that some samples exhibited very
short lifetimes and for lifetimes near 100 ps we would need a modulation
frequencies near 1 GHz, which was beyond the capability of our equipment.
We therefore had to use the time-domain method.

Dye ‘ Supplier ‘ Molecular formula ‘ MW

BIS—MSB - CQ4H22 310,44
Butyl PBD AChrome C24H22N20 354,45
Coumarin 440 Exciton | C;oHgNO, 175,15
Coumarin 450 Exciton Ci3H15NO9 217,00
Coumarin 460 Exciton C14H17NOy 231,30
Coumarin 480 Exciton Ci16H17NO39 255,32
Coumarin 515 AChrome | C9;H91 N3Oy 347,42
Coumarin 535 Exciton | CyoH19N304 333,39
Coumarin 540 Exciton | CyoH1gN2O5S 350,44
Cresyl Violet 670 Exciton ClﬁHnNgO.H0104 361,74
DCM Exciton | CioH;7N30 303,37
DOTC Iodide - CQ5H25N202.I 512,39
LDS 698 AChrome | Ci9H93N50O,Cl 378,85
LDS 722 Exciton | Ci9Ho3N5.ClO4 378,86
LDS 820 Exciton 023H25NQSCIO4 460,98
PPD - C14H10N5O 222,24

Rhodamine 560 Chloride Exciton | CyoH{4N5O3.HCI 366,80
Rhodamine 610 Chloride Exciton | CogH31N2O3.Cl1 479,02
Rhodamine 640 Perchlorate | Exciton | C33H31N205.C104 | 591,05

Rhodamine 800 AChrome C26H26N305C1 495,52
Stilbene 1 Exciton CosH15065:K9 568,74
Stilbene 420 Exciton CogHg00652.2Na 562,56
Uranin AChrome | Cy0H{005.2Na 412,30

Table 2.1: Selected dyes for lifetime measurements; MW=molecular weight

The measurements were carried out with an apparatus that consisted of
two lasers, an actively mode-locked argon ion pulse laser - Spectra Physics,
model 171 and a dye laser - Spectra Physics, model 375, used for excitation
and a detector, PMT - Hamamatsu, R3809U-50, oriented 90° relative to the
excitation beam. The pulse laser produces short, 5 ps wide, light pulses at
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the frequency of 4 MHz. The wavelength of this pulses is 514,5 nm. This light
beam is then shifted to 630 nm in the second laser that uses Rhodamine 6G
(Rhodamine 590) laser dye as a medium. The beam is then doubled in a BBO
crystal to create a beam with a 315 nm wavelength?. As the instrumentation
does not allow tuning over a broader interval of wavelengths, we excited all of
the samples with this beam of pulsed light. To eliminate scattered light and
influence of the excitation beam, we used a total of three long-pass filters to
cut off wavelengths shorter than the emission maximum of the investigated
dye, leaving the longer wavelengths and the emission peak untouched. We
used filters with cut-off wavelengths of 350, 405 and 550 nm. In addition, we
put a monochromator between the filter and the PMT to select the emission
maximum. To change the intensity of the excitation light, we used neutral
density filters.

Prior to and after measuring of the actual decay of the samples, we
acquired the so-called instrument response function (IRF), which is the re-
sponse of the instrument to the excitation pulse. To get the IRF, one carries
out a lifetime measurement with a scattering sample, typically Ludox. The
function depends on the shape of the excitation pulse and how the pulse
is detected. It is not a J-function and its shape has to be therefore taken
into account when analyzing the experimental data. The reason for acquir-
ing the IRF prior to the actual measurement and after it as well is to be
able to detect any drifts of the instrumentation, which would lead into a
difference between the two measured functions. If the difference was too big,
one would need to check the instrumentation for failures and perform the
lifetime measurements of the samples again. When there is a slight, but not
a big difference between the two IRFs, one can use the first one for the anal-
ysis of the first half of the experimental data and the second one for another
half. This leads to more accurate results.

To analyze the decays, we used a computer software that uses the least-
square analysis to fit the obtained data to a single- or multi-exponential
decay model. Through this procedure we were able to determine the decay
functions of the selected fluorophores and hence the lifetimes of the sub-
stances.

To illustrate the use of the created set of lifetime standards, we performed
one FD measurement. For this purpose we used ISS K2 multifrequency phase

3The reason for this experimental set-up is that the apparatus is generally used for
protein studies that have to be excited with wavelengths from the UV part of the spec-
trum.
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fluorometer with a LED and a monochromator set at 521 nm as the exci-
tation source. To cut off unwanted emission, we used a 570 nm long-pass
filter placed in front of the PMT. The measurement itself was performed
on Rhodamine 640 with Rhodamine 610 as reference using fifteen modula-
tion frequencies from 1 to 150 MHz, where we measured both, demodulation
and phase shift. The lifetime of the investigated sample was calculated via

the least-square analysis used to fit the experimental data with a suitable
function.
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Chapter 3

Results and discussion

3.1 Absorption and emission spectra

We measured absorption and emission spectra of twenty-three laser dye solu-
tions in spectroscopic methanol. Absorption and emission maxima are listed
in table 3.1.

The gained absorption spectra are in good correspondence with the spec-
tra listed in [2], although these spectra were measured for solutions of the
dyes in ethanol. For full absorption and emission spectra of the investigated
dyes see chapter 5.

3.2 Lifetime measurements

To obtain the lifetime of the dyes, we performed time-resolved TD mea-
surements using time-correlated single-photon counting. We used the least-
square analysis to calculate the decay curves from the acquired data. In case
of multi-exponential decays, we used (1.8) to calculate the mean lifetimes
and (1.7) to calculate the fractional intensities of the individual components
of the decay. The (mean) lifetimes are listed in table 3.1 that is sorted ac-
cording to emission maxima of the dyes. For full information on the dyes,
including the measured decay curves, along with the fit of the data, see
chapter 5.

The distribution of weighed residua can seem not exactly random in some
cases, which can be caused by small impurities in the prepared samples.

18



The lifetime of Rhodamine 610 (Rhodamine B) in methanol obtained
from our measurement is 7 = 2,47 ns, which is in good correspondence with
the value stated in [3] (see also table 5.2), according to which the lifetime is
T=2,5+£0,1ns.

Dye | A nm] | AZ% [nm] | 7ns]
Butyl PBD 304,5 363,5 1,03
PPD 280,5 342 1,33
Stilbene 1 342.5 408 0,888%*
Bis-MSB 347.5 416 1,64*
Stilbene 420 349.5 422 1,09*
Coumarin 440 352 439 3,80*
Coumarin 450 366 443 3,92
Coumarin 460 374 449 2,06
Coumarin 480 390,5 467 4,78
Coumarin 515 413,5 478 1,73
Coumarin 535 438,5 489 1,98%*
Coumarin 540 459 502 2,45
Uranin 491,5 516 4,39*
Rhodamine 560 Chloride 502 520 4,09
Rhodamine 610 Chloride 546 568 2,47
Rhodamine 640 Perchlorate 568,5 586 4,54
DCM 465 614 1,37*
Cresyl Violet 670 596 618 3,28
LDS 698 483 663 0,210
LDS 722 496 686 0,344
Rhodamine 800 678,5 698 1,76
DOTC Iodide 683,5 704 1,25%
LDS 820 578 790 0,375

Table 3.1: Measured lifetimes of the selected laser dyes; an asterisk marks
compounds with multi-exponential decay and the value is the mean lifetime.
The table is sorted according to the emission maxima of the dyes.

To validate our results, we measured the fluorescence decay of Rhodamine
640 using time-resolved FD with Rhodamine 610 as the reference. We ob-
tained a good fit with lifetime of Rhodamine 640 7 = 4,47 ns, which is in
good correspondence with the value obtained from the TD measurement.
For plot of the FD data see figure 3.1.
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Figure 3.1: Frequency-domain data for Rhodamine 640 using Rhodamine
610 as the reference compound. The green points and lines suit the data
acquired for modulation, the blue lines and points suit the data acquired for

phase angle shift.

The sum of the least-squares y*> = 1,72 is in this case higher than in
TD measurements, which is caused by different noise characteristics of the

obtained data.
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Chapter 4

Conclusion

We have measured a total of twenty-three laser dyes, whose emission maxima
range from the UV across the whole visible spectrum. We acquired their
absorption and emission spectra and calculated their decay functions F'(t).
In the case of multi-exponential decays, we also calculated the contribution of
the decay components to the overall emission intensity of the samples using
(1.7) and the mean lifetimes using (1.8). Fifteen of the investigated samples
displayed mono-exponential decay; seven showed double-exponential decay
and one showed a tripple-exponential decay (DOTC lodide). Samples with
mono-exponential decay are good lifetime references for FD measurements.
All of our measurements of the selected laser dyes were carried out with
their dilute solvents in methanol at a room temperature near 25°C.

The lifetimes range from 210 ps for LDS 698 to 4,78 ns for Coumarin 480.
All dyes with their absorption and emission maxima and lifetimes are listed
in table 3.1. For further information on the dyes, such as full absorption and
emission spectra, chemical formulas, appearance etc., see chapter 5, where
they are listed alphabetically.
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Chapter 5
Appendix

In this chapter, we list all measured data for all studied laser dyes in the form
of a catalog. For transparency, each emission/absorption spectrum contains
the calculated lifetime of the dye. An asterisk next to the lifetime suggests
that the dye displays a multi-exponential decay, consistently with table 3.1.
At the end of the appendix, there is also a table of additional lifetime
standards from the literature. This table is sorted alphabetically, as well.
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5.1 Bis-MSB

CaogHao; 1,4-bis[2-(2-methylphenyl)ethenyl]-benzene
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Figure 5.1: Emmision and absorption spectrum
Molecular weight: 310,44 le+5 ¢ £ 10
Quantum yield: 0,88 in methanol; 0,89 in % 05
ethanol; 0,98 in cyclohexane [4] 5 0o
Appearance: greenish yellow, crystalline letd ¢ é ' 0 100 150 200 250
solid < 05 Channels
Absorption maximum: A% = 347 5 nm
Emission maximum: A7, = 416 nm L
Decay function: F(t) = 0,73e"t/145 €
0,27e~1/2:00 S
Intensity ratio of the components: 0,66:0,34 le+2
Mean lifetime: 7 = 1,64 ns
Reduced x? = 1,025
le+l
le+0
©
3
8
3
Figure 5.2: Chemical formula £
)
=

100 200 300 400 500 600 700 800 900

Channels

Figure 5.3: Fluorescence decay
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5.2 Butyl-PBD (BPBD-365)

Ca4H25 N5 O; 2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazol
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Figure 5.4: Emmision and absorption spectrum
Supplier: LambdaChrome le+5 ¢ <
Molecular weight: 354,45 %
Appearance: white, crystalline solid i s
Absorption maximum: A% = 304,5 nm leva p é
Emission maximum: A{" = 363,5 nm < 05 Channels
Decay function: F(t) = e~t/1.03 ]
Mean lifetime: 7 = 1,03 ns le+3 ¢
0
Reduced x? = 0,990 E
=]
) |
le+2 |
Nl—N
O-O-ELECom
le+l ¢
Figure 5.5: Chemical formula
le+0 T T T 1 i
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Figure 5.6: Fluorescence decay
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5.3 Coumarin 440 (Coumarin 120)

C10H9NOg; 7-amino-4-methyl-2H-1-benzopyran-2-one
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Figure 5.7: Emmision and absorption spectrum
Supplier: Exciton le+5 ¢ c
. S
Molecular weight: 175,15 ks
Appearance: light yellow, crystalline solid f s
AbSOrptiOn maximum: Agrl;;aj = 352 nm le+a ¢ § 100 200 300 400 500
Emission maximum: A" = 439 nm < 05 Channels
Decay function: F(t) = 0,25e t/0:986 1
0 75€_t/4’02 le+3 F
) %) B
Intensity ratio of the components: 0,07:0,93 §
Mean lifetime: 7 = 3,80 ns o tera b 11
Reduced x2 = 1,033 ¢
CH3 le+l | :
Jewo Ll . ‘
S 200 400 600 800 1000 1200 1400 1600
H2N () O Channels
4
Figure 5.8: Chemical formula g
k=l L
s 2 \
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Q
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200 400 600 800 1000 1200 1400 1600
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Figure 5.9: Fluorescence decay
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5.4 Coumarin 450 (Coumarin 2)

C13H15NO9; 7-(ethylamino)-4,6-dimethyl-2H,-1-benzopyran-2-one

1,0 5
7=3,92 ns
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Figure 5.10: Emmision and absorption spectrum
Supplier: Exciton le+5 f . c
. : S
Molecular weight: 217,00 g
Appearance: pale yellow, crystalline pow- N s
{ S
der levd b £ 100 200 300 400 500
Absorption maximum: A% = 366 nm < 05 Channels
Emission maximum: A§7” = 443 nm
Decay function: F(t) = e~%/3:92 , e
Mean lifetime: 7 = 3,92 ns <
Reduced x? = 0,983 8
le+2
CH,
HaC le+l b | ¢
3 AN
N Jeso Bl .
C,H5NH 0 9 200 400 600 800 1000 1200 1400 1600
Figure 5.11: Chemical formula Channels
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Figure 5.12: Fluorescence decay
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5.5 Coumarin 460 (Coumarin 47; Coumarin 1)

C14H17NOy; 7-(diethylamino)-4-methyl-2H-1-benzopyran-2-one
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Figure 5.13: Emmision and absorption spectrum
Supplier: Exciton let5 p . s
Molecular weight: 231,30 8
Quantum yield: 0,70 in ethanol [5] f 5 TR
Appearance: white, crystalline powder le+d b é 100 o0 300
Absorption maximum: A% = 374 nm < 05 Channels
Emission maximum: A{” = 449 nm It
Decay function: F(t) = e~%/206 L R
Mean lifetime: 7 = 2,06 ns g
=]
Reduced x? = 1,183 o
le+2
CHj
le+l ¢
AN
\O le+0 bb— T T T T T T 1
(HsC2)oN (@) 200 300 400 500 600 700 800 900
Figure 5.14: Chemical formula Channels
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Figure 5.15: Fluorescence decay
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5.6 Coumarin 480 (Coumarin 102)

C16H17NO3; 2,3.6,7-tetrahydro-9-methyl-1H,5H,11H-[1]benzopyrano-[6,7,8-ij]quinolizin-11-one
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0,8 —
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Fluorescence intensity (normalized)
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0,0 I I I

7=4,78 ns
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I
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Figure 5.16: Emmision and absorption spectrum

Supplier: Exciton

Molecular weight: 255,32

Appearance: pale yellow, crystalline pow-
der

Absorption maximum: A% = 390,5 nm
Emission maximum: A{7" = 467 nm
Decay function: F(t) = e /47

Mean lifetime: 7 = 4,78 ns

Reduced x? = 1,010

Figure 5.17: Chemical formula
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Figure 5.18: Fluorescence decay



5.7 Coumarin 515 (Coumarin 30)
C21Ho1N304; 7-(diethylamino)-3-(1-methyl-1H-benzimidazol-2-yl)-2H-1-benzopyran-2-one

1,0

7=1,73 ns

0,8 -
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Figure 5.19: Emmision and absorption spectrum

Supplier: LambdaChrome letd e £ 10
Molecular weight: 347,42 % 05
Appearance: yellow, crystalline solid s
: : abs le+d | 1 o 0,0 L L U T
Absorption maximum: A%S = 413,5 nm g 100 200 300
Emission maximum: A&7 = 478 nm < 05 Channels
Decay function: F(t) = e~ /173 tova L]
e _ et3 L |
Mean lifetime: 7 = 1,73 ns ”
Reduced x? = 1,155 5
o
le+2
le+l ¢
le+0 b T T T T T i
HSCZ\N 200 300 400 500 600 700 800
yd Channels
HsC;
©
Figure 5.20: Chemical formula 3
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Figure 5.21: Fluorescence decay
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5.8 Coumarin 535 (Coumarin 7)

Ca0H19N302; 3-(1H-benzimidazol-2-yl)-7-(diethylamino)-2H-1-benzopyran-2-one

1,0 —
| 7=1,98 ns*
0,8 |
)
(9]
N
2 ]
£
]
S 06+
2
2
5 ]
£
[0]
g 04
[
?
o
e ]
3
[T
0,2 —
0,0 T T T T T T \ \
250 300 350 400 450 500 550 600 650
Wavelength (nm)
Figure 5.22: Emmision and absorption spectrum
Supplier: Exciton le+s ¢ . s
Molecular weight: 333,39 ; %
Appearance:  yellow-orange, crystalline AN =
solid le+d £t 8
Absorption maximum: A% = 438 5 nm 1 < 05 Channels
Emission maximum: A{” = 489 nm =
Decay function: F(t) = 0,89e~ /178 4+ L R
0, 11et/3:00 E |
Intensity ratio of the components: 0,83:0,17 8 I
Mean lifetime: 7 = 1,98 ns tex2
Reduced x? = 1,065
le+l ¢
le+0 < ' . . . - " l. ey . '.
200 400 600 800 1000
Channels
. 4
H5C2\N 2 2| | ‘
' o
C2H5 3 0 ‘]hw‘ ’J‘ \h‘wLI\WH‘\ i “l‘l !‘MH‘ ““I\{h' ‘\‘ L' W i l’hl’ I] ‘[““l‘u‘ ‘|“ ]
Figure 5.23: Chemical formula § 2
4 . . . -
200 400 600 800 1000
Channels

Figure 5.24: Fluorescence decay
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5.9 Coumarin 540 (Coumarin 6)

Ca0H18N2038S; 3-(2-benzothiazolyl)-7-(diethylamino)-2H-1-benzopyran-2-one
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Figure 5.25: Emmision and absorption spectrum
. . le+s ¢
Supplier: Exciton e £ 10
Molecular weight: 350,44 8 o5
. [} ’
Quantum yield: 0,85 in ethanol [6] rera b E 5 00
Appearance: orange, crystalline solid é ’ 100 200 300
Absorption maximum: A% = 459 nm ‘ <08 Channels
Emission maximum: A& = 502 nm 1es3 L] ‘
Decay function: F(t) = e~ /245 2
. . — c
Mean lifetime: 7 = 2,45 ns 2 4-
O
Reduced x? = 1,056 les2 L
le+l
le+0 “— . . :
200 400 600 800 1000
H-C Channels
5 2\N A
| «
C2H5 g 2f
0
()
Figure 5.26: Chemical formula 5 0 ‘wa\.,-vllw lllL‘l“m‘“l“\‘l“li"““"“'m‘“’”“““"‘l"”“““‘J‘I‘T"H‘V‘MNl“]‘“‘““
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Figure 5.27: Fluorescence decay
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5.10 Cresyl Violet 670 (Cresyl Violet)

C16H11N30.HC1Oy; 5-imino-5H-benzo[a]phenoxazin-9-amine monoperchlorate
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Figure 5.28: Emmision and absorption spectrum
Supplier: Exciton lets g, £ 10
Molecular weight: 361,74 g o5
Quantum yield: 0,55 in methanol [3]; 0,54 f 5 oo
in methanol [7], 0,59 in ethanol [6] le+d ¢ o é ' 100 200 300 400
Appearance: green, crystalline solid < 05 Channels
Absorption maximum: A2 = 596 nm :
Emission maximum: A&7 = 618 nm L R
Decay function: F(t) = e~ /328 €
Mean lifetime: 7 = 3,28 ns 8
Reduced x? = 1,038 levz ¢
le+l ¢
N clo, '
XN ! Lev0 B ‘ ‘ i .
200 400 600 800 1000 1200
.t
H,N 0 \NH \ Channels
Figure 5.29: Chemical formula .g ol
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Figure 5.30: Fluorescence decay
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5.11 DCM

C19H17N30; [2-[2-[4-(dimethylamino)phenyl]ethenyl]-6-methyl-4H- pyran-4-ylidene]-propanedinitrile
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Figure 5.31: Emmision and absorption spectrum
Supplier: Exciton le+5 g . <
Molecular weight: 303,37 %
Appearance: red or orange-red, crystalline £ =
solid or powder leva t 1 é
Absorption maximum: A% = 465 nm < 05 Channels
Emission maximum: A{” = 614 nm
Decay function: F(t) = 0,12e7%/0:624 4 B
07886_t/1’41 §
Intensity ratio of the components: 0,06:0,94 8 I
Mean lifetime: 7 = 1,37 ns tex2
Reduced x? = 0,935
le+l ¢
1640 i L '..'5 . . "' <,'.'~"f." R N '
200 300 400 500 600 700 800
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Figure 5.32: Chemical formula
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Figure 5.33: Fluorescence decay
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5.12 DOTC lodide

Ca5Ha5N204.I; 3-ethyl-2-[7-(3-ethyl-2(3H)-benzoxazolylidene)-1,3,5- heptatrienyl]-benzoxazolium iodide
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Figure 5.34: Emmision and absorption spectrum
Supplier: Exciton le+s ¢ £ 10
Molecular weight: 512,39 ' g o5
Quantum yield: 0,44 in ethanol [6] o 5 00 Il § A
Appearance: steely blue-gray, crystalline lexd £ g’ 4, e o
solid < 05 Channels
Absorption maximum: A% = 683,5 nm h
Emission maximum: A" = 704 nm " lerd ¢
Decay function: F(t) = 0,40e"t/0:220 4 s
0 3267t/1,03 40 28€7t/1,62 8
’ . . ’ le+2 E
Intensity ratio of the components:
0,10:0,38:0,52
Mean lifetime: 7 = 1,25 ns tes1 |1
Reduced x? = 1,109

1e+0 Ll SHE —
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Figure 5.35: Chemical formula =
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Figure 5.36: Fluorescence decay
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5.13 LDS 698 (Pyridine 1)

C19Ho3N5.ClOy; 1-ethyl-2-(4-(p-dimethylaminophenyl)-1,3-butadienyl)-pyridinium perchlorate
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Figure 5.37: Emmision and absorption spectrum
Supplier: LambdaChrome le+s ¢ £ 10
Molecular weight: 378,85 ' § 05
Appearance: red, crystalline solid = Mo Ay
Absorption maximum: A% = 483 nm le4 ¢ ’ #v Vi T o
Emission maximum: A{” = 663 nm ’ Channels
Decay function: F(t) = e~%/%:210
Mean lifetime: 7 = 210 ps B
Reduced x? = 1,289 g
8
le+2 F
(CH:CH)Z@—N(CH3)2 le+l | o .
CZHS - 1le+0 T T _ 1
ClO4 150 200 250 300
Figure 5.38: Chemical formula Channels
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Figure 5.39: Fluorescence decay
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5.14 LDS 722 (Pyridine 2)

C19H23N5.ClOy; 4-[4-[4-(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-pyridinium perchlorate
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Figure 5.40: Emmision and absorption spectrum
Supplier: Exciton letd e £ 10
Molecular weight: 378,86 g o5
Appearance: purple, crystalline solid s A
i : abs le+d ¢ o 0,0 Y
Absorption maximum: A%’% = 496 nm £ 4) VY 25 50
Emission maximum: A§” = 686 nm AN 05 Channels
Decay function: F(t) = e~t/0:344 tova |
Mean lifetime: 7 = 344 ps 9
Reduced y? = 1,104 5
o .
let+2 | Yo
HsC N+_ (CH=CH) N(CH) T
502~ =CH), 3)2 B, o
\ / le+l f ‘e
clo,” .
Figure 5.41: Chemical formula 1e+0 ‘ — ‘
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Figure 5.42: Fluorescence decay
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5.15 LDS 820 (Styryl 9)

Ca3Ho5N5S.Cl0y; 2-[6-[4-(dimethylamino)phenyl]-1,3,5-hexatrienyl]-3-ethyl-benzothiazolium perchlorate
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Figure 5.43: Emmision and absorption spectrum
Supplier: Exciton le+5 ¢ s 10
Molecular weight: 460,98 B 45
5 0
Appearance: dark green, crystalline solid =
X ; : . yabs _ 3 g
Absorption maximum: A%% = 578 nm le+d g 25 50
Emission maximum: A7 = 790 nm < Channels
Decay function: F(t) = e~%/0:37
Mean lifetime: 7 = 375 ps " les3
Reduced x? = 2,587 5
8
le+2 ;
H H o"%goo
S | | &:0%%@0
{>—C§ C=CH N(CH3), "
'il le+l | N
CoHs ClO4
HsC CH,
Figure 5.44: Chemical formula 1e+0 ; ; ; ‘
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Figure 5.45: Fluorescence decay



5.16 PPD

C14H19N20; 2,5-Diphenyl-1,3,4-oxadiazole
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Figure 5.46: Emmision and absorption spectrum
Molecular weight: 222,24 let5 ¢ s
Quantum yield: 0,80 in cyclohexane [3] = %
Appearance: pale blue, crystalline solid f =
Absorption maximum: A2 = 280,5 nm letd b 1% g
g% 5
Emission maximum: A¢™ = 342 nm < 05 Channels
Decay function: F(t) = e~ /133 |
Mean lifetime: 7 = 1,33 ns L R
Reduced x? = 0,900 €
8
le+2 F 4
N|—|N
(o) le+l F ¢
Figure 5.47: Chemical formula 200 300 400 500 600 700
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Figure 5.48: Fluorescence decay
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5.17 Rhodamine 560 Chloride (Rhodamine 110)

Ca0H14N203.HCI; 2-(6-amino-3-imino-3H-xanthen-9-yl)-benzoic acid chloride
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Fluorescence intensity (normalized)

0,2 -

0,0

7=4,09 ns

400

\ \ \ \ \
450 500 550 600 650

Wavelength (nm)

Figure 5.49: Emmision and absorption spectrum

Supplier: Exciton le+s p. <
Molecular weight: 366,80 %
Appearance: red, crystalline solid f s
. . b le+4d k7. o
Absorption maximum: A%’% = 502 nm : £ 100 200 300 400 500
Emission maximum: A§” = 520 nm < 05 Channels
Decay function: F(t) = e~ /409 rova L
Mean lifetime: 7 = 4,09 ns @ :
Reduced x? = 0,910 g
le+2 :
HoN +
o) _NH; :
le+l ¢
= - :
Cl I
CO,H leso Ml T i L
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Figure 5.50 Chemical formula 2 2y ‘
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Figure 5.51: Fluorescence decay
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5.18 Rhodamine 610 Chloride (Rhodamine B)

CasH31N203.Cl; N-[9-(2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidine]-N-ethylethanaminium
chloride
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Figure 5.52: Emmision and absorption spectrum
Supplier: Exciton let5 g, g 10
Molecular weight: 479,02 : g o5
Quantum yield: 0,66+0,01 in methanol; f s 00
0,41+0,01 in water [3]; 0,31 in water [8] lev4 i é ’ 100 200 300 400
I < 05

Appearance: green, crystalline solid or
reddish-violet, powder

Channels

Absorption maximum: A% = 546 nm lesd bl
0
Emission maximum: A{” = 568 nm <
. — =]
Decay function: F(t) = e~ /247 o
oo _ le+2 |
Mean lifetime: 7 = 2,47 ns e
Reduced x? = 0,967
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Flgure 5'53: Chemlcal formula é 0 ‘IV‘l‘I'\“\‘l\'Fil\”"‘ ‘[“‘\'\‘LI‘ lvl‘“\l‘ulyl ‘”“““"IU"WH(‘\L "p"w \“ju H \“W‘ M‘.‘l‘ il
5 2
G
= 4L ‘ ‘ ‘ ‘
200 400 600 800 1000 1200
Channels

Figure 5.54: Fluorescence decay
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5.19 Rhodamine 640 Perchlorate (Rhodamine 101)

C32H51N203.C10y; 9-(2-carboxyphenyl)-2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H ~-xantheno
[2,3,4-ij:5,6,7-1’j’]-diquinolizin-4-ium perchlorate
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Supplier: Exciton

Molecular weight: 591,05

Quantum yield: 1,0 in ethanol; 1,0 in 1
ethanol + 0,01% HCI [9] let4 pr
Appearance: dark green with bronze sheen, “

Wavelength (nm)

Figure 5.55: Emmision and absorption spectrum
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Figure 5.57: Fluorescence decay
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5.20 Rhodamine 800

Co6Ho6N305Cl; 8-Cyano-2,3,5,6,11,12,14,15-octahydro-1H,4H,10H,13H-diquinolizino
[9,9a,1-bc:9’,9a’,1-hi]xanthylium Perchlorate
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Figure 5.58: Emmision and absorption spectrum
Supplier: LambdaChrome let5 ¢ <
Molecular weight: 495,52 : %
Appearance: green, crystalline solid §
Absorption maximum: A% = 678,5 nm letd b I g
Emission maximum: A§” = 698 nm ' < Channels

Decay function: F(t) = e~ /176
Mean lifetime: 7 = 1,76 ns
Reduced x% =1,234
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Figure 5.59: Chemical formula
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Figure 5.60: Fluorescence decay
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5.21 Stilbene 1

CasH1806S2Ks; [1,17-Biphenyl]-4-sulfonic acid,4’,4”-1,2-ethene-diylbis-, dipotassium salt
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Figure 5.61: Emmision and absorption spectrum
Supplier: Exciton le+5 ¢ g 10
Molecular weight: 568,74 -
. . [ !
Appearance: slightly yellow, crystalline N £ 00
solid A g 50 100 150
Absorption maximum: A% = 342 5 nm < 05 Channels
Emission maximum: A{7” = 408 nm
Decay function: F(t) = 0,79e~t/0:831 4 B
0,21e~t/1:06 E
Intensity ratio of the components: 0,75:0,25 8 e |
Mean lifetime: 7 = 888 ps ¢ 1
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Figure 5.63: Fluorescence decay
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5.22 Stilbene 420 (Stilbene 3)
CagHo006S2.2Na; 2,27-([1,1’-biphenyl]-4.4-diyldi-2,1-ethenediyl) bis-benzenesulfonic acid disodium salt
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Figure 5.64: Emmision and absorption spectrum

Supplier: Exciton letd e,

g
Molecular weight: 562,56 %
Appearance: yellow, powder | =
Absorption maximum: A% = 349,5 nm terd é
Emission maximum: A{7" = 422 nm < Channels
Decay function: F(t) = 0,99e~t/0:976 1 1
0 Oleit/4’41 le+3 ¢ )
Intensity ratio of the components: 0,97:0,03 g
Mean lifetime: 7 = 1,09 ns © 1e+2 -
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Figure 5.66: Fluorescence decay
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5.23 Uranin (Disodium Fluorescein)

CooH1005.2Na; 3’,6’-dihydroxy-spiro[isobenzofuran-1(3H),9’-[9H]xanthen]-3-one, disodium salt
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Figure 5.67: Emmision and absorption spectrum
Supplier: LambdaChrome le+5 f. g
Molecular weight: 412,30 ; ki
. . [}
Appearance: red, crystalline solid . s
Absorption maximum: A% = 491,5 nm levd é 100 200 300 400 500
I 3

Emission maximum: A{™" = 516 nm 03 Channels
Decay function: F(t) = 0,06e~%/25% 4+ :
0, 94e—t/446 le+3 f @
Intensity ratio of the components: 0,03:0,97 ‘g
Mean lifetime: 7 = 4, 39 ns 8 :
Reduced x? = 0, 966 le+2 4 -
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Figure 5.69: Fluorescence decay
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5.24 Other fluorophores

Compound | Solvent | T°C] | A**[nm] | A*"[nm] | 7[ns] | Ref.
1,2-dimethylindole | hexane (D) 20 - 330 5,71 [10]
1-cyanonaphtalene | hexane (D) 20 - 345 18,23 [10]
1-methylindole cyclohexane (D) 20 - 330 6,24 [10]
2-aminopurine water - 290 380 11,34 [11]
2-methylindole cyclohexane (D) 20 - 330 4,36 [10]
3-methylindole hexane (D) 20 - 330 8,17 [10]
9-cyanoanthracene | cyclohexane 20 295-360 | 400-450 12,7+0,7 3]
9-cyanoanthracene | ethanol - - 440 14,76 [12]
9-cyanoanthracene | ethanol 25 - - 11,854+0,03 | [13]
9-cyanoanthracene | methanol 20 295-360 | 400-480 16+1 [3]
Anthracene cyclohexane 20 295-360 | 375-442 5,3+0,1 3]
Anthracene cyclohexane (D) 20 - 405 5,23 [10]
Anthracene cyclohexane (U) 20 - 405 4,1 [10]
Anthracene ethanol - - 330 5,47 [12]
Anthracene ethanol 25 - - 4,21+0,02 | [13]
Anthracene methanol 20 295-360 | 375-442 5,1+0,3 [3]
Anthranilic Acid water - 290 400 8,9 [11]
Coumarin 153 methanol 20 295-442 | 495-550 4,340,2 3]
DPA cyclohexane 20 295-360 | 400-475 7,5+0,4 [3]
DPA methanol 20 295-360 | 400-475 8,7+0,5 [3]
Erythrosin B water 20 488-568 | 550-580 | 0,089+0,003 | [3]
Erythrosin B methanol 20 488-568 | 550-590 0,47+0,02 (3]
Fluorescein, dianion | NaOH/water - 400 490-520 4,140,1 8]
Indole water - 290 360 4,49 [11]
L-Tyrosine water - 285 300 3,27 [11]
NADH 0.1 MPB74 20 330-370 | 400-600 0,4 [14]
NATA 0.1 MPB 7.0 20 275 310-400 3 [14]
NATA water 20 295-309 | 330-410 3,1£0,1 3]
N-methylcarbazole | cyclohexane 20 290-325 | 350-400 14,14+0,9 [3]
POPOP aq ethanol 25 - - 0,87+0,01 | [13]
POPOP cyclohexane 20 295-360 | 380-450 | 1,12+0,04 | [3]
POPOP cyclohexane 25 - - 1,1440,01 | [13]
POPOP ethanol - - 370-540 1,35+0,2 [15]
POPOP ethanol - - 400 1,38 [12]
POPOP ethanol 25 _ - 1,3240,01 | [13]
POPOP ethanol abs. - 280-390 | 370-540 1,35 [11]
Dimethyl-POPOP ethanol - 300-400 | 390-560 1,45 [11]
Dimethyl-POPOP ethanol - - 390-560 1,4540,2 [15]
PPD ethanol - - 310-440 1,2+0,2 [15]
PPD ethanol - 240-340 | 310-440 1,2 [11]

Table 5.1: Nanosecond lifetime standards; NATA = N-Acetyl-L-tryptophanamide, POPOP = 1,4-bis(5-
phenyloxazole-2-yl)benzene, PPD = 1.5-diphenyl-1,3,4-oxadiazole, (D)=degassed, (U)= undegassed, PB =
phosphate buffer
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Compound | Solvent | T°Cl | A*[nm] | A*"[nm] | 7[ns] | Ref.

PPO cyclohexane 20 290-325 360-450 | 1,36+0,05 | [3]
PPO cyclohexane (D) 20 - 440 1,42 [10]
PPO cyclohexane (U) 20 - 440 1,28 [10]
PPO ethanol ; - 330-480 | 1,4+02 | [15]
PPO ethanol - 280-350 330-480 14 [11]
PPO ethanol ; - 400 1,6 [12]
PPO methanol 20 295-330 340-400 | 1,65+0,05 | [3]
p-Terphentyl | cyclohexane 20 290-315 330-390 | 0,98+0,03 | [3]
p-Terphentyl | methanol 20 284-315 330-380 | 1,1740,08 | [3]
p-Terphenyl ethanol - 280-320 310-412 1,05 [11]
p-Terphenyl ethanol - - 310412 | 1,054+0,2 | [15]
Rhodamine B | methanol 20 295, 488-568 | 550-630 2,5+0,1 (3]
Rhodamine B | water 20 488-575 560-630 | 1,7440,02 | [3]
Rhodamine B | water - 400 583 1,7 8]
Rubene methanol 20 300, 488, 514 | 550-610 9,9+0,3 | [3]
SPA water 20 300-330 466-520 | 31,24+0,4 | [3]

Table 5.2: Nanosecond lifetime standards; PPO = 2.5-diphenyl-oxazole, (D)= degassed, (U)= undegassed

Compound | Solvent | T°C] | A**[nm] | A*"[nm] | QY | 7[ps] | Ref.
DBS cyclohexane 25 280-385 | 375-475 | 0,11 | 176 | [11][16]
DBS cyclohexane 37 - - - 133 | [16]
DBS toluene 35 - - 0,12 | 168 | [16]
DBS toluene 5 - - - 248 | [16]
DCS cyclohexane 25 | 280-420 | 300-500 | 0,06 | 66 | [11][16]
DCS cyclohexane 37 - - - 57 | [16]
DCS toluene 25 ; ; 0,06 | 116 | [16]
DCS toluene 5 - - - 186 | [16]
DFS cyclohexane 25 280-375 | 375-450 - 328 | [11]
DFS cyclohexane 37 - - - 252 | [16]
DFS toluene 25 - - 0,16 | 305 | [16]
DFS toluene 5 - - - 433 | [16]
DMS cyclohexane 25 280-375 | 375-475 | 0,59 | 880 | [11][16]
DMS cyclohexane 37 - - - 77l | [16]
DMS DMF 25 : - 027 | 572 | [16]
DMS ethylacetate 25 - - 0,15 | 429 | [16]
DMS toluene 25 - - 0,32 | 740 | [16]
DMS toluene 5 ; - - | 921 | [16]
Phenylalanine | HyO at neutral pH - 260 282 0,02 | 6,8 | [17]
Rose Bengal | methanol 25 556 572 - 519 | [11]
Tyrosine H5O at neutral pH - 275 304 0,14 | 3,6 | [17]

Table 5.3: Picosecond lifetime standards; DBS = 4-dimethylamino-4-bromostilbene, DCS = 4-dimethylamino-
4-cyanostilbene, DFS = 4-dimethylamino-4-fluorostilbene, DMS = 4-dimethylamino-4-methoxystilbene
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