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Chapter 1 Introduction

Photophysics is the study of the interaction of light and matter. When this interaction
occurs, molecules (components of matter) can absorb light and consequently release a photon of
different energy in a process called emission. The emission of a photon, some time duration after
the absorption of a photon, is called photoluminescence. Photoluminescence can be separated into

two processes, fluorescence, and phosphorescence.
1.1 Fluorescence

A simple diagram called the Jablonski diagram, as shown in Figure 1, schematically

illustrates the processes involved in the interaction of light and molecules.

*
® |nternal Conversion (IC)

|
|

. ... m
Absorption § Non-radiative g

Fluorescence

Figure 1. Jablonski diagram where the solid lines involve the process of a photon (radiative)

while dashed lines (non-radiative) do not.

Horizontal lines (So, S1, ...) correspond to the allowed energetic states of the molecule. The energy
of the absorbed photon (process indicated by a gray vertical arrow in Figure 1) must be equal to
the energy difference between the higher energy state called the excited state (Si) and the energy

of the ground state (So). As a consequence of the absorption of a photon of given energy, the

1



molecule transits from the ground state to an excited state (So—Si). The photon absorption is a
result of the interaction of electronic orbitals of a molecule with the electromagnetic field of the
photon, a process that happens in 10715 s. Once the molecule absorbs light, it is then excited to the
corresponding allowed singlet states (Si). This is typically an unstable state without constant
energy input to maintain the high energy level, and the molecule quickly relaxes (10714 to 10! s)
to the first allowed singlet state (S1) through a process called internal conversion (IC). During this
process, the excess energy is dissipated in the form of heat through non-radiative transitions
(shown as the purple dashed line). The first excited state (S1) is stable, and the molecule can stay
in this state for a longer time before deactivating to the ground state (depending on the conditions,
1019 s to 1077 s). The first excited state (S1) is what is considered a metastable state. The transition
from the first excited state can be a non-radiative process through multiple vibrational states where
the energy is lost in the form of heat (dashed red line). Or it can be a single step transition to one
of the lower vibrational states of the ground state with the excess of excitation energy realized in
the form of a photon (emission). Molecules that absorb and emit light are frequently called

chromophores or fluorophores.
1.2 Phosphorescence

After absorption, when the fluorophore is in the first singlet excited state, Si, an alternative
deactivation process can occur. When highly perturbed, the excited molecule can transit to a state
called the triplet state T (Figure 2). This transition (yellow dashed line) is called intersystem
crossing (ISC) and is quantum mechanically forbidden due to the violation of the conservation of
angular momentum. Subsequently, the fluorophore will relax to the lowest triplet excited state,
and the excess energy is released in the form of heat. The transition from the first triplet state T,

to the ground state So is also forbidden, again violating conservation of angular momentum.



Consequently, the molecule can stay in this state for longer (10 s or more). The transition to the
ground state can be in a non-radiative way or in a single step with the emission of a photon, a

process called phosphorescence.

 J
® |nternal Conversion (IC) kIC

1 Intersystem Crossing (ISC) kISC

T1

. ... m
Absorption § Non-radiative g Fluorescence

k =

nr
u

k

r Phosphorescence nr

r

. VY

Figure 2. Jablonski diagram with the extension of the triplet state (T1). Each process is labeled
with a rate ki where ‘i’ being nr non-radiative, IC internal conversion, and ISC intersystem

crossing. I is the fluorescence radiative rate and I, is the phosphorescence radiative rate. The

solid lines involve the process of a photon (radiative) while dashed lines (non-radiative) do not.

Each of these rates labeled with ‘k’ describes the probability of events per unit of time.
Beginning with kic is the rate of internal conversion. Internal conversion is a non-radiative
transition between two electronic states of the same spin multiplicity. The non-radiative rate is the
photon energy dispersed as vibrations or heat. Fluorescence radiative rate, I" is the emissive rate
from the first excited singlet state to the singlet ground state. Intersystem crossing rate kisc is the
non-radiative transition between two isoenergetic vibrational levels belonging to electronic states
of different multiplicities. Lastly, I, is the emissive rate from the first excited triplet state to the

singlet ground state.



1.3 Absorption Spectrum

The electromagnetic field of incoming light interacts with the electronic orbitals of the molecule
and can promote the transition of the molecule from the ground state to a higher, excited energy
state. The probability for the photon to interact with the molecule is generally proportional to the
density distribution of allowed excited states. Consequently, the energy of the light (photon) being
absorbed by the molecule leads to light attenuation. The light attenuation process is called

absorption. The primary factors responsible for light absorption by molecules are:

1. The energy of the incident photon must correspond to the energy difference of two given
states, which we can represent as iv = S; - Sp

2. The strength of the absorption oscillator is called the dipole transition moment. The
quantity expresses the probability of absorption or emission of electromagnetic radiation
in transitions between energy levels of a molecule. This is manifested by the absorption
cross-section, g, of a given molecule (fluorophore). This parameter reflects the probability
of a photon passing in the molecule’s proximity to be absorbed. In chemistry, it is referred
to as the extinction coefficient, ¢.

3. The concentration of the molecules.

4. The intensity of the excitation light source dictates the number of molecules being excited.

5. The relative orientation between the vector of polarization of the excitation light and the
molecular dipole transition moment. Transition moments have well-defined directions in a
molecular framework. Thus, the probability of interacting with the incoming light depends
on cos’ a, where a is the angle between the transition moment direction and the vector of

light polarization.



The concentration of molecules in a solution, C, is typically given in moles per liter [mol/L]. The
number of molecules per cubic centimeter [number of molecules/cm?] can be calculated using
Avogadro’s number (N4 - 6.0225x10% mol™') and the conversion factor from [mol/L] as C*Ny4
/1000. The absorption cross-section is wavelength (photon energy) dependent, and at any given
wavelength, A, is represented by o()), and its unit is [cm?/mol]. The absorption cross-section
reflects the probability that a photon of a given wavelength (energy) will be absorbed as it passes
the fluorophore's proximity. We must remember that a typical molecule is much smaller than the
wavelength of light and the incoming/passing electromagnetic radiation produces a local field
perturbation. A fluorophore in such a field has a certain probability of absorbing the energy that
depends on the density distribution of allowed states of the molecule. As the light of suitable
energy (wavelength) travels through the solution of fluorophores, it can be absorbed by the
individual fluorophore. The number of absorbed photons will depend on the number of
fluorophores in the light’s path. In typical conditions, one fluorophore absorbs one photon, and the
number of absorbed photons will be proportional to the number of available chromophores present

in the light’s path, 4/. Thus, the change in intensity of light, A1, as it travels through the solution is

where I is the intensity of the incoming light wave (number of photons per surface unit per

second), 4/ is the path length, and » is the number of fluorophores per unit of volume. The intensity

of the transmitted light, /, for a sample of thickness, /, can be expressed by

[ =I,eom, ()
Equation (2) is known as the Beer-Lambert law. It is useful to rewrite the Beer-Lambert law as a

function of wavelength because the absorption cross-section is wavelength-dependent

IA) = I,(A)e-oWnl, 3)



Absorption is represented by the exponential factor a(4)nl. The value can be calculated using log
base 10 or log base e, decadic or Napierian, respectively. The extinction coefficient g(A) is more
frequently used in photochemistry and photobiology. The molar extinction coefficient measures
how strongly a chemical species absorbs at a particular wavelength with units m?/mol, but is
usually expressed in m'cm. The units for the molar extinction coefficient are [L mol! cm™],
although the units used may vary by the field (i.e., [m?> mol!']). The decadic molar extinction

coefficient, g(A), is used in this text. It relates to the absorption cross-section as

2.303 e(A 4
o) = N—S() =3.823 x 10721 g(Q). @
A

Thus, as a general rule, the natural logarithm will also be used when the absorption cross-section
o is used. When the extinction coefficient ¢ is used, the logarithm will be taken with base 10. The

Beer-Lambert law then becomes

IA) = 1,(A)107EWCL, Q)
Where C is the molar concentration of the molecule and the exponent’s base is ten instead of e.

One must be aware of this, as all texts do not adopt this convention. The absorbance “Abs,” or

sometimes referred to as the optical density (OD), is defined as

Abs()) = (A)CL (6)

Absorbance is a unit-less quantity, which is the argument of the exponent in the Beer-Lambert

law.

1.4 Transition Dipole Moment
A transition between energy levels requires a quantized well-defined amount of photon energy.
But there are additional restrictions for a transition to take place. Those restrictions come from the

nature of the interaction between electromagnetic radiation and matter, which are summarized by
6



the selection rules. Light is consisting of orthogonally oscillating electric and magnetic fields. The
electric field interacts with the electric charges and is the primary factor responsible for electronic
transitions. We can obtain the energy of an interaction between the electric field and a system of
charged particles by calculating the scalar product of the electric field vector & and the dipole
moment vector [ of the system of charges.

E=—p-2 ™)

The dipole moment vector u is defined as the summation of the product of each charged particle

¢i and its corresponding position vector r;,

H:th-ri- ®

The expectation value for the interaction energy E can be calculated as

v Aa (©))
<E>= [ (A Dndp.
Where [ dp refers to the integral over all coordinates. Operator [i and € are vectors with the

magnitude of the classical quantities ¢ and e.

For visible light that has a wavelength much longer than the length of a molecule, the magnitude
of the electric field can be seen as a constant across the length of the molecule. Therefore, the
component ¢ can be taken out of the integral and give the expected value for the permanent dipole

moment of the molecules in state #,

<u>= [ i e 1o



Thus, the energy of the interaction depends on the dipole moment of the system that represents

charge distribution.

We are particularly interested in the transition between states and the corresponding strength of
the interaction’s energy. Therefore, we use the transition dipole moment as a substitute for the
dipole moment. The transition dipole moment integral is conceptually similar to the integral of the
dipole moment. The difference lies in the two wave functions of distinguished states, the initial

(¥;) and final (1) states,

el o (11)
< Ur >= flpf (—yidt = pr.

In the case of < u; > = 0, the transition is said to be forbidden. If < pu; > > 0, the transition is

allowed.

A molecule typically has multiple absorption transition moments corresponding to transitions to
different excited electronic states of the molecule (different absorption bands). Upon interacting
with light, a molecule will preferentially absorb light with a polarization vector of the electric field

parallel to the direction of the chromophore transition moment.

The absorption spectrum represents the probability distribution for photons of given
energies to be absorbed by the molecule. An example of an absorption spectrum is shown below

for rhodamine 6G (R6G), Figure 3.



1.2

0.8

0.6

0.4

Normalized Absorbance

0.2

240 290 340 390 440 490 540 590
Wavelength (nm)

Figure 3. The absorption spectra of rhodamine 6G.

1.5 Emission Spectra

Visible emission typically happens from the first excited state (S to So), and the molecule has a
single transition moment associated with emission. An excited molecule can only emit photons
with an electric field vector parallel to the molecule transition moment. The emission spectrum is
the wavelength distribution of the emitted energy (number of emitted photons at a given
wavelength), measured at a single constant excitation wavelength. The recorded emission
spectrum represents the photon emission rate or power emitted at a given wavelength. Emission
spectra are the characteristic of any fluorophore and generally depend on the chemical structure of
the fluorophore and the solvent in which it is dissolved. An example of R6G’s emission spectrum

is shown in Figure 4.
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Figure 4. An example of emission spectra of rhodamine 6G (R6G).

1.6 Stokes shift

When absorbing a photon, the molecule transits to the high vibrational state of one of the
allowed electronic excited states. The molecule rapidly relaxes to the lowest excited state after
interactions with the solvent/enviornment, and the excess energy is quickly lost via transitions
through vibrational and rotational states as heat. As the result of the radiative transition from the
lowest excited state to a ground state, the molecule emits a photon of well-defined but lower energy
as compared to the absorbed photon. Consequently, the emission spectrum will be shifted to a
longer wavelength, this phenomenon was first reported by Stokes. The difference between the

maximum absorbance and maximum emission is called Stokes’ shift, as shown in Figure 5.
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Figure 5. Diagram of absorption spectra (lime) as well as emission spectra of fluorescence (red).
The stoke shift is shown between the dotted lines.

1.7 Polarization

Unpolarized (isotropic) light I of the type, such as an incandescent or arc lamp, has equal
amplitudes of the electric vector orthogonal to the direction of light propagation. A polarizer is an
optical element that only allows the light of a particular polarization plane to be transmitted. Shown

below in Figure 6 are two polarizers and the transmission (I) of light through each polarizer.

11



= I0/2 cosz(H)

polarizer

polarizer

Figure 6. The incident light, Iy, is unpolarized. Only vertically polarized light passes through the
first polarizer, @ = 0. Transmission through the second polarizer is proportional to cos*(0). The
angle 0 is between the principal axis of the first polarizer (dotted on the second polarizer) and the

second principal axis (solid black line).

As the unpolarized light passes through the first polarizer with an angle of 0 degrees with respect
to the verticle axis, as shown in Figure 6, only vertically polarized light transmits, and the intensity,
lo, drops by half. If the second polarizer is rotated by some angle theta with respect to the first

polarizer, the intensity is then described by
I = I,cos?(6), (12)

where o is the intensity of light incoming to the polarizer. The maximum transmitted light through
the second polarizer is when 6 = 0 and intensity I decreases as angle 8 increases, and for 8 = 90

degrees, there is no light transmitted. Equation 12 is known as the Malus’ Law.
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1.8 Photoselection and Anisotropy

For linear transition moments, absorption of light by a molecule depends on the relative
orientation of its transition moment (dashed line, Figure 7) in relation to the direction of light

polarization (solid line, Figure 7).

No absorption Absorption Absorption « cos?(0)

A\
/

/

Figure 7. Interaction of polarized light (solid black line) with the absorption transition moment
(dashed line) of a fluorophore. (Left) shows no absorption of the fluorophore if the angle 8 between
the polarized light and transition moment are orthogonal to each other. (Middle) shows the
maximum probability of absorption if the angle theta is zero or collinear. (Right) shows the

probability of absorption is cosine squared of the angle theta.

The probability of excitation of a chromophore is proportional to the cosine squared of the angle
theta between the polarization of light and the transition moment of the molecule. The probability
is maximum when the molecule’s transition moment is parallel to the light polarization vector

(8 = 0 degrees). The probability is zero when the molecule’s transition moment is orthogonal to

13



the light polarization (6 = 90 degrees). For any other orientation of the transition moment in
relation to the light polarization (angle 6 between the polarization of light (solid line) and
tranisition moment (dashed line), figure 7 right), the probability of absorption is proportional to
cos” 6. The absorption process of polarized light results in a non-isotropic distribution of excited

molecules called photoselection.

Anisotropy is a consequence of the linear transition moments associated with absorption
and emission processes [27]. All organic molecules have a well-defined fixed linear transition
moments within their molecular structure. The probability for a given molecule to absorb a photon
is proportional to cos?(8) where 6 is the angle formed between the direction of the molecule’s
transition moment and the plane of polarization for the photon. Excited molecules with polarized
light will be selected to form a non-isotropic distribution of excited molecules. After the excited
molecules emit, the emission will be non-isotropic. Polarization of the emitted light will depend
on the relative orientation of the absorption transition moment and the emission transition moment
in the moment of emission. If the transition moments are collinear, the anisotropy is the highest.
Since absorption transition moments to different electronic states may have different directions,
the measured anisotropy will depend on the excitation wavelength. Consequently, anisotropy
measured as a function of excitation wavelength will show information about the relative

orientation of transition moments.

Emission anisotropy can be defined as in equation 13

I -1
r= 1= (13)
I+21,

where [|; and I, are the intensity polarized emissions that have a polarization of the observed

intensities parallel and perpendicular to the excitation light polarization. The limits of anisotropy
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are between -0.2 to +0.4 [1-3]. The value of +0.4 or 1, is the theoretical anisotropy in the absence
of any angular displacement in the relative direction of absorption and emission transition
moments (absorption and emission transition moments are colinear). The value of anisotropy r is
-0.2 is when both the absorption and emission transition moments are orthogonal, equation 14.
There can be multiple processes contributing to transition moment reorientation besides the
intrinsic difference between the directions of absorption and emission transition moments. This
includes the Brownian molecule rotation or the resonance energy transfer. When the absorption
and emission transmission moments are no longer colinear and form an angle abetween them the

anisotropy of the system is [27]

r= 0.4( (14)

3cosza—1)
> .

1.9 Lifetime

The excited state deactivation process can be described by rates of various deactivation I'is
the radiative rate and ky is the nonradiative rate. These are probability rates (probability of the
given process per unit of time), and the emission process is a statistical phenomenon. So, the
emission lifetime depends on a sum of all deactivation rates of an excited state. As shown in Figure
2, the cumulative deactivation rate of a singlet excited state is I + k,,,- + k;5c where we separated
the nonradiative rate of intersystem crossing, kisc. We can now define the characteristic lifetime

of a singlet state as

1

T="—""-
I'+knrtkisc

(15)

The deactivation process (for fluorescence or phosphorescence) is a statistical process, and the

lifetime represents the average time the excited molecule spends in the excited state. When
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working with a large number of molecules, the number of molecules in the excited state as a

function of time, N(t), can be described as [1, 2]

N(E) = Noe s, (16)

where N, is the initial population of the molecules in the excited state, t is time, and 7 is the lifetime
defined as time after which the population of excited molecules decreases e times (N(7) =
Nye™! = 0.368N, or 36.8% of N, remain in the excited state). Henceforth the fluorescence
intensity is directly proportional to the number of molecules in the excited state, and the time-

dependent emission intensity, I, can be described as

I(t) = Ioe_%. (17)

A graphical representation of a single exponential intensity decay as a function of time is presented

in Figure 8. The intensity on a logarithmic scale (left side) corresponds to a slope of 1/7.
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Figure 8. An example of a monoexponential lifetime decay curve on log scale (left) and linear

scale (right).
1.10 Phosphorescence

As previously mentioned, transitions from excited triplet to the singlet ground state are
forbidden. As a result, the deactivation rates from a triplet state are several orders of magnitude

smaller than those for fluorescence. Consequently, the phosphorescence lifetimes (t = 1/}, +

k,,,) are much longer than fluorescence lifetimes.

When one of the two electrons of opposite spins (belonging to a molecular orbital of a
molecule in the ground state) is promoted to an antibonding molecular orbital (excited state of
higher energy), its spin remains unchanged. The total spin quantum number, S (S = ) s; with s;=
+1/2 or -1/2) remains equal to zero. Because the multiplicities of both ground and excited states
(M = 28+1) are equal to 1, both states are called the singlet state. The energy of a triplet state is
lower due to having the two electons being farther apart. This causes less coulombic repulsion than
the singlet excited state, and phosphorescence emission T1—So is generally shifted to longer

wavelengths relative to fluorescence; hence the Stokes shift is much larger.
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The transition from a singlet state to a triplet state is forbidden and should never happen in
a purely electronic system. However, molecules are built from multiple, different atoms, and there
is a potential for a weak interaction between the orthogonal states of different multiplicities. The
presence of heavy atom(s) (such as iodine and bromide) in a molecule can perturb the electronic
structure of a molecule facilitating intersystem crossing and thus enhancing the probability of
phosphorescence emission. If the singlet excited state converts into a state where the promoted
electron has changed its spin parallel to each other, their total multiplicity M will change. The
change in multiplicity results from the total spin quantum number equaling 1 and the multiplicity
3, thus the triplet state. The efficiency of the coupling varies with the fourth power of the atomic
number, hence why the presence of a heavy atom favors intersystem crossing from singlet to

triplet.

1.11 Indoles and Tryptophan

Indole is an aromatic heterocyclic organic compound with the chemical formula CsHsN,
and the structure is shown in Figure 9. It has a bicyclic structure, consisting of a six-membered
benzene ring fused to a five-membered pyrrole ring. Indole is an aromatic part of an essential
amino acid, tryptophan (TRP), that is responsible for the UV-Vis spectral properties of this amino
acid. Tryptophan (TRP) is an essential amino acid with sound absorption and intense fluorescence,
presenting favorable spectroscopic properties. Furthermore, tryptophan is not common and is
present in small numbers in most functional proteins. Even fairly large proteins like myoglobin
contain two TRPs, human serum albumin (HSA) contains a single TRP, or tetrameric hemoglobin
contains 6 TRPs (single in each B-subunit and two in each a-subunit). So, for a long time, there
has been a lot of effort to use the spectroscopic properties of tryptophan (absorption and emission)

to study proteins and protein interactions. Also, for many years special attention has been paid to
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TRP room temperature phosphorescence (RTP) [16, 20, 59]. The advantage of using intrinsic TRP
emission (fluorescence and phosphorescence) is that there is no need for any protein modification
or substitution. TRP fluorescence has been broadly employed for many years in studying protein
systems, including protein dynamics and conformational changes [20, 23, 41, 57]. It has proven
immensely useful for studying a broad range of macromolecular processes. The fluorescence
lifetime of TRP depends on its environment and ranges from picosecond to nanoseconds time
scale. This limits the range of dynamic studies (e.g., time-resolved anisotropy decay of TRP moiety

[16-18]) to tens of nanoseconds.

A chemical scheme of tryptophan is shown below in Figure 9.

O

HN NH,

Figure 9. Chemical structure of the amino acid tryptophan.

Indole’s photoluminescence was researched to understand the mechanisms of tryptophan’s
phosphorescence lifetime [21, 22]. Various substituted atoms in the indole ring significantly affect
its photoluminescent properties. Heavy atom substitutions, in particular, promote electronic
structure perturbations that lead to highly attenuated fluorescence and enhanced intersystem
crossing leading to enhanced phosphorescence emission. Importantly, indole and its derivatives
present good, convenient phosphorescence in a solid matrix and might allow for the study of
different conditions (environmental and external like EM field) affecting molecular systems that
might lead to enhanced ISC and highly enhanced phosphorescence.
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In Figure 10, various studied indole derivatives are presented.

HN O \ HN

\ N \ Br
H

Figure 10. Chemical structure of indole (left), 2-Phenylindole (middle), and 5-Bromoindole

(right).

2-Phenylindole (2PI) is indole with benzene covalently bound to the second carbon shown in the
middle of Figure 10. 5-Bromoindole is another indole, but a bromide ion is covalently bound to
the fifth carbon on the right of Figure 10. These two indole derivatives were chosen in this study

because they increase the intersystem crossing rate to increase the phosphorescence radiative rate.
1.12 Polyvinyl Alcohol

Polyvinyl Alcohol (PVA) is a transparent polymer that will be used to immobilize the
indole, 2PI, 5-Brl, and TRP. The advantage of using PVA for embedding the molecules is the low
permeability to oxygen that limits oxygen quenching and increases fluorophore structural stability,

allowing for long-lived phosphorescence to be visible/measurable.
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Chapter 2 Methodology

2.1 Materials

Indole, 2-Phenylindole (2PI), 5-Bromoindole (5-Brl), tryptophan (TRP), poly (vinyl
alcohol) (PVA) [molecular weight of 130,000 atomic mass unit (amu)], and HPLC grade methanol
were all sourced from Sigma Aldrich, Inc (USA). Upon arrival, the indoles and tryptophan have a
purity of 98%. However, to minimize impurities in the samples, the indole, 2PI, 5-Brl, and TRP
were recrystallized multiple times with a 50:50 mix of methanol and deionized (DI) water until
the samples became snow-white in color. The recrystallization procedure [89] is based on the
principle that the solubility of most solids increases with increased temperature. As temperature
increases, the amount of solute that can be dissolved in a solvent increases. An impure compound
is dissolved (the impurities could also be soluble in the solvent) to prepare a highly concentrated
solution at a high temperature. The solution is cooled. Decreasing the temperature decreases the
solubility of the compound, and the excess solute crystalizes (is excluded from the solution,

forming crystals).

In most cases, compound crystallization allows only the same type of molecules to be built
into the crystal structure. The impure substance will crystallize having a much higher purity
because the impurities won’t be accepted/incorporated into an ordered crystal structure of the
compound, leaving the impurities behind in the solution. The process is typically repeated multiple

times. An example of recrystallization of 5-BrI is shown below in Figure 11.
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Figure 11. 5-Bromoindole’s (98% purity) recrystallization process. Vial 1 is 5-Bromoindole as is
from the vial in a 50:50 mix of methanol and DI water. Vial 2 is obtained after several
recrystallization runs. The impurities are visibly fading. Vial 3 is the finished product of

recrystallization.

Stock solutions of indole, 2-Phenylindole, 5-Bromoindole and tryptophan were prepared from

compounds purified via the recrystallization process in ethanol.

2.2 Poly (vinyl alcohol film) preparation

Poly (vinyl alcohol) from Sigma Aldrich, Inc. (USA) with a molecular weight of 130,000
atomic mass units was used for the experiments. PVA films were prepared according to the
procedure described in the literature [8-11]. Briefly, double distilled water (600 mL) was added to
a 1000 mL flask containing a magnetic stirring bar. PVA powder (60 g) was slowly added under

stirring and heated to 90°C, and the stirring continued for 4 hours. The PVA powder dissolves, and
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the resulting homogeneous, well-transparent solution was allowed to cool to room temperature
overnight to remove all the bubbles. A few mL of a stock solution of one of the dyes (Indole, 5-
Brl, 2PI, TRP) in water or ethanol was added to a freshly prepared PVA solution (~6.0 mL in a 20
mL glass vial) at 50°C. The mixture was thoroughly mixed for 5 minutes to assure complete
mixing, followed by sonication for 3 minutes to remove all the bubbles that formed during the
mixing. Next, the mixture was poured into a 2-inch diameter plastic petri dish on a flat and
balanced surface and kept in a moisture-free, dark environment for 4 to 6 days to allow film drying.

The dry films were removed from the dish and stored in dry conditions.

2.3 Spectroscopic Measurements

2.3.1 Absorption Measurements

UV-Vis absorption was measured in a Cary 60 UV-Vis spectrophotometer (Agilent
Technologies, Inc. (USA)). Sample films were measured multiple times (average of 5 runs), and
absorbances were averaged. The baseline for absorption measurements was taken from the PVA-

only film.

2.3.2 Fluorescence Measurements

Steady-state fluorescence spectra were measured in a Varian Cary Eclipse
spectrofluorometer (Agilent Technologies, Inc. (USA)). This device is equipped with a grid

ultraviolet (UV) polarizer on excitation and a plastic (sheet) polarizer on the emission path.
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2.3.3 Phosphorescence Measurements

Phosphorescence measurements were carried out on a Varian Cary Eclipse
spectrofluorometer using phosphorescence mode. Shown below in Figure 12 is the concept of

phosphorescence measurements.

Total Decay Time

—————————*

Gate Time

——————>

Intensity

Start Detection End Detection

Time (ms)

s Flash lamp

I - Long lived emission

Figure 12. Parameters used for phosphorescence measurements on the Varian Cary Eclipse.
Delay time is the time that elapses between the last flash of lamp excitation and the beginning of
the data collection. Gate time is the overall reading time of the emission signal after the delay
time. The number of flashes is how many times the sample gets excited by the flash lamp per
cycle. The total decay time is the time for the phosphorescence signal to decay to approximately

zero, typically delay time + gate time.

Phosphorescence measurements use a time gating approach to suppress the short-lived
fluorescence emission and excitation light scattering. All parameters (delay time, gate time,
number of flashes, and total decay time) are graphically represented in Figure 12 and described
in the caption of Figure 12. The parameters used are mentioned in the results section for each

sample.
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2.3.4 Lifetime Measurements

Lifetimes were measured on the FluoTime 300 (FT300) fluorometer (PicoQuant, GmbH).
The FT300 is equipped with an ultrafast microchannel plate (MCP) photomultiplier tube (PMT)
(Hamamatsu, Inc. (Japan)) detector. Time-Correlated Single Photon Counting (TCSPC) was
performed with a PicoHarp 300 (Picoquant, GmbH (Germany)) for fluorescence intensity
decays. A TimeHarp 260 card was used for TCSPC phosphorescence intensity decays. The
intensity decays were analyzed using the FluoFit (version 4.6) program from PicoQuant (GmbH

(Germany)) using a multi-exponential fitting model for the intensity decay I(t),

t

I(0) = Yiaze 7, (18)

where q; is the fractional amplitude of the intensity decay of the i™" component at time t and 7; is
the lifetime of the i component. Calculations of the intensity (< T >in) and amplitude (< T >amp)

average lifetimes were as follows:

< T >t =X fiTi, (19)

<T>amp = 2T, (20)
Yati

fi= 50 1)

where f; represents the fractional intensity for each lifetime component.

The reduced yx? for least-squares fitting analysis [1, 84-86] is performed according to

Equation 22,

R= j=1 (22)

2
2 _ 1 ¢n Iob(tj)_lcal(tj)
X = [ ] '

gj
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where n is the number of observations (this is the number of detected photons in a decay curve), p
is the number of floating parameters, Iob(tj) is the intensity measured at time ¢;, I, (t;) is the

theoretical value for the fitted intensity decay at time t;, and g; is the standard deviation.

For the time-resolved analysis, one of the most common approaches to evaluate the range
of estimated parameters is the support plane analysis procedure. When running a regular analysis
with all floating parameters yields’ a minimum (smallest) value of X3 or X3 (min). To examine
the quality of estimated parameters, one can monitor changes in the value of XZ when one
parameter is varied around its initial estimated value. In practice, the idea is to fix one parameter
to a value different from its best estimate and then rerun the least-square analysis allowing the
other parameters to adjust to a new minimum with the new value of X3. This new value is obtained
with one fixed parameter we call X3 (fp). We increase the value of the fixed parameter and repeat
this routine each time, allowing all other parameters to adjust to a new minimum. The procedure
is repeated until the X3 (fp) value for a given value of the parameter exceeds an acceptable value.
Typically, the routine is repeated until the new value X3(fp) exceeds the value predicted by F-
statistics for a given number of parameters (p), the number of degrees of freedom (NFD), and the
chosen probability level, P. Probability, P, describes the probability that the value of the F-statistic
(ratio of chi-squares for two fits) is due to only random error in the data related to the standard
deviation of the experiment. For a one-standard-deviation confidence interval, the value of P is
approximately 67%; for two-standard deviation confidence intervals, the value of P increases to

about 95%. F is expressed as

_XRUD) _ 14 P pegog
= X2y = 1+~ —=F(a;7;, NFD,P), (23)
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where F(p, NFD, P) is the F-statistic value with parameters «;, 7; and NFD with a probability of

P. Values of F-statistics can be found in the literature.

For example, the support plane analysis below shows the lifetime of the dye F7GA in
ethanol.

1.06 F7GA in Ethanol
1=9.05+/-0.02ns Exc.: 470 nm
* Obs.: 540 nm
I|| I’
\ |
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2 l| |
xR % 4
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Figure 13. The support plane analysis (X3 analysis) of Fluorol 7GA in ethanol lifetime. The

dashed horizontal line corresponds to 67% of confidence. In TCSPC, this confidence

corresponds to about 1.01 value of normalized X3.

The recovered lifetime from the analysis program FluoFit (Picoquant, GmbH, Germany) reveals

a lifetime of 9.05 ns with an accuracy of +£0.02 ns. The error was estimated by fixing the

lifetime at values near the lifetime of 9.05 ns and repeating the analysis. At each fixed value, we

recorded X%. After normalization (ratio of X3 /X% (min)) we plot the dependence of normalized

X ,%N as a function of a lifetime, as shown in Figure 13. In this case, and for most single-

exponential decays, the dependence of normalized X3 on the fixed lifetime is a symmetric
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parabola. Therefore, the lower-and upper-confidence intervals are identical, and we can estimate
the accuracy of the error (£). In more complex decays, the parabolic dependence is often not

symmetrical and the lower confidence can be different from the upper confidence interval.
2.3.5 G-factor

Commercial instruments have a bias toward light polarization. This bias means that the
detection path (monochromator, photomultiplier tube (PMT) detector, and collection optics)
responds differently depending on the light polarization (vertical or horizontal), thus requiring a
correction. Calibrating the system for the skewed response of the detection system is done by
comparing the vertical and horizontal light relative to each other. This calibration is known as the
G-factor correction. The G-factor is a wavelength-dependent factor that calculates the machines’
inability to correctly detect light polarization (horizontal or vertical) and adjust the relative value
of one component to the value of another orthogonal component. We need to know relative

intensities for vertical and horizontal intensity components to calculate the G-factor.

The question arises of how to correct the uneven transmission (polarization) through the
detection system of the spectrofluorometer. We need to know the relative intensities for vertical
and horizontal components to find a correction factor. One possible way to know the relative
intensities for vertical and horizontal components is to simply have isotropic emission. In such a
case, both components should be equal. For square geometry, this can be realized with horizontal
excitation. In Figure 14, we show the coordinates for a square geometry with vertical (A) and
horizontal (B) excitations in which we inserted the distributions of excited molecules. For the
vertical excitation, the distribution of excited molecules seen from the observation direction,

Figure 14 (left), is dumbell shaped as described by the cos’w photoselection rule. For the
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horizontal excitation, the distribution of excited molecules seen from the observation direction

(along the x-axis) is symmetrical with equal vertical and horizontal components.

Figure 14. (Left) the distribution of the fluorophore’s excited dipoles with a vertically polarized
excitation. The shape is a result of photoselection. (Right) the distribution of the fluorophore’s
excited dipoles with a horizontally polarized excitation. The observed fluorescence looks isotropic

with equal vertical and horizontal polarization components.

So the Inv and Iun are equal, and we can use horizontally polarized excitation light for which two
(vertical Inv and horizontal Iun components should be equal) to find the G-factor. The wavelength-

dependent G-factor can be calculated from the relation,

_ IgvQ)
G (/1) - IHH (l), (24)

where I, (1) is the polarized fluorescence intensity component measured with the excitation
polarizer turned horizontal at any given wavelength and the emission polarizer turned vertical.
Iy (A) corresponds to the intensity at any given wavelength in a case where both excitation and

the emission polarizers are horizontal.
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This method of the G-factor correction can only be used for a square geometry. In the case of a
non-square geometry configuration, or front face (FF), shown in Figure 15, a different method is

used.

Square Geometry Front-Face Geometry
Excitation line and Emission line form 90° Angle
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Figure 15. (Left) typical commercial spectrofluorometer set up for fluorescence measurements.

(Right) front face geometry used for measuring fluorescence/phosphorescence emission of films.

For FF configurations rotating, the excitation polarization will not yield equal intensities
for vertical and horizontal components. In this case, we can use fluorophores, for which we expect
the distribution of excited dipoles is completely randomized before emission. This can happen
when fluorescence lifetimes are long and fluorophores are in low viscosity solvents. The
correlation time is much shorter than the fluorescence lifetime, and fast rotating molecules will
quickly randomize. As an example, we can use the emission of anthranilic acid (AA), dansyl amide
(DA), and ruthenium (Ru) in ethyl acetate (low viscosity). Figure 16 shows the fluorescence
intensities measured for these dyes with vertical and horizontal observations when the system was
excited at 360 nm. The emission should be isotropic, and the expected intensity components

(vertical and horizontal) should be equal.
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Figure 16. Emission of mixed AA, DA, and Ru in front face configuration with an excitation of

360 nm.

Now the calculated G-factor per wavelength is as follows in Figure 17.

Mixture of AA+DA+Ru in Ethyl Acetate
3r Exc.: 360 nm, H polarized

G factor

0 A L " L " L
400 500 600 700
Wavelength (nm)
Figure 17. The G-factor was calculated using a horizontally (H) oriented polarizer in the

excitation path.



For the square geometry G-factor calculation the following fluorophores were used, 2-aminopurine
(2AP) (320 — 400 nm), 2,5-bis-(4-biphenylyl)-oxazol (BBO) (400 — 475 nm), coumarin 153 (C153)

(475 nm — 575 nm), and ruthenium (Ru) (575 — 700 nm).
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Figure 18. G-factor of the Varian Cary Eclipse spectrofluorometer in square geometry.

Both Figures 17 and 18 show similar G-factor curves for either case. The wavelengths starting
from 400 nm and up show the instrument bias increasing as the wavelengths gets closer to the red.

The corrected anisotropy calculation as a function of the wavelength is

_ Iyy)=-G)*Iyg ()
T = ey r (D (25)
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where Iy is the intensity measured with a vertical polarization on excitation and a vertical
polarization on emission, I,y is the intensity measured with a vertical polarization on excitation

and a horizontal polarization on emission, and G is the G-factor value at a given wavelength.

2.3.6 Quantum Yield

The efficiency of the radiative process, quantum yield (QY) Qy, reflects the number of
emitted photons compared to the total number of absorbed photons. This describes the probability
that a molecule will emit a photon after absorption and corresponds to the ratio between the

radiative rate and the sum of all rates

r

Qy = (26)

T Ttk

Importantly, in fluorescence, we do not use energy efficiency since the wavelength of emission is
typically longer than the wavelength of excitation light (Stokes shift), which already reflects
energy being lost. A Qy = 1 typically does not mean energy efficiency is equal to 1; it only means

that each absorbed photon leads to the emission of a photon typically of lower energy.

An important example where we should be careful how to analyze the results is when
calculating the quantum yield (QY) of an unknown fluorophore. A simple way to evaluate the
quantum yield for an unknown dye is to compare it with a reference (compound for which QY is
known). Equation 26 (above) defines the quantum yield as a ratio of emitted photons to absorbed
photons by the sample or equivalently defines quantum yield through the radiative and non-
radiative rates. There is no simple way to evaluate/calculate the quantum yield of an unknown
fluorophore. The reason for that is that we will need to have a perfectly calibrated excitation lamp
to know precisely the number of photons emitted by the lamp per second and a perfectly calibrated

detection system that will be able to exactly evaluate the total number of emitted photons (photons
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emitted in all directions). For evaluating the total number of emitting photons, integrated spheres
are sometimes used, but this does not always give satisfactory results. In general, the emission of
the fluorophore (number of emitted photons) is proportional to the number of absorbed photons
and the fluorophore quantum yield. Photons are emitted in all directions (and only a small part
reaches the detector), and photons are spread through the emission spectrum. Using a known
standard/reference in the same configuration as our unknown sample, we can safely assume that
the portion of photons emitted toward the detector from our sample is the same. So, in principle,
it is sufficient to measure absorptions for the reference and sample and then emission spectra in
identical conditions (if the spectral range is different, we need to recalculate the number of detected
photons properly). The number of absorbed photons equals the number of excited molecules per
unit of time and is proportional to the change in the intensity of light going through the sample.
According to the Beer-Lambert law (equation 6), the number of absorbed photons (excited

molecules) of the standard will be

Np~Al, = I,(1 — 1079Pr), 27)
and for the sample

Ng~Alg = I,(1 — 1079Ps), (28)

where ODy and O D are optical densities (absorbances) for the reference and sample,

respectively. The number of emitted photons for the reference and sample will be
NZ" = NpQYg (29)
and

NEM = NgQYs. (30)

34



A typical system does not collect all the photons. However, for a system with the same detection
configuration (same system and the same/identical cuvette), the fractions of collected photons for
the reference and sample should be identical if the samples have the same refractive indexes. As
it is relatively easy to keep the detection geometry constant, our sample and reference are
frequently in different solvents with different refractive indexes. To discuss how this may affect

our signal and how to correct for this effect, let us consider the configuration presented in Figure

19.

Cuvette Air
n d D - -
I
au a1 -

Figure 19. Reflection of light exiting a cuvette. At a higher refractive index, the light exits the

cuvette at a larger angle and the lens collects less light.

The reference is in the solution with a refractive index, ng, and the sample refractive index ns.
The emitting point in the center of the cuvette is located at a distance d from the cuvette wall and
emits uniformly in all directions. The detector is at a distance D (D>>d) from the cuvette. For a
fixed geometry, the system will always see the light entering into the detector (collecting lens)
under the angle ;. Due to refraction, this will correspond to the angle «, that will depend on the
refractive index, n, of the solvent in the cuvette. Only the light emitted from a point source into

the cubical angle a, will reach the detector. At any given distance, the intensity I is distributed
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on a surface 4md? and the portion of energy flowing to the detector is proportional to the surface
area covered by the angle a,, s = nr? = m(dsin(a,))?and using the notation as in Figure 19

(cuvette) for sample and reference, we will get

SR =nD%tg?af (31)
and

S§ = nD?*tg’ay (32)

Where we assumed D ~ D + d. Snell’s law lets us calculate angles for a reference sinaf =
ngsina, and for a sample sinaj = ngsina;. We can now write the number of photons emitted

toward the detector at a given wavenumber (wavelength) by reference and sample, respectively,
NRQY
NEM(v) = ﬁnDznﬁtgzal (33)
and
NEM(v) = NgQYsnD?n2tga;. (34)

We can use the wavelength or wavenumber scale to calculate the total number of photons
emitted by the sample. The total number of emitted photons is proportional to the area under the
emission spectrum. We can then enter it in equations 33 and 34, and by comparing signals

measured for reference and sample, we can calculate the quantum yield of the sample

(1-10"%PRynZ [ Fg(v)dv
(1-1079Ps)n [ Fr(v)dv’

QYs = QY (3%5)

where Fs(v) and Fr(v) are integrated intensities (areas under the emission spectra profile) for
sample and reference, respectively. The spectrum profile will generally include a detector

sensitivity factor (correction for a different sensitivity to a different wavelength). Equation 35
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lets us calculate the quantum yield of a sample if we know the quantum yield of the reference.
We do not have to worry about differences in the sample and reference absorptions in this

general representation.

For most monochromators (with gratings as dispersing elements), the linear step will be

in wavelength, and we will use the wavelength version of equation 35

(1-10"%PR)nZ [ Fg(1)dA
(1-1079Ps)n% [ Fr(A)dA’

QYs = QYg (36)
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Chapter 3 Results and Discussion

Most of the presented results have already been published by us [8-11], and we only present crucial
findings with general conclusions. As a reminder, the following indole derivatives were chosen,
indole, 2-Phenylindole, and 5-Bromoindole. The idea of possibly directly exciting the triplet state
(So—T1) was still perceived as an impossible task. Specifically, why these indole derivatives were
chosen because they all have known photoluminescent (fluorescence and phosphorescence)
properties. Indole, for starters, is a simple molecule and the photoluminescent backbone for the

amino acid tryptophan. Indole’s photoluminescent properties will be studied first on the results
page.

3.1 Indole Results

The results below will follow a pattern of studying each molecule's photoluminescent properties.
First, the absorption spectra of the molecule will be observed to measure where light interacts
(So—S1) with the molecule. Next, the fluorescence emission and lifetime will also be observed.
The fluorescence lifetime will show that the emission time domain will be in the nanosecond range.
Phosphorescence emission through UV and direct excitation wavelengths will be observed and
compared within their spectral region. Phosphorescence emission anisotropy will be studied to see
if the difference in the angle between the absorption and emission transition moment will be low
(high anisotropy). Both emission anisotropies will be compared to the UV excitation (low
anisotropy) and direct excitation (high anisotropy). A high phosphorescence anisotropy will show
that the absorption transition moment of phosphorescence is being excited. Phosphorescence
excitation anisotropy will be measured to determine if the direct excitation wavelength is the most
efficient wavelength of high anisotropy. Phosphorescence lifetimes will be measured between the

UV and direct excitation wavelengths to show their time-domain being emitted will be in the
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millisecond range. Lastly, temperature dependence is shown that phosphorescence is heavily

sensitive to temperature, a common feature of phosphorescence.

3.1.1 Absorption and Fluorescence

The absorption spectrum of indole in PVA film at 20 °C is shown below in Figure 20. Inset
within the Figure is the chemical structure of indole. The spectrum shows a structured absorption

with the band maximum in the UV at 275 nm.
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Figure 20. The absorption spectrum of indole in PVA film. The thickness of the film is about 0.3

mm.

The indole fluorescence in PVA film is also similar to indole, and its derivatives spectra in
solutions and the emission peak position corresponds to a medium polar solvent [29]. Its
emission spectrum is shown below in Figure 21 as the black line. Its fluorescence maximum is at
about 325 nm. This is significantly shifted toward shorter wavelengths compared to the indole in
water (about 360 nm). The fluorescence of PVA-only film (red line) is negligible, even with a

UV excitation. If one focuses on the 450 to 500 nm range, as shown in the inset in Figure 21,
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there is a slight evidence of another band. This is where phosphorescence would be expected

[21,25,28,30].
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Figure 21. Fluorescence spectrum of indole in PVA film. The excitation was 290 nm. The insert

is the part of the emission spectrum with a slight indication of phosphorescence.

Indole and many of its derivatives have fluorescent lifetimes in the range of 4-7 ns [31]. Using a
290 nm LED excitation at 10 MHz, Figure 22 shows that the intensity decay observed near the
fluorescence peak at 325 nm can be fitted with a single exponential decay of 4.78 ns. The indole
fluorescence lifetime measurement was done with the UV LED, which has a relatively broad
full-width half-maximum of about 0.5 ns (see its response function IRF). Regardless, the 4.78 ns

recovered/fitted fluorescence lifetime very well matches the observed intensity decay of indole.
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Figure 22. Fluorescence intensity decay of indole in PVA film. The decay can be fit to a single

lifetime of 4.78 ns.

3.1.2 Phosphorescence

Emission spectra measured in phosphorescence emission mode for indole in PVA film excited at
290 nm (red line) are shown in Figure 23. Observed emission corresponds to the expected indole
phosphorescence emission in the 400 to 600 nm range. 290 nm excites the singlet state of indole,
a standard excitation route from the ground singlet state to singlet excited state, followed by
intersystem crossing to the triplet state and then transitioning to the original ground singlet state
that is associated with phosphorescence emission. Although there is no discernable absorption of
indole in PVA film at 405 nm, as shown in Figure 20, it turns out that 405 nm light efficiently
excites the indole triplet state leading to significant phosphorescence emission. In Figure 23, the
phosphorescence emission excited with 405 nm light is presented as the black line. This emission
is likely the result of the direct excitation of indole from the singlet ground state to the triplet
excited state. A different polymer instead of PVA, PMMA (Poly (methyl methacrylate)), was
used to show that direct excitation of indole does not occur just in the PVA matrix. Even if the

extinction coefficient for the transition from the So state to T is very low (the absorption
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spectrum cannot be measured), the population of the T; state with the xenon flash lamp is
roughly comparable (about twice higher) to the population achieved through the intersystem
crossing process. Such an efficient excitation of indole phosphorescence with blue light was an
unexpected observation. A very weak trace of long-wavelength absorption can be identified in

Figure 20, but it is very low and undiscernible within the thickness of the line.
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Figure 23. (Top) Room-temperature phosphorescence spectra of indole in PVA film with 290 nm

(shown in red) and 405 nm excitation (shown in black). PVA-only film emission is shown as well
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of 290 nm excitation (green) and 405 nm excitation (red). The bottom shows indole in PMMA

with an excitation of 385 nm.

The So = T absorption is well below any commercial spectrophotometer sensitivity. In order to
determine where the indole in PVA film’s phosphorescence could be excited, its
phosphorescence excitation spectrum was measured and is presented in Figure 24. We want to
stress that measurements in phosphorescence mode practically eliminate any excitation light

scattering and background emission.
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Figure 24. The room-temperature phosphorescence excitation spectrum of indole in PVA film

(black line). The red line is PVA-only film. The observation was at 480 nm.

The phosphorescence excitation ranges from ~250 to 450 nm, with two distinct local maxima at
295 nm and 410 nm. The UV band in the excitation spectrum corresponds to the Sp 2 S;

absorption and the band around 400 nm corresponds to the So = T absorption.
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3.1.3 Phosphorescence Lifetimes

10*

Indole in PVA Film
20°C

10%F

102
<>, =6.57 ms

<T>pmp = 3.20 Ms

Intensity (Counts)

-
o

290 nm Excitation
480 nm Emission

— Decay
——Fity*=1.05

Residuals
Sbowo =

Time (ms)

Intensity (Counts)

10°F

102}

10'

10°

Residuals
Sbow

Indole in PVA Film 405 nm Excitation
20°C 480 nm Emission
Decay
—2=1.01

L <t>, =5.62ms

Int
<T>pmp = 2.94 ms

Figure 25. Room-temperature phosphorescence intensity decays of indole in PVA film with 290

nm excitation (left) and 405 nm excitation (right). The observation was 480 nm.

One additional characteristic parameter of phosphorescence emission is the lifetime of the triplet

state (phosphorescence lifetime). To confirm that the observed indole emission with the 405 nm

excitation is phosphorescence, we measured phosphorescence lifetimes of indole in PVA film

with 290 nm excitation and 405 nm excitation. For this measurement, we used the FT300 system

powered with a flash lamp with a repetition rate of 300 Hz. Measured intensity decays are shown

in Figure 25. They both have complex intensity decays with similar millisecond lifetimes, as one

would expect for phosphorescence. The lifetime analysis is shown below in Table 1. The lifetime

with 290 nm excitation has an intensity averaged lifetime of 6.57 ms, while exciting with 405 nm

has a lifetime of 5.62 ms. The small difference could be due to the time needed for the

intersystem crossing process and relocation of the transition moment into an orthogonal

orientation.
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Value Value
Parameter (290 nm (405 nm
Excitation) Excitation)
<T>ntensity (Milliseconds) 6.57 5.62
<T>Amplitude (Milliseconds) 3.20 2.94
71 (milliseconds) 10.53 £0.21 9.17 £0.09
a1 (counts) 391.7+£9.4 1080.5 +16.1
T2(milliseconds) 2.78 £0.07 2.66 £0.04
a2 (counts) 1238.7 £32.3 3484.0 £55.4
73 (milliseconds) 0.60 £0.07 0.62 £0.04
a3 (counts) 907.2 £91.6 2492 +£151

Table 1. Intensity and amplitude averaged lifetimes along with their three-component fits for

both 290 nm excitation (Column 2) and 405 nm excitation (Column 3).

3.1.4 Phosphorescence Anisotropy

While the spectral difference between fluorescence and phosphorescence is apparent, along with
the lifetimes being six orders of magnitudes different, a third aspect of the emitted light can also
be measured that strongly suggests direct excitation to the triplet state for indole in PVA film,
without the need for the usual intersystem crossing. With the typical UV excitation, the
phosphorescence anisotropy is negative due to the orthogonal orientation of the phosphorescence
transition moment with respect to the absorption transition moment (the T1 = So transition
moment is almost perpendicular to that of So = Si). In Figure 26, we are presenting polarized
phosphorescence emission components as measured with a vertical excitation light polarization

(VV and VH). The horizontal component was corrected for the G-factor.

45



160

20°C ——Indole in PVA Film \V 20°C —— Indole in PVA Film WV
800 | Phosphorescence = Indole in PVA Film VH'G Phosphorescence Indole in PVA Film VH'G
——PVA-Only FilmVV 140 —— PVA ;
405 nm Exc nly Film 290 nm Exc PVA-Only Film VW

=== PVA-Only Film VH*G === PVA-Only Film VH*G

120

600y 100 -

80 -
400
60 -

40t
200 |
20}

Emission Wavelength (nm)
Emission Intensity (Counts)

Ot T T T . . .
40 450 500 550 600 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 26. Polarized components of indole phosphorescence in PVA film. The excitations were

405 nm (left) and 290 nm (right). The PVA-only film spectra are shown as well.

On the left of Figure 26, indole in PVA film was excited using 405 nm, and the Ivv and Ivu
components show a clear difference in their intensities. This means there is a non-zero positive,
high anisotropy. When it was excited with 290 nm, as shown in Figure 26 (right), the VH
component exceeded the VV component, which indicates a negative anisotropy. This is evidence
of these two different excitations resulting in two different pathways to the triplet excited state

Ti.
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Figure 27. Phosphorescence emission anisotropy of indole in PVA film with 405 nm (shown as

red dots) and 290 nm (shown as black dots) excitations.
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Calculation of the emission anisotropy for both excitations 290 nm and 405 nm were done using
equation 25. Figure 27 shows the anisotropy calculation as a function of wavelength of both
excitations. With 290 nm excitation (black dots), the emission anisotropy is around -0.05.

However, with 405 nm excitation, the emission anisotropy (red dots) is around 0.25.
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Figure 28. Phosphorescence excitation anisotropy. The observation was 480 nm.

The phosphorescence excitation anisotropy was measured to understand better where this change
in anisotropy spectrally occurs, as shown in Figure 28. As expected, the anisotropy is low and
negative when exciting in the 290-310 nm range. It transitions to the ~0.25 anisotropy around

400-450 nm excitation. This is evidence of a different excitation path.

3.1.5 Temperature Dependence

Finally, we compared the temperature dependences of indole in PVA film fluorescence and
phosphorescence. In Figure 29 (A), the fluorescence spectra of indole in PVA film were
measured at temperatures ranging from 10 °C to 60 °C. As shown in Figure 29 (C), the

maximum intensities barely changed, as would be expected for fluorescence in a rigid medium.
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Figure 29. (A, B) Fluorescence spectra of indole in PVA film at different temperatures and

fluorescence intensities of indole (at 320 nm) in PVA film as a function of temperature. (C, D)

Phosphorescence spectra of indole in PVA film were measured at different temperatures, and

phosphorescence intensities of indole (at 480 nm) in PVA film as a function of temperature.

Observing the phosphorescence emission on Figure 29, B the maximum peak of emission at 480

nm is decreasing with an increasing temperature. The many-fold decrease in intensity is evident

when the phosphorescence maximum intensitiy at 480 nm emission are plotted versus

temperature from 10 °C to 60 °C in Figure 29 (D). Similar temperature dependence has also been

observed for UV (290 nm) excited phosphorescence. In conclusion, the phosphorescence of
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indole in PVA film is significantly more sensitive to temperature than fluorescence. The rapid

thermal deactivation of the triplet state is a known phenomenon [30,31].
3.2 2-Phenylindole Results

2-Phenylindole was the second indole derivative chosen out of the set. This particular indole
derivative has a benzene ring covalently bound to the second carbon of the indole system. It was
theorized that the benzene ring could increase the probability of the intersystem crossing rate
occurring when using UV excitation. To begin the 2-Phenylindole system embedded in PVA, the

fluorescence properties of absorption, emission, and lifetime were measured.
3.2.1 Fluorescence Properties
3.2.1.a Spectra

Absorption and fluorescence spectra of 2PI in PVA film are presented in Figure 30. The

fluorescence spectrum centered around 375 nm shows a distinctive structure.
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Figure 30. Absorption (left) and fluorescence (right) spectra of 2PI in PVA film.
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The brightness of the 2PI in PVA film fluorescence was high, and the fluorescence background
from the PVA film (blank film) was negligible. A quantum yield measurement was done to see

how bright this film was to satisfy this curiosity.
3.2.1.b Quantum Yield

To measure the quantum yield of 2PI (film’s brightness), we compared it with a 1 mm path
length acidic solution of quinine sulfate (in 1M H>SOs), the best-known quantum yield standard,
see Figure 31. The concentration of quinine sulfate was adjusted to yield the same absorption as
2PI in PVA film at 328 nm. With identical absorptions for reference and sample, the quantum

yield of 2PI in PV A film can be calculated from the simplified expression (37):

I 2

QPN = Qr 7= (37)

The spectra of 2PI in PVA film and quinine sulfate solution, measured in the same conditions, are
presented in Figure 31. The quantum yield of 2PI in PVA, calculated according to the equation

above, is 0.36.
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Figure 31. Fluorescence spectra of 2Pl in PVA film and reference quinine sulfate in IM H>SO4
were measured at 328 nm excitation, where the absorptions of both compounds are equal. These

emission spectra were used to calculate the quantum yield of 2PL

3.2.1.c Fluorescence Lifetime

Fluorescence intensity decay of 2PI in PVA film is mono-exponential and can be a satisfactorily

fit with a single exponent lifetime of 2.1 ns, see Figure 32.
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Figure 32. Fluorescence intensity decay of 2PI in PVA film. The excitation was from a pulsed UV

(340 nm) LED.

The fluorescence anisotropy of 2PI in PVA film has not been reported. This measurement

provides a nice representation of how high typical fluorescence anisotropy is measured.
3.2.1.d Fluorescence Anisotropy

Fluorescence anisotropy of 2PI in PVA film was measured on the Varian Eclipse using front-
face configuration. G-factor corrected polarized components of 2PI in PVA fluorescence are
shown in Figure 33. The “VV” spectrum is taken with a vertically oriented polarizer for both
excitations and the emission. In contrast, the “VH” spectrum has a vertically oriented polarizer
on the excitation and a horizontally oriented polarizer on the emission. There is a considerable
difference in the vertical and horizontal components resulting in anisotropy of about 0.3, as seen

in Figure 34.
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Figure 33. Polarized components of 2PI fluorescence in PVA film.
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Figure 34. Fluorescence emission anisotropy of 2PI in PVA film.

3.2.2 Phosphorescence Properties

We measured the phosphorescence spectra, anisotropy, and lifetimes using normal singlet state
excitation (So—S1). Then, we checked the possibility of phosphorescence excitation using long-

wavelength excitation (405 nm) far off the expected absorption spectrum.
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3.2.2.a Phosphorescence Spectra

We excited 2PI in PVA film at 320 nm, near the absorption maximum, and observed emission in
the phosphorescence mode. Then, we used 405 nm excitation outside the absorption between 275
nm and 350 nm, figure 30 left, and repeated the measurement. To our surprise, the
phosphorescence spectrum, with a brightness comparable to UV excitation, could be recorded.
As seen in Figure 35, both 2PI in PVA phosphorescence spectra, with UV and violet excitations,
are similar, with their maxima at about 500 nm. Notably, the delayed fluorescence component

seen at 340-400 nm emission when the triplet state is being excited is much weaker.
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Figure 35. Phosphorescence of 2PI in PVA film with 320 nm (left) and 405 nm (right) excitations.

3.2.2.b Phosphorescence Emission Anisotropy

Next, we compared emission anisotropies of 2P phosphorescence with 320 nm and 405 nm
excitations. From the G-factor corrected polarized components (Figure 36), it is immediately

apparent that their anisotropies are significantly different.
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Figure 36. Polarized components of 2PI phosphorescence in PVA film with 320 nm (left) and 405

nm (right) excitations.

As shown in Figure 37, the anisotropy with UV excitation is very low when calculated. In

contrast, with 405 nm excitation, the emission anisotropy is high and comparable to the earlier

measured fluorescence anisotropy presented in Figure 34.
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Figure 37. Phosphorescence anisotropies of 2Pl in PVA film at 320 nm and 405 nm excitations.
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3.2.2.c Phosphorescence Excitation Spectrum and Excitation Anisotropy

Next, we set the observation at 490 nm, near the phosphorescence maximum, and scanned the
phosphorescence excitation spectrum. Figure 38 shows the measured (uncorrected for lamp

intensity) excitation spectrum of 2PI in PVA film.
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Figure 38. The phosphorescence excitation spectrum of 2Pl in PVA film at 490 nm observation.

Next, we measured the polarized components of the excitation spectrum and calculated the
excitation anisotropy. We used the G-factor for the 490 nm observation to calculate the
anisotropy. It is important to note that for calculating the actual excitation anisotropy, there is no
need for lamp correction. In Figure 39, we present the excitation anisotropy. The
phosphorescence excitation anisotropy for short-wavelength excitation, below 330 nm is very
low and quickly increases to values above 0.3, which was close to that measured for fluorescence

anisotropy.
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Figure 39. Phosphorescence excitation anisotropy of 2PI in PVA film at 490 nm observation.

It has been known for a long time that PVA matrices limit oxygen diffusion and provide strong
stabilization of the triplet state, leading to a highly efficient phosphorescence of various
compounds [24, 25, 28 42]. Nevertheless, we were initially surprised to observe that a long-
wavelength excitation above the typical absorption band (>380 nm) leads to a significant
phosphorescence. There is an indication that it can stimulate the spin-forbidden transition from
the ground state (absorption process). However, the expected probability for such a process is
very low. For this initial report, we selected 2PI because of its unusually efficient
phosphorescence in a PVA film. Also, the bandwith of 2PI are at longer wavelengths when
compared to 5-Bromoindole, indole, and Tryptophan. PVA presents a small absorption below
400 nm with a maximum of about 278 nm. Longer wavelength absorption of 2PI limits the
amount of polymer excitation and potential excitation energy transfer from the polymer matrix to
the dye. Detecting a high phosphorescence anisotropy with 405 nm excitation was crucial to
eliminate such a possibility since a single-step energy transfer in isotropic media would

significantly lower the observed anisotropy.
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3.2.2.d Phosphorescence Lifetimes
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Figure 40. Phosphorescence intensity decays of 2Pl in PVA at 305 nm and 405 nm excitations.

We measured phosphorescence lifetimes of 2PI in PVA film in a front-face configuration using
two excitations, 305 nm and 405 nm. Intensity decays and recovered phosphorescence lifetimes
are shown in Figure 40 and Table 2. The <t>mand <t>amp were calculated according to
equations 19 and 20, respectively. As expected, the recovered phosphorescence lifetimes are
similar, showing three-lifetime components. Average lifetimes for both excitations are practically

identical within the experimental error.

Excitation T; (ms) o T, (ms) o2 T3 (ms) o3 <Tm | <TAmp X
(ms) (ms)

305 nm 2.73+0.05 129646 0.82+0.04 2249421 0.16+0.02 1683+70 | 1.98 1.08 1.05

405 nm 2.45+0.06 853+5 0.77+0.05 1346+16 0.14+0.03 980458 1.82 1.03 1.02

Table 2. The lifetime component fits for 2PI in PVA film with 305 nm and 405 nm excitation.

In contrast to fluorescence, 2PI phosphorescence shows complex decays with UV and blue
excitations. In a long-lived triplet state, there are more possibilities for the interactions of 2PI
molecules with the polymer matrix, which can result in a deviation from mono-exponential
decay. We believe that oxygen quenching, although greatly limited in PVA, is responsible for

non-exponential phosphorescence decay
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This additional phosphorescence observation for indole suggests that such direct triplet state
excitation might be possible for tryptophan and other proteins containing tryptophan. Such a
possibility would critically impact potential studies of large protein complexes. Protein solutions
are pratically transparent when long wavelengths (over 400 nm) interact and provides only
minimal background. In water solution at room temperature, the phosphorescence lifetime will
be much shorter but still much longer than its fluorescence lifetime, thus allowing the study of
slower dynamic processes of macromolecular ensembles. In addition, the phosphorescence

lifetime is very sensitive to temperature and oxygen concentration.
3.3 5-Bromoindole Results

5-Bromoindole is the third set of indole derivatives being studied. There is a heavy atom, bromide,
for this indole derivative, attached to the 5" carbon on the indole system. The reason 5-
Bromoindole was chosen is to observe the heavy atom effect. The heavy atom effect can also

increase the probability of achieving phosphorescence when exciting in the UV.
3.3.1 Absorption

The absorptions of both 5-Brl and indole in PVA film at 20°C are shown in Figure 41. Included
in Figure 41 are the chemical structures for both 5-Brl and indole. The absorption maxima for
indole and 5-Brl in PVA film are 280 nm and 290 nm, respectively. The absorptions of the indole
and 5-Brl agrees with previously published values [9, 88]. Absorption of 5-Brl is about twice as

strong and slightly red-shifted as the indole’s absorption due to the presence of the bromide ion.
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Figure 41. Absorption spectra of 5-Bromoindole and indole in PVA films. The thicknesses of the
films were about 0.3 mm. The measurements were done with a reference baseline of PVA film

(alone, no 5-Brl). The chemical structures of both fluorophores are on the right.
3.3.2 Fluorescence Spectra and Lifetime

Fluorescence spectra of indole and 5-Brl in PVA films were measured in front-face configuration
with the excitation at 290 nm. There is a dramatic difference in their brightness. While indole has
a very strong fluorescence emission, 5-Brl has an extremely weak emission. In Figure 42, we used
two different intensity scales. The right (red) scale for 5-Brl is 25-fold, showing that the brightness
of 5-Brl is about 50 times weaker than indole. It is not surprising because heavy atoms like bromine
or iodine are efficient fluorescence quenchers [1, 2, 3]. However, the positions of fluorescence
spectra are almost identical, centered at 325 nm, in contrast to the absorption spectra, see Figure
42. Using these absorption and fluorescence measurements of 5-Brl and indole (Figures 41 and
42), we estimated the quantum yield of 5-Brl in PVA film to be 0.0034, which is about two orders

of magnitude smaller than the quantum yield of indole (0.35).
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Figure 42. Fluorescence spectra of 5-Bromoindole and indole [34] in PVA films. The excitation

was 290 nm.

Next, we measured the fluorescence intensity decay of 5-Brl in PVA film (Figure 43). The decay
is heterogeneous, with an amplitude averaged lifetime of about 0.6 ns. This is about 8 times shorter
than the indole lifetime. However, the lifetime shortening is much smaller than the change
observed in the intensity measurements. We believe that extremely short components in 5-Brl
intensity decay could not be seen/resolved with relatively long (0.6 ns) LED pulses. The effect is
similar to a partial static quenching where part of the excited molecule is rapidly deactivated,
decreasing the excited state population. Furthermore, the fluorescence decay’s observation
wavelength is set to 350 nm instead of the maximum emission peak at 325 nm to avoid leaking the

LED excitation light and Raman scattering.
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Figure 43. Fluorescence intensity decay of 5-Brl in PVA film. The excitation was 285 nm from a
pulsed LED, and the observation was set to 350 nm. The decay can be satisfactorily fitted (blue

line) with three exponents: o;: 0.64 & 7;: 0.13 ns; az: 0.322 & ©2: 1.08 ns; az: 0.038 & t3: 4.9 ns.

Several of our studies’ reported that indole might show phosphorescence under certain conditions.
Room-temperature measurements of phosphorescence need careful oxygen removal in solutions.
Indole derivatives in a solid phase on paper substrates show long-wavelength emission attributed
to phosphorescence, as described in the Introduction. Long-wavelength emission of 5-substituted
electro-polymerized indoles has also been reported [64]. PVA polymer is a dense matrix that
significantly reduces the diffusion of oxygen. This increases fluorescence and highly enhances the
phosphorescence of dyes embedded in PVA films. However, previous phosphorescence
measurements were done only with the excitations to the singlet (allowed) states. Also, earlier
singlet-triplet absorption measurements for various molecules were largely unsuccessful [35-37].
It should be noted that despite a lack of direct absorption measurements, an elegant method to

decipher the photophysics of the triplet state has been proposed [22, 32, 33, 35, 36, 37].

62



3.3.3 Phosphorescence Spectra

We used the phosphorescence mode of the Varian Cary Eclipse Spectrofluorometer that can
effectively gate out fluorescence. We measured the phosphorescence spectrum of 5-Brl in PVA
film at 290 nm excitation, see Figure 44. First, in contrast to the fluorescence (Figure 42), the
phosphorescence intensity of 5-Brl is roughly comparable to indole. Second, the 5-Brl
phosphorescence spectrum is red-shifted by about 50 nm compared to the indole spectrum. These
two facts suggest that the bromide atom enhances spin-orbit coupling allowing efficient
intersystem crossing transition followed by phosphorescence [66, 67]. Also, the triplet state

energy in 5-Brl is significantly lowered by the presence of the heavy atom.
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Figure 44. Phosphorescence spectrum of 5-Brl in PVA film. The excitation was 290 nm. Detection
parameters were: Total decay time: 0.01s; Number of flashes: 5; Delay: 0.1ms; Gate: 5.00ms.

Next, we used long-wavelength excitation at 470 nm. Surprisingly, the phosphorescence is much
stronger (about 8-fold, compared to intensity scales) than UV excitation, see Figure 45. Intrigued

by this outcome, we measured the phosphorescence excitation spectrum of 5-Brl in PVA film, as
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shown in Figure 46. Indeed, the phosphorescence of 5-Brl can be effectively excited up to 520 nm,
with the maximum at about 475 nm. We believe the range over 350 nm for the excitation spectrum
corresponds to a direct triplet state excitation (So — T1); below 350 nm we have a combination of
a direct triplet state excitation and singlet state excitation and intersystem crossing to the triplet

state T;.
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Figure 45. Phosphorescence spectrum of 5-Brl in PVA film. The excitation was 470 nm. Detection
parameters were: Total decay time: 0.01s; Number of flashes: 5; Delay: 0.1ms; Gate: 5.00ms.

Such efficient direct excitation of 5-Brl in PVA film to the triplet state is another manifestation of
a spin-orbit coupling. Additional measurements of lifetime and phosphorescence anisotropy were

conducted to further confirm this.
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Figure 46. The excitation spectrum of 5-Brl in PVA film was observed at 530 nm. Detection

parameters were: Total decay time: 0.01 s; Number of flashes: 5; Delay: 0.1 ms; Gate: 5.00 ms.

3.3.4 Phosphorescence Lifetime

The phosphorescence intensity decay of 5-Brl in PVA film with the 470 nm pulsed excitation is

presented in Figure 47.
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Figure 47. Phosphorescence intensity decay of 5-Brl in PVA Film with 470 nm pulsed (50Hz)
excitation and 530 nm observation. The decay was fitted to 2 exponents: a;: 0.74 t;: 0.53 ms; ax:

0.26 t2: 2.1 ms.

The average intensity lifetime was 1.46 ms and the amplitude averaged lifetime was 0.94 ms,
slightly shorter than the phosphorescence lifetime of 2-Phenylindole and indole in PVA film [8,

91.

3.3.5 Phosphorescence Anisotropy

The steady-state excitation and emission phosphorescence anisotropies of 5-Brl are shown in
Figure 48. The excitation phosphorescence anisotropy shows an interesting wavelength
dependence, see Figure 48, left. At shorter wavelengths, the anisotropy is low within the Sp — Si
transition, close to zero. The weak phosphorescence signal results in rather noisy anisotropy
values. It is not surprising because low and negative phosphorescence anisotropies were already
observed for indole and 2-Phenylinole with UV excitation [8, 9, 28]. At longer wavelengths, within

the So — T transition, the anisotropy increases to a value of about 0.2.
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Figure 48. Phosphorescence excitation (left) and emission (right) anisotropy spectra of 5-Brl in

PVA film.

The phosphorescence emission anisotropy of 5-Brl in PVA film with 490 nm excitation has a

constant value of roughly 0.2 in the phosphorescence range, see Figure 48, right.

3.3.6 Temperature Dependence of Phosphorescence

We expect to see a very strong temperature dependence of phosphorescence [8, 9, 32, 33, 65]. The
5-Brl phosphorescence dramatically depends on temperature (Figure 49 A and B), in contrast to

fluorescence (Figure 49 C and D), which weakly changes in this temperature region.
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Figure 49. Temperature dependence of the 5-Brl in PVA film phosphorescence (A and B) and
fluorescence (C and D). The spectra as measured with phosphorescence A and fluorescence C.

Maximum intensities of phosphorescence B and fluorescence D.

Such phosphorescence temperature-dependence can be easily used for convenient temperature
sensing from 20°C — 50°C, see Figure 49, A. The combination of 5-Brl in a PVA film strip with a

temperature-insensitive emission sample offers a ratiometric method for temperature sensing.

3.3.7 Triplet Absorption & Quantum Yield

Relatively strong phosphorescence emission of 5-Brl PVA films with long-wavelength excitation
is intriguing and inspired us to look once again into absorption in the extended wavelength range.

Looking back at the absorption of 5-Brl in PVA (Figure 41), it is evident that the absorbance in
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the UV dominates the measured spectrum. We remeasured the absorption at longer wavelengths
and carefully subtracted the PVA alone background as described in [8], see Figure 50. There is a
clear evidence of an additional peak centered at about 470 nm. We believe this peak is due to the
singlet to direct triplet absorption. The absorbance at 470 nm is measurable and was found to be
about 800 fold weaker than the UV (280 nm), allowing absorption to the S; state, see Figure 41.
We want to stress that this is quite a surprise that the forbidden So — T absorption transition can

be so strong. We expect this is due to the rigid environment of the polymer matrix.
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Figure 50. The absorption spectrum of 5-Brl in PVA film in the long-wavelength range.

The clear presence of the So— T transition inspired us to try the measurement at 470 nm excitation
in the fluorescence mode (without gating). This measurement required the support of a 470 nm
band-pass filter on the excitation path to eliminate a leak of the excitation. We were pleasantly
surprised because the emission centered at 535 nm can be recorded, see Figure 51. We compared
this emission with a diluted solution of Rhodamine 6G in ethanol, which was placed in a 1 mm
cuvette. With these measurements, a calculation of the quantum yield for 5-Brl in PVA film was

conducted using the respective absorbances at 470 nm.
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Figure 51. Phosphorescence spectrum of 5-Brl in PVA film measured in fluorescence mode
(without gating) with 470 nm excitation and fluorescence spectrum of Rhodamine 6G in ethanol
(in a 1 mm cuvette) measured in the same conditions. At 470 nm, the absorbance was: 0.00123 for

5-Brl in PVA film and 0.00022 for R6G in ethanol.

The calculations show that the quantum yield of 5-Brl in PVA film at 20°C is about 0.02. We want
to stress that the obtained quantum yield was found by the lack of a precise So — T1 absorption
measurement. However, we believe that this is an important finding because the possession of the
quantum yields and lifetimes of both fluorescence and phosphorescence allows one, for the first
time to calculate deactivation rates for the excited states (fluorescence and phosphorescence). With
the addition of the phosphorescence excitation spectrum, we have the unique possibility to estimate
the intersystem crossing rate from S; to Ti. Since quantum yields and lifetimes of phosphorescence

are given by [1, 2, 63]

IF
rp+kE+kisc’

QYr = (37)

and
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1

T oY
and similarly for phosphorescence
QY = (39)
and
T = (40)
We can directly calculate radiative rates for fluorescence and phosphorescence as
=1 @1
and
I =2" (42)

With the present experimental results, we cannot separate the non-radiative rate and intersystem
crossing rate, and we can only calculate a cumulative non-radiative deactivation rate for an excited

singlet state

1-Ifr 7
knr = kﬁr + kISC = £ FJ (43)

F

and for phosphorescence

(44)

At this point, we can only estimate the value of the intersystem crossing rate using the
phosphorescence excitation spectrum shown in Figure 46. At the wavelength 470 nm, we only

have a direct T; excitation. At wavelengths below 320 nm, the triplet state population is due to
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singlet excitation and intersystem crossing and some contribution from the direct higher triplet
state excitation. Assuming that at 290 nm, we dominantly excite the singlet state, we can calculate

that the intersystem crossing rate, kisc is

(1-1079P470)p,q,
(1-109D290)p,,,’

kisc < (45)

Where ODz90, and OD470 are absorptions measured at 290 nm and 470 nm, P29o and P47 are the
phosphorescence signal measured with 290 nm excitation and 470 nm excitation, respectively.

Table 3 presents all the estimated molecular photophysical parameters associated with 5-Brl

excited states’ deactivation.

Fluorescence (s) | Phosphorescence (s)
r 5.57*%10°+0.02 2.12%10'+0.02

Ko 1.63*10°+0.02 10.42*10%+0.02

kisc <2.2%10%+0.1

Table 3. Photophysical rate constants of 5-Brl in PVA

Again to further emphasize the values calculated for fluorescence and phosphorescence radiative
rates (I') they were obtained via the quantum yield and lifetimes (equations 41 and 42 respectively). This
shows that 5-Brl is heavily quenched from the bromide since the fluorescence nonradiative rate (knr) is
fairly dominate when compared to fluorescence radiative rate I'. However looking at the phosphorescence
radiative rate it is just under one order of magnitude compared to the phosphorescence nonradiative rate.
The low difference in the phosphorescence radiative and nonradiative rates shows that phosphorescence
emission has a higher probability of occurring. For kisc it is typically a low probability transition and the
rate shows to be roughly in the 10 inverse seconds range. Fluorescence and as well as the nonradiative

processes in fluorescence will be the dominate pathways for 5-Brl.
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3.4 Tryptophan Results

As of now, the photoluminescent properties of the indole derivatives have been studied. It has been
shown a longer wavelength of excitation can be used to observe phosphorescence emission. The
longer wavelength (direct excitation) also shows to have high excitation anisotropy; consequently,
it produces a high emission anisotropy. The phosphorescence lifetimes are comparable when
excited through UV and the direct excitation wavelength. Furthermore, the phosphorescence
emission with a temperature change behaves as typical phosphorescence. Now all of the
information known from the indole derivatives will be applied to the amino acid residue

tryptophan.

3.4.1 Absorption and Fluorescence

Our first attempts at RTP measurements of TRP in PVA film have shown that the detected
intensity signals are relatively weak. We compared the fluorescence/phosphorescence of TRP and
indole. The samples (doped PVA films) were prepared with approximately the same
concentrations of both compounds of about 7 mM. The RTP measurements with UV (285 nm)
excitation were possible for indole and TRP films and revealed similar intensities. However, the
long-wavelength excitation at 410 nm gave different results. We realized that RTP measurements
of TRP from a single PVA film with long-wavelength excitation require some alteration when
using commercial spectrofluorometers. We prepared a series of TRP-doped PVA films with a
slightly higher concentration of about 10 mM. The absorption and fluorescence spectra did not
show any concentration effect, and spectral profiles were identical to spectra measured from low-

concentration films, as seen in Figures 52 and 53.
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Figure 52. The absorption spectrum of tryptophan in PVA film. A chemical insert is shown in the
graph.
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Figure 53. Fluorescence spectrum of tryptophan in PVA film. The insert shows the long-wavelength
tail of the spectrum measured at a higher voltage on the detector.

Figure 52 shows the measured absorption spectrum of TRP in PVA film after removing the
residual PVA background. The excitation wavelength chosen for the fluorescence emission was

285 nm. The fluorescence emission intensity spectra have a strong signal between 300 and 400
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nm. The fluorescence spectrum of TRP in PVA film shows a minor irregularity in the long-
wavelength tail at about 450 - 500 nm, see Figure 53. A higher voltage is applied, and a long-
wavelength tail of the fluorescence spectrum is shown in Figure 53 (black line). The increased
voltage emphasized the irregularity. The irregularity shows the phosphorescence emission
emanating from the steady state fluorescence measurements. We used multiple TRP-doped PVA

films for the RTP study with long-wavelength excitation (direct triplet state excitation).

3.4.2 Phosphorescence Emission

The PVA films are inert in non-polar solvents, and these solvents were used as index matching
fluids. The PVA film in the presence of such solvents becomes invisible, and all reflections are
eliminated. We cut the TRP-doped PVA film into 1 cm x 4 cm strips and packed them into a 4 mm
x 10 mm quartz cuvette. Next, the cuvette was filled with the index-matching fluid (mixture of
benzene — n-heptane, 1:1) and then sealed. We used this cuvette with multiple films for RTP
measurements with long-wavelength excitation at 410 nm. We used the convenient square
geometry configuration for these measurements with a 4 mm path facing the detector. The
measurements with UV excitation were done using a single film and front-face configuration,
which was necessary to avoid a residual PVA absorption. RTP spectra from TRP-doped PVA are

shown in Figure 54.
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Figure 54. A: Phosphorescence spectrum of tryptophan in PVA film measured with long-
wavelength excitation, 370 nm, far from absorption. B: Phosphorescence spectrum of tryptophan
in PVA films measured with UV excitation. C: Phosphorescence emission with lower emission slits
to emphasize the structure. The parameters in phosphorescence measurements were: Total Decay
Time: 0.050 seconds, Number of Flashes: 5, Delay Time: 0.100 milliseconds, and Gate Time:
5.00 milliseconds.

The measurements were done in the same observation conditions, with lower voltage on the
detector for UV excitation. The spectrum with long-wavelength excitation is slightly shifted
towards longer wavelengths, similarly to indole [9]. Figure 3C shows the phosphorescence
spectrum measured with smaller (5 nm) slits, with higher voltage on the detector, and without

smoothing. This slightly structured spectrum looks very similar to the spectrum measured by Horie
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and Vanderkooi for a protein containing tryptophan [72]. The large slits (20 nm) are responsible

for the lack of structures in spectra presented in Figures 54A and 54B.

3.4.3 Phosphorescence Excitation, Emission, and Anisotropy

Next, we measured the excitation spectrum. The RTP excitation spectrum of TRP (measured for
multiple films) is shown in Figure 55. The observation was set at 500 nm, and the excitation was

scanned from 280 nm to 480 nm.

TRP in PVA Films
20°C, Obs. 500 nm
—— Stack of 5 Films

Intensity (counts)

300 350 400 450
Wavelength (nm)

Figure 55. The phosphorescence excitation spectrum of tryptophan in PVA films with observation
at 500 nm. The parameters in phosphorescence measurements were the same as in Figure 54.

There is clear evidence for long-wavelength absorption at around 350-450 nm; a more efficient
excitation is in the UV region. In the long-wavelength region, the most efficient excitation is
around 400 nm. Suppose the long-wavelength absorption of TRP is responsible for the direct
excitation to the triplet state. In that case, the phosphorescence anisotropy should be different
(higher) than UV excitation, which involves the singlet excited state. Therefore, we measured the
RTP excitation anisotropy of TRP-doped PVA films over the entire wavelength scale, as seen in

Figure 56.
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Figure 56. Phosphorescence excitation anisotropy (shown as green dots) spectrum of tryptophan
in PVA films. The intensity polarization component VH is shown in blue, and the VV polarization
component is in black.

The observation wavelength was set to 480 nm (near the maximum emission in Figure 54), then
VV and VH polarization excitation spectra were measured. Excitation anisotropy was calculated
as a function of wavelength with equation 25. In fact, in the UV region, the anisotropy (green dots)
is negative, while in the long-wavelength region, it is positive, reaching almost a value of 0.3. The
higher anisotropy values signify that the molecules are populating to a specific state, i.e., the
phosphorescence state (wavelengths 470-570 nm). For the emission anisotropy measurements, we
selected 425 nm for the excitation. The emission RTP anisotropy spectrum (Figure 57) is high

across the emission spectrum, only slightly depending on the observation (emission) wavelength.
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Figure 57. Phosphorescence emission anisotropy (shown as green dots) spectrum of tryptophan in
PVA films. VV emission spectra in black, and VH emission spectra in blue.

3.4.4 Phosphorescence and Fluorescence Temperature Dependence

Phosphorescence is known for its strong dependence on temperature [21, 32, 33, 65, 71]. Since the
typical phosphorescence lifetime is in the order of microseconds — seconds, it is susceptible to
environmental factors (e.g., quenching). The temperature-dependent RTP of TRP-doped PVA
films with long-wavelength excitation is shown in Figure 58A. Clearly, at 50-60°C, the
phosphorescence is already below the measurement capability. Figure 59 shows a similar yet
slightly steeper dependence for UV excitation. Both cases of temperature dependences (excitation

410 nm and 285 nm) show that TRP in PVA film could be a possible temperature sensor.

In Figure 58B, the intensity values (read at the peak) are normalized (divided by the max value at
5°C.). The temperature measurements began at 5°C, where the phosphorescence intensity was the
greatest, and cooling to 5°C favors the phosphorescence radiative rate. As temperature increases,
the phosphorescence emission intensity begins to decrease. Hence, the non-radiative rate will now
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out-compete the radiative rate. Also, as a consequence of the increased molecular relaxation (due

to polymer viscosity change), there is a slight spectral red shift in Figures S8A (410 nm excitation)

and 59A (285 nm excitation) as temperature increases.
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Figure 58. Temperature dependence of tryptophan in PVA films phosphorescence at long-

wavelength excitation (A). On B, it shows the maximum intensity value as a function of temperature

at 5°C. Normalization was done with the maximum value at 5°C.
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Figure 59. Temperature dependence of tryptophan in PVA films phosphorescence at UV excitation
(4). On B, it shows the maximum intensity value as a function of temperature. Normalization was

done with the maximum value at 5°C.

Subsequently, we measured fluorescence dependence on temperature, see Figure 60A. At 60°C,

fluorescence intensity decreases to about 50% (Figure 60B), which is different from the indole
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film, where a very weak dependence was observed [4]. The fluorescence does not drastically

decrease as a function of temperature compared to the similar phosphorescence measurements.
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Figure 60. Temperature dependence of tryptophan in PVA films fluorescence at UV-wavelength
excitation (A). On B, it shows the maximum emission intensity value normalized at 5°C. On C, all
temperature dependences of phosphorescence (excitation 285 nm and 410 nm) as well as
Sfluorescence with an excitation of 285 nm are shown together for comparison.

The phosphorescence temperature dependencies differ slightly for UV and long-wavelength
excitations. Such temperature dependence may seem puzzling at first glance. However, it should
be noted that UV excitation results in the population of the S; state, and a different deactivation
path from the singlet excited state (non-radiative transition S;-Sg) contributes to the total
deactivation. As a result, fewer molecules appear in the triplet state, which is responsible for
phosphorescence. This deactivation path (Si1-So) is not present with the direct long-wavelength

excitation.

3.4.5 Phosphorescence Lifetime

Finally, we measured the lifetime of RTP of TRP-doped PV A films with long-wavelength and UV
excitation, see Figure 61. The lifetime is heterogeneous, with an average value of sub-milliseconds

for direct (A) and UV (B). (see also Table 4), which is a few times shorter than indole [9].
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Figure 61. Phosphorescence lifetime of tryptophan in PVA films with long-wavelength excitation
(A). UV excitation with the same observation was conducted (B).
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405 nm Excitation 285 nm Excitation

o1 (counts): 221.4+21.3 56.5+£16.9
71 (milliseconds): 1.18+0.14 1.29 +£0.47
o2 (counts): 260.1£59.8 49.4£75.0
T2 (milliseconds): 0.18 £0.05 0.07+0.15
o3 (counts): 136+163 43.4£197
73 (milliseconds): 0.03 £ 0.04 0.01+0.07
<t>ine (milliseconds): 1.00 1.22
<T>amp (milliseconds): 0.49 0.51

Table 4. Intensity and amplitude average lifetimes with their components fitting to three
exponentials. Excitation was 405 nm, and emission was observed at 500 nm (Left). The right
shows the components when the excitation was set to 285 nm and the observation was set to 500

nm.

The lifetime of TRP in PVA film was excited at 405 nm and 285 nm using the FT300’s flash lamp
set at 300 Hz. The observation wavelength was set to 500 nm, close to the maximum
phosphorescence intensity. The lifetime was fitted to 3 components. All components are in the
millisecond-submillisecond range with a dominant (42%) of 0.18 ms for direct excitation. As for
UV excitation, the dominant component is 1.29 ms (38%). The average lifetime is in the
millisecond/submillisecond range. The lifetime of TRP moiety in proteins depends on the exposure
to the aqueous phase and varies from tens of microseconds to milliseconds [21]. The short lifetime
of TRP fluorescence can be used only to study the fast motions of the molecule itself or short
peptide chains. The longer phosphorescence lifetime enables monitoring motions of whole
proteins and their domains. A high limiting phosphorescence anisotropy makes this possible for

time-resolved studies in the submillisecond range.
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Chapter 4 Conclusions

4.1 Indole

The possibility of direct triplet excitation of indole followed by phosphorescence is highly
unexpected. We repeated the PVA film preparation, spectroscopic measurements, and indole
purification multiple times. The results are very much reproducible, and measurements can be
performed at room temperature using any commercial spectrofluorometer with a

phosphorescence function.

One could ask if the observed directly excited phosphorescence is specific to PVA. We prepared
PMMA (Poly (methyl Methacrylate)) films with indole to answer this question. The
phosphorescence spectrum with blue excitation is presented in Figure 23, bottom. Compared to
the spectrum in PVA (Figure 23, black line), the spectrum in PMMA is slightly shifted towards
shorter wavelengths. We believe this is a result of the slightly lower polarity of PMMA. PMMA
was used to show an example that not only PVA can be used to observe direct triplet excitation

of indole.

Another question one could ask is - is there a possibility to determine the kinetic parameters of
the photo-processes involved in indole phosphorescence/fluorescence? To describe the photo-
processes occurring with UV and blue excitations, we need to consider: (1) non-radiative and (2)
radiative transitions from Si to So, (3) intersystem crossing from S; to Ti, (4) non-radiative and
(5) radiative transitions from T to So. We currently have only three independent measurements:
the fluorescence lifetime and quantum yield and the phosphorescence lifetime of. The two
remaining parameters involving the triplet state can only be estimated. An attempt was made by

Kearns and co-workers [35-37]. They used phosphorescence excitation spectra and proposed to
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estimate a ratio of intersystem crossing efficiency (®isc) to singlet-triplet extinction coefficient

(est). In this case, the dependence will have the form

®ysc _ P(290) 1(405) 1
€sr  P(405) 1(290) £g5’

(46)

where P(290) and P(405) are phosphorescence intensities with UV and blue excitation, (ess) is
the extinction coefficient of indole UV absorption, and 1(290) and I(405) are intensities of the
excitation light. When using the Varian Eclipse spectrofluorometer, the excitation intensities are

normalized with a reference photodetector, and the equation further simplifies.

What are some possible applications of indole phosphorescence excited directly with blue light?
First, measurements used within the visible spectral region are incomparably easier than in the
UV region and do not require special optics. Second, the unwanted background from the
solvent/medium is much smaller with blue light excitation than with UV. Third, the directly
excited phosphorescence anisotropy is positive and high, whereas it is negative and small with
UV excitation. This allows one to study large protein rotational motions using time-resolved
phosphorescence (anisotropy decays) of tryptophan. Many other applications of this

phenomenon are possible, like temperature sensing or polarization-based sensing.

4.2 2-Phenylindole

We studied the fluorescence and phosphorescence properties of 2PI in PVA film at room
temperature. The most important finding is the possibility of direct triplet state T excitation with
violet light. In contrast to conventional phosphorescence excitation via its singlet Si, the
phosphorescence anisotropy when excited directly to the T; state is as high as fluorescence

anisotropy. The high phosphorescence anisotropy of indoles which are the side chain of the
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amino acid tryptophan found in many proteins) opens new possibilities in large protein
conformational studies and macromolecular dynamics occurring in the micro-millisecond time

region.

It is noteworthy that the part of myosin in muscle systems responsible for rotation-causing
movement [56] contains tryptophan. It is conceivable that it will be possible to excite this indole
directly and thus take advantage of its high anisotropy. This may prove to be more sensitive to
monitoring its angular position than the current attempts to measure the orientation by the

fluorescence polarization.

4.3 5-Bromoindole

5-Brl in PVA film fluorescence at room temperature is very weak, about 50 times weaker than
indole fluorescence. However, the phosphorescence of 5-Brl is only about twice as weak as indole
phosphorescence with UV excitation. The phosphorescence is significantly stronger when excited
at longer wavelengths. The excitation at 470 nm is about 10 times stronger than at 290 nm, as seen
in Figure 46. It should be noted that the Varian spectrofluorometer is equipped with a reference
photodiode and corrects for the lamp excitation power. The phosphorescence excited at longer
wavelengths has high positive anisotropy, showing a lack of involvement of any intermediate state,
and is very sensitive to temperature, as shown in Figure 49. We were pleasantly surprised by two
facts. First, we separated direct absorption to the triplet state signal (Figure 50). Second, without
gating, phosphorescence measurements were done in fluorescence mode. These two measurements
allow us to estimate the phosphorescence QY directly and to decipher all photo-physical
parameters involved in room temperature excited states deactivation (fluorescence and
phosphorescence) of 5-Brl in PVA film. We believe this is the first successful attempt to recover

complete photophysical parameters for excited states deactivation.
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4.4 Tryptophan

It has been shown that it is possible to excite TRP directly to the triplet state. This excitation
results in phosphorescence emission, which we believe to be an important finding. PVA and most
solvents and buffers do not absorb the blue light used for the direct TRP excitation. Powerful laser
light sources are readily available for excitation in this spectral range. Also, long-wavelength
excitation results in lower scattering, which might be necessary in macromolecule (protein)

studies. The biological background noise will be reduced as compared to typical UV excitation.

Temperature studies of TRP in PVA film show that it is indeed sensitive to different temperatures.
The temperature sensitivity implies a possible application as a temperature probe. However, the
essential finding is that direct excitation to the triplet state results in a high phosphorescence
anisotropy of TRP. In combination with sub-millisecond phosphorescence lifetime, time-resolved
phosphorescence anisotropy can be used to investigate slower rotations and motions of
macromolecules and molecular ensembles. The conventional excitation of the triplet state through
a single state requires UV excitation and, more importantly, results in low or negative
phosphorescence anisotropies. Therefore, conventional UV excitation has never been used in time-
resolved phosphorescence anisotropy measurements of proteins. The long-wavelength direct
excitation opens new possibilities toward utilizing the TRP triplet state for phosphorescence
anisotropy decay measurements.

4.5 Future work.

4.5.1 Why is discovering direct triplet state excitation in PVA films important for future studies?

The possibility of measuring direct triplet state excitation for proteins is an important

breakthrough for studying large protein dynamics. However, the efficiency of such a process in a
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liquid solution under room-temperature conditions is extremely low. In fact, nobody has ever

observed such phosphorescence, although many have tried.

At this point, it is unknown exactly what enables phosphorescence in PVA films. A possible
explanation is that the micro-rigidity in the film reduces oxygen diffusion, which limits oxygen
quenching and thus enhances phosphorescence. In addition, some other interactions with the
polymer chains might facilitate breaking the symmetry rule and allow ISC transition in the
excited state and for direct triplet state excitation. This system will make it possible to initiate the
search for different conditions that could perturb molecular orbitals and help break the symmetry
rule. A potential possibility is an external electric or magnetic field. Another possibility is
perturbation by inert (off-absorption bands) light. For example, 600 nm high-intensity light could
be a factor. All these potential options can now be explored. Finding an external perturbation
factor that can be independently controlled could easily facilitate any uses of directly excited

phosphorescence in physiological conditions.
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Abstract

DIRECT TRIPLET STATE EXCITATION OF INDOLE DERIVATIVES: NOVEL

APPLICATIONS OF PHOSPHORESCENCE

By Jose Luis Chavez, 2022

Department of Physics and Astronomy

Texas Christian University

Thesis advisor: Dr. Zygmunt “Karol” Gryczynski

Photophysics is by definition the study of the interaction of light and matter. When this
interaction takes places, molecules can absorb light and release a photon of certain energy. This
is called photoluminescence. Photoluminescence can be separated into two emission processes:
fluorescence (which happens on the time scale of nanoseconds) from the singlet state and
phosphorescence (which happens in the scale of microseconds — seconds) from the triplet state.
Phosphorescence emission is several orders of magnitude weaker than fluorescence emission
because there needs to be a so-called “forbidden” process- singlet to triplet intersystem crossing-
to achieve phosphorescence emission. Indole is an aromatic organic compound which has
photoluminescence properties. It also is the side chain in the essential amino acid tryptophan.
There have been efforts to use the spectroscopic properties of tryptophan to study proteins and
protein interactions since the 1950’s. However, most of the work has been done using
fluorescence because phosphorescence is much weaker. In this study we propose a new method
of achieving phosphorescence emission: direct triplet excitation. Instead of populating the singlet
state first and then having intersystem crossing to the triplet state, if one uses longer wavelength

(redder) excitation, only the triplet state is populated. This allows us to use the long timescale



(microseconds-seconds) and high anisotropy of phosphorescence to study protein dynamics of

much larger biomolecular systems.

I investigated tryptophan’s phosphorescence as well as the indole and indole derivatives, 2-
Phenylindole and 5-Bromoindole in poly (vinyl alcohol) film. The indole derivatives were

chosen to enhance the probability of exciting tryptophan directly to the triplet state.



