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Abstract

Luminescence spectroscopy is widely used as an analytical technique in many
fields due to its high sensitivity, simple instrumentation, and low cost. Luminophores as
sensors are used to measure various analytes such as CO,, O,, glucose, anions, metal
ions, pressure, temperature and pH, to name a few. When used as a probe, the
photostability of a luminophore is important for validating the accuracy of

measurements to develop a better sensor.

However, measurements of quantitative photodecomposition yield (¢ ) of
luminophores require either complicated instrumentation or long experimental times.
Herein, an instrument was developed to rapidly and accurately measure the

photostability of quite stable luminophores.

The accuracy of the developed instrument was confirmed with fluorescein
isothiocyanate in H,O. The instrument has a good reproducibility of less than 2%
relative standard deviation on three consecutive measurements of the identical sample
of Ru(bpy)3?* in H,0. The instrument measures ¢ of relatively very stable Ru(ll)

polypyridyl complexes with ¢4 of 10 to 107, in less than 30 minutes.

Photodecomposition yield, ¢y, o, and photooxidation yield, ¢,,, of Ru(ll)
polypyridyl complexes in H,0 were obtained. Ru[4,7-(CsHs)2phen]s?* is one of the most

photostable complexes among Ru(ll) polypyridyl complexes investigated. The Ru(bpy)s?*



iii
compound is less photostable than Ru(phen)s®* in general. Tentative rules on the design

of stable sensor molecules are given.

Under acidic conditions, the emission intensity of the luminophores decreased
drastically in the first minute unlike typical photolysis decay in H,0. This unusual shape
of photolysis decay curves is due to oxidation of the excited state Ru(ll) to Ru(lll) by an
oxidizer present in the acid and additional unknown kinetics. The behavior can be
prevented by addition of a reducing agent, such as ascorbic acid to promptly reduce the
Ru(lll) back to Ru(ll). The rate of photolysis under acidic conditions is about ten times
faster than in water. However, it is yet unknown what oxidizer causes an oxidation of
Ru(ll) in acid. It is highly likely that it is caused by impurities, as both H,SO4 and
trichloroacetic acid have the same phenomenon. A possible oxidant is a proton;

however, this cannot explain all the data.

In summary, an instrument to measure the quantitative photostability of
luminescent complexes was successfully developed. The measurements made by the
instrument are reproducible and accurate. Photolysis time to decompose luminophores

is less than 30 min, which is significantly less than in the previous work.
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Chapter 1 Introduction to Luminescence and
Photochemistry

1.1 Basics of Luminescence

Luminescent phenomena are encountered in everyday life. From simple
children’s toys to sophisticated scientific tools?, these phenomena can be observed in
various ways. Due to its sensitivity and rather simpler instrumentation, luminescent
sensors have more advantages compared to other analytical tools, such as mass
spectrometry, gas chromatography, or NMR. Luminophores as a sensor are used to
analyze various compounds, such as CO22, 0234, glucose>, anions® and metal ions such as
zinc’, potassium?®, to name a few. Pressure?, temperature® and pH*! can be measured

by luminescent sensors.

Biologists have also benefited from luminescence. Luminescence species have
been used to sequence DNA or visualize different cellular components?3,
Luminophores have been used as a molecular ruler based on Forster resonance energy
transfer'#%>, Detection of dipicolinic acid in bacteria spores was utilized to detect
anthrax!®. The basic principles of luminescence need to be explained to understand how

luminophores can be used as a sensor.

When a compound absorbs energy and becomes excited, it has several different

pathways to follow. The Jablonski diagram, Figure 1.1, explains different photophysical



processes that an excited state species can follow. Initial absorption of energy excites a
molecule from the singlet ground state (So) to one of the higher electronic states (S1, Sz,
..., Sn). Due to internal conversion (IC), the molecule relaxes to the lowest singlet excited
state (S1). From S;, the excited molecule can return to So by emitting a photon, this is
only one of several decay paths from S1, which defines fluorescence. As the spin of an
excited electron does not change during the decay process, fluorescence is an allowed

transition with fast lifetime, typically in the low nanoseconds.

The excited molecule can relax to the ground state without the emission of a

photon. This case is referred as non-radiative decay and marked as NR in Figure 1.1.

Another path that the excited state molecule can take is phosphorescence. An
excite molecule in a singlet state can change spin multiplicity by intersystem crossing to
the lowest excited triplet state, T1. The triplet excited molecule then can relax back to
the singlet ground state, So. As this process involves an electron spin flip, it is spin
forbidden. The lifetime of phosphorescence is on the order of milliseconds and relatively
rare at room temperature, although a number of sensors for mechanoluminescence and
oxygen are based on luminophores in polymer systems'”*8, Luminescence is a term to

describe both fluorescence and phosphorescence.
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Figure 1.1 The Jablonski diagram to explain luminescence®® A, F, NR, P, IC, ISC denote absorption,
fluorescence, non-radiative decay, phosphorescence, internal conversion, intersystem crossing,
respectively.

1.2 Quenching and the Stern-Volmer Quenching Plot

Luminophores can be used as oxygen sensors based on quenching. Bimolecular
guenching is a phenomenon in which another molecule, a quencher, interacts with an
excited state luminophore by collision and causes deactivation of the excited state.
Catalytic deactivation and in particular electron transfer does not give back the ground
state by an oxidized or reduced species. The excited species relaxes back to ground
state without emission of photon. Quenching of a luminescent Ru(ll) complex is

illustrated in Figure 1.2. Three samples in the figure contain the same concentration of



the Ru(ll) polypyridyl complex and are excited by black light with the same intensity.
However, the left vial is purged with nitrogen to achieve 0% oxygen. The middle vial is
under air where the luminophore is quenched by oxygen and has less emission intensity
then the left sample. The far right vial with 100% oxygen saturation exhibits the least
emission intensity due to the greatest amount of oxygen quenching. The systematic
change in emission intensity at different concentrations of a quencher allows one to

guantitatively measure a concentration of a quencher.

Figure 1.2 Quenching of a luminescent Ru(ll) complex under nitrogen (left), air (middle), and oxygen
(right)



The Stern-Volmer (SV) equation provides an explanation of quenching of

luminescence:

Iy To

T = 7 =1+K,, [Q] (1.1)

where I, and I are intensities of luminophores in the absence of a quencher and in the
presence of a quencher, respectively. 7y and 7 are lifetimes of luminophores in the
absence of a quencher and in the presence of a quencher, respectively. The ratio of I,
and I or the ratio of 7, and 7 has a linear relationship with quencher concentration, [Q].
The SV quenching constant, K;,,, can be used as a measure of how sensitive a sensor is
toward a quencher. A luminescent species with a greater value of K, is more sensitive

to the quencher than another species with a lesser value of K,,.

The Stern-Volmer quenching plot (SVQP) provides a linear relationship between
the characteristics of a luminophore, such as lifetimes or intensities, and a
concentration of a quencher. Based on this equation 1.1, luminophores can be used as

analytical sensors to detect a quencher concentration.

1.3 Introduction of Photolysis of a Luminophore

Luminescent complexes are widely used as analytical sensors based on the

aforementioned unique characteristics. When used as an analytical probe, the stability



of the luminophores is important to ensure the validity of measurements. It is especially
important when detecting a single molecule with luminescent dyes?! 22, It is well known
that the widely used inorganic complex sensors are subject to photodegradation.
However, measurements of photodecomposition yield are not easy, because

luminescent inorganic complexes are usually very photostable.

Equations 1.2 to 1.5 describe different processes that a luminophore can take

during a photolysis.

D* - D+ hv orA (1.2)
D*—-> P (1.3)
D*+0,- D+ 0,} (1.4)
0, +D - D0, (1.5)

where D and D* are a ground state and an excited state species, respectively, A is heat,
P is a product, O; is a ground state triplet oxygen, O, is a singlet oxygen, and DO is an
oxygenated species. In the case of Ru(ll) inorganic complexes, the photolysis product is

often one where the ligands are replaced by a solvent molecule or a photosolvation.

Eq. 1.2 denotes the excited state luminophore relaxing back to the ground state
by emitting a photon or by non-radiative decay. When the excited species undergoes
photolysis, one product is often a solvated complex such as RuL,S; (eq. 1.3). In the

presence of oxygen, the photolysis processes become more complicated. The excited



state species can interact with the triplet ground state oxygen and generate the ground
state luminophore and singlet oxygen species by energy transfer (eq. 1.4). This
guenching event has two consequences. It reduces the probability of photosolvation.
Also, the singlet oxygen reacts with the luminophore, thereby generating oxygenated

products via photooxidation (eq. 1.5).

In the absence of oxygen, when the sample is purged with nitrogen gas, only the
two processes described in eq. 1.2 and eq. 1.3 occur. In the presence of oxygen, both
photodecomposition (eq. 1.3) and photooxidation (eq. 1.5) take place. It is in a
researcher’s interests to accurately measure photodecomposition yield, ¢4, and

photooxidation yield, @g_,-

1.4 Photostability Measurements

Photostability of a luminophore can be measured in several ways. Researchers
have used Raman spectroscopy??, HPLC?4, capillary electrophoresis?*~2¢, and

luminescence spectroscopy?’-?8 to study photochemistry.

When luminescence spectroscopy is utilized in photolysis, a luminophore is
photodecomposed by an intense excitation light source, and the emission intensities are
recorded during photolysis 22 2°. When the photolyzed products are non-emissive and

emission is only from the unphotolyzed luminophore, changes in the emission intensity



can be directly related to changes in emissive luminophore concentrations when the

sample is optically dilute.

Even though the basic principle behind the photolysis is rather simple,
measurements of photostability of Ru(ll) polypyridyl complexes require significant
amounts of experimental time due to its stable nature. Ru(ll) polypyridyl complexes
have typical photodecomposition yields, ¢ 4, of 10° to 107. In the past, the
measurement of photostability of Ru(ll) sample required more than 24 hours of
irradiation?®. Due to improvements of experimental settings, in recently years, one
photolysis experiment required 90 minutes of photodecomposition of the sample 2.
However, this technique did not allow the measurement of absolute quantum yields,
only relative ones. Thus, development of an instrument that measures quantitative
photostability of low quantum yield for photolysis Ru(ll) complexes more efficiently,

precisely, and in less time is desired.

1.5 Summary of Chapter 1

Luminescence spectroscopy has been used as an analytical tool in various fields due to
its simpler instrumentation and high sensitivity. When luminophores are used as a
sensor, photophysical and photochemical properties are required to improve the
sensor. However, measurement of photodecomposition yield of Ru(ll) polypyridyl

complexes has been a time consuming process, as they are photostable. In the next



chapter, requirements of an instrument to measure photostability efficiently will be
discussed. Developments and subsequent modifications of the instrument and will be

also discussed.
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Chapter 2 Instrumentation

2.1 Instrument Requirements

As mentioned in the previous chapter, the development of a new instrument is
required in order to measure the photostability of stable luminescent sensors more
conveniently, efficiently, and rapidly. This chapter describes the development and
subsequent modifications of the instrument. Firstly, the rate equation of a photolysis
needs to be defined to explain characteristics required for the instrument. The rate

constant for decomposition is given by

2303 @qig € L
k = ?f 0 (2.1)

where, k is the rate constant in sec?, @, is photodecomposition yield, i is intensity of
excitation light source in einsteins per second, € is molar absorptivity in Mtcm™, L is
light path length in cm, and V is the volume of the sample in liters. In order for this
equation to hold, the sample has to be optically diluted to yield an absorbance of less
than 0.1. In the optically dilute case the emission intensity is proportional to
concentration. Thus, the concentration of emissive luminophores can be followed from

emission intensity. Equation 2.1 will be discussed in more depth in chapter 3.
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The rate constant of photolysis is inversely proportional to the lifetime (eq. 2.2)

k, =— (2.2)

where ki is a rate constant of photolysis and ; is a lifetime of photolysis.

Reduction of photolysis time can be achieved in two ways. The first method is to
use smaller sample volumes in the photolysis experiment'3. In eq. 2.1, the rate of a
photolysis is inversely proportional to the volume of sample photolyzed. Soper et al.
successfully measured photodecomposition yield, ¢4, of relatively very stable
complexes with ¢, of 10 to 1077 by using a capillary. When the flow of the sample
passing the capillary is adjusted, the amount of luminophore photolyzed in the
excitation beam and subsequently the emission intensity of the sensor changes. For
example, when the rate of flow is slow, the sample is exposed to the light source longer
and is more extensively photolyzed. ¢, can be obtained by fitting the flow velocity and
normalized fluorescence intensity of the sample. However, this approach will require
more complex instrumentation and measurements. The beam characteristics must be
tightly controlled and known, and the capillary diameter and flow must be known

precisely.

Another way to achieve a shorter experimental time is to use a more intense
light source. In eq. 2.1, the rate of photolysis is directly proportional to ij. Thanks to

recent developments in LEDs, efficient LEDs cost significantly less than in the past®. A



15
blue LED generating maximum 7.5 W of power costs less than fifty dollars. In this

project, the latter approach has been applied.

The final version of the instrument is composed of an excitation light source, a
light delivery medium, cooling accessories, fiber optics, and a detector. The instrument

has been modified several times to optimize the setup.

2.2 Instrument Version 1

Figure 2.1 depicts the very initial setup of the instrument. This version contained
an f 1.2 lens as a light delivery medium, a blue LED as a light source, a heat sink to
maintain proper temperature in the LED, fiber optics to deliver emission intensity from

the sample to a detector, and a fluorimeter as the detector.

FluoroMax 4
Emission spectra
Kinetics

Fiber optics

Heat Blue LED
Sink

Stirring plate

Power supply

Figure 2.1 Version 1 of instrument composed of a lens, a blue LED, a heat sink, fiber optics and a
fluorimeter.
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LEDs have many advantages when used as excitation light sources. Traditional
lasers have more selectivity in excitation wavelength; however, they are expensive and
required longer warm up time. LEDs are more cost effective than lasers. A PT-54 blue
diode from Luminus Device Inc. Billerica, MA was used as a light source. The emitting
area is 5.4 mm? and its maximum output at 13.5A is 7.5W according to the data sheet
supplied by the manufacturer®. The emission intensity profile of the LED is shown in

Figure 2.2. The peak intensity is at 455nm.

10 et
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06 — *
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Normalized intensity
T

02 — . .

0.0 -1--1'"1'"{ NI R N NI SR N S REN NN RSN N 1.'T"1"T"1-n

Wavelength (nm)

Figure 2.2 Emission profile of LED. The maximum intensity is at 455nm which is close to the
manufacturer’s claim of peak wavelength at 460nm.
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The LED is mounted on a heat sink (Delta electronics Inc. DHS-B9292-04) to
dissipate heat generated by the LED. The heat sink was claimed to have a thermal

resistance of 0.237°C per W at 16 cubic foot per minute of air flow®.

Because the LED light is highly divergent, a lens was used to focus the excitation light for

the LED. The lens has a f number of 1.2.

Several components of the first version were used in the later version of the
instrument such as a quartz cuvette, stirring plate, a power supply, FluroMax4, fiber
optics. A 3 mL square quartz cuvette with 1 cm path length was used as a sample holder
to minimize background. During a photolysis, a sample in the cuvette was stirred by a
micro magnetic stirrer to ensure proper mixing of the sample. The samples were
constantly purged with gas during the experiment so as to ensure the sample is at the

same oxygen concentration and also the sample is homogenous during photolysis.

The temperature of the sample was measured by a thermo couple, and power
was supplied by Sorensen DCR 20-80B DC power supply that can generate up to 25 volts
and 100 A’. A FluroMax 48, Horiba Scientific spectrofluorimeter was used as a detector,
with which the emission and excitation spectra of a luminophore can be measured.
Additionally, the kinetics feature allows the selection of a wavelength to monitor
changes in emission intensity in real time. In kinetics mode, different emission intensity

and slit width can be selected. Unless otherwise noted, all emission intensities were
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measured at 595nm, which is close to the emission maximum of the selected

ruthenium(ll) complexes.

In the photolysis experiment, the spectrofluorimeter xenon light source was
blocked by black cloth, because the sample is excited by the LED. This was necessary as
the FluoroMax has no provision for shutting off the arc lamp while taking emissions.
FluorEssence (version 3.5.1.20) was used in the fluorimeter to record and export the

data.

Emission was monitored by the fluorimeter in real time. Due to the instrumental
setup limitation, SpectroVis optical fiber by Vernier was used to deliver the emission
intensity of sample to the fluorimeter, FluroMax 4, Horiba Scientific. The fiber optics has
a rectangular 1cm x 1cm cuvette shape that will fit in to the cuvette holder in the

fluorimeter.

2.3 Instrument Version 2

This first version was modified because of the temperature increase in the LED.
The temperature was monitored by a thermistor mounted on the coreboard of the LED.
The temperature rise was about 15 Cin the LED which indicated the necessity of having
a fan to the heat sink. The temperature increase after 25 minutes of LED usage was 15 C

(Figure 2.3). As maintaining junction temperature of the LED in the recommended range
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is important for a long lifetime, according to the manufacturer, and for stable power
output, a rotary fan was directed into the base of the heat sink to maximize cooling

capacity of the heat sink.

Temperature (C)
= N N N N N w w w w
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Figure 2.3 Addition of a rotary fan to the heat sink significantly decreases temperature rise in the LED.
Temperature change in the absence of a rotary fan (triangle) and in the presence of the fan (circle) are
shown above.

This modification significantly decreased temperature increase in LED from 15 C
to 4 C as shown in Figure 2.3. A diagram of the second version of instrument is shown in
Figure 2.4. However, this version required improvements in the LED excitation light
delivered to the sample. The light medium was changed from a lens to a quartz light

pipe. This will be discussed in detail in the next section.
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FluoroMax 4
Emission spectra
Kinetics

Fiber optics

Heat

Sink Blue LED

i Stirring plate

Power supply

Figure 2.4 Version 2 of instrument, with the addition of a fan to the heat sink to minimize temperature
rise in LED.

2.4 Instrument Version 3

The third version of the instrument is shown in Figure 2.5. The second version
was modified due to inefficient delivery of excitation light by the lens and temperature
rise in the sample. The lens was replaced by a quartz light pipe. The light pipe is a
cylindrical rod with length of 15 cm and a diameter of 8 mm. The light pipe works by
total internal reflection and proved to be a more efficient delivery medium than the
lens. The rates of photolysis was used to compare efficiency of the lens and the light
pipe in Table 2.1 The light pipe was held by one clamp to minimize light loss. A 3” by 3”
muffin fan was added to minimize temperature change in the sample as shown in Figure

2.6.
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Figure 2.5 Version 3 of instrument. The lens was replaced by a quartz light pipe. A fan was attached to
sample holder to minimize temperature rise of the sample.

When a f 1.2 lens was used, the excitation light was inefficiently delivered to the
sample and the rate of photolysis was relatively slow. Table 2.1 shows a comparison of
rates of photolysis of the same compound, nitrogen purged Ru(bpy)s?* in H,0 with the
two different light delivery media. The rate of photolysis was 20 times faster when the
light pipe was used, which indicates more efficiently delivery of excitation light to the

sample.



Table 2.1 Comparison of light delivery efficiency between a lens and a light pipe.
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Light delivery medium F1.2lens Quartz light pipe
Lifetime of photolysis (min) 203 10.4
Rate constant (min?) 0.00493 0.0962

Even when an optically diluted sample with absorbance less than 0.1 was
photolyzed, the sample experienced a noticeable increase in temperature. The

temperature change in the sample during photolysis is shown in Figure 2.6.
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Figure 2.6 Temperature change of a sample during a 30 minute photolysis. Addition of muffin fan to the

sample holder (triangle) decreased the temperature rise relative to the sample without a fan (square).
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An additional mechanical fan was placed to cool the sample. The muffin fan
results in a significant decrease in sample temperature rise. Without a fan, the
temperature of the sample increased about 10 C, while the sample with a cooling

accessory reduced the temperature change to 2.3 C, which is a 77% decrease.

2.5 Instrument Version 4 (final)

The finalized version of the instrument, which was used to obtain all photolysis

data, is shown in Figure 2.7.

FluoroMax 4

Emission spectra
Kinetics

Fiber optics

Heat

Blue LED
Sink

Light pipe

Fan __
Shutter Stirring plate

Power supply

Figure 2.7 Version 4 of instrument. Two clamps hold the light pipe to ensure stability. A shutter was
employed to have an exact starting time of photolysis.
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The light pipe was held by two clamps to minimize any alignment changes
between different photolysis experiments. A thin aluminum foil was used as a shutter to
determine the exact starting time of an experiment. The shutter was placed between
the LED and the light pipe. Once the fluorimeter started recording the emission intensity

of sample, the shutter was removed to measure the initial intensity and the initial time.

The shutter can be placed either between the LED and the light pipe, or the LED
and the sample holder. The shutter was placed between the LED and the light pipe and
the light pipe was placed as close as possible to the sample cuvette. This is due to shape
of the sample holder. If the shutter was placed between the sample holder and the light
pipe, less excitation light is delivered to the sample, because of a larger distance
between the cuvette and the light pipe. Also, there is less risk of changing the alignment

when the shutter is placed between the sample holder and the light pipe.

Figure 2.8 shows the photolysis experiment with a ruthenium complex by the
final version of the instrument. In the center of the figure, the light pipe is shown. The
blue light on the left is excitation light from the LED. The orange emission from the

ruthenium complex is clearly visible in the cuvette on the right.
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The LED

|
H

The emission from

Quartz light pipe RUM) complex

Figure 2.8 A photograph of the instrument showing the LED, the heat sink, the light pipe, the clamps,
and a quartz cuvette with a Ru(ll) polypyridyl complex being photolyzed. The intense blue light is shown
on the left. Orange emission from sample is clearly visible on the right.

2.6 Power Measurements of the LED

The Sorensen power supply has an analog meter; however, this was not precise
enough. A precision current shunt was employed to measure the exact current supplied
to LED. The 20A/ 50mV shunt is manufactured by Murata Power Solutions Inc®. The

shunt voltage was measured with a multimeter.

The power delivered to the sample was measured by a Scientech laser power
meter, 36-0001'°. The maximum power that the meter can measure is 10 W. The analog

meter connected to the power meter head did not provide an accurate reading.
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Calibration heat resistance of the meter measured by ohmmeter was 43.0 Q. When
direct current is applied to the meter, the power applied to the measure can be
calculated from resistance and voltage. The meter has output in mV, and is recorded by
a voltmeter. The power applied to the meter and voltage output reading of the meter

gives the sensitivity of the meter. The sensitivity measured was 100.19 mV per watts.

Figure 2.9 shows a relationship between current supplied to the LED and the
energy of output delivered to the sample. The power measurement matches closely to
the Luminus’s claim, which is shown in Figure 2.10. Note that the manufacturer only
supplies the LED driven current verses luminous flux, which is directly related to the
power output. According to Figure 2.10, the power is about 3.2 W at 5.72 A. However,
the power measured by the meter at the sample position at 5.72 A is 2.3 W. This
difference is due to a shutter placed between the LED and the light pipe, and not all of

emission from the LED is delivered to the sample.

Two power measurements were taken two months apart. Data shown with
circles are the initial power measurement. Both power measurements match one
another well, which indicates stability of the instrumental setup and consistency of the

LED excitation light delivered to the sample during different photolysis.
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Figure 2.9 The power measurements of the LED in red and blue are taken two months apart. Circle (Sept
374 2013) Triangle (Oct 31t 2013)
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Figure 2.10 The LED manufacturer's information about current supplied to the LED and luminous flux. At
13.5 A, the luminous flux is 350 Im and the power output is 7.5 W*
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2.7 Reproducibility of the Instrument

In order to check the reproducibility of the system, three photolysis trials were
run for identical samples. Ru(bpy)s%* in H,0 was used to acquire initial emission
intensities and the rate of photolysis decay. The experimental data are shown in Table

2.2.

Table 2.2. Photolysis data of Ru(bpy)s>* at 1.2ppm to check the reproducibility of the

instrument.
Ru(bpy)s** Trial 1 Trial 2 Trial 3
Initial intensity (CPS) 13965 13484 13841
Rate of photolysis k 0.0383 0.0397 0.0392
(min-?)

The average and relative standard deviation of initial intensity and the rate
constants are shown below (Table 2.3). The relative standard deviation on both initial
intensity and rate constants obtained by fitting the raw data are less than two percent,

which indicates good reproducibility of the measurements.
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Table 2.3. Average and relative standard deviation of initial emission intensities and
rate constants, k.

Average Standard RSD % Average k Standard RSD % k
initial deviation intensity (min?) deviation
intensities (CPS)
(mint)
(CPS)
13763 250 1.82 0.0391 0.000682 1.74

2.8 Validation of Accuracy of the Instrument

Fluorescein isothiocyanate (FITC) in H20 was used as a standard to validate the
accuracy of photodecomposition yield measurement by the instrument. Figure 2.11
shows a photolysis decay curve of FITC at 0.57 W of the blue LED. The decay curve was

fitted to a single exponential, because the lifetime of photolysis was 3.06 min.

Table 2.4 contains a summary of photolysis data of 8 nM FITC in H20. Three
photolysis experiments were run at 2.30 W of LED power, two experiments at 1.15 W,
and two experiments at 0.566 W. As the power of the excitation light source increases,
the photolysis lifetime decreases as shown in eq. 2.1. FITC data follow the same trend.
The lifetime of photolysis is 0.854 + 0.022 min, 1.574 + 0.018 min, 3.075 + 0.025 at 2.30

W, 1.14 W, and 0.566 W, respectively. The measurements of photolysis lifetime is
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accurate based on low standard deviations within a set of experiments at the same LED

power.

When the power of the excitation light source changes, the photodecomposition
yield, @4, remains constant. ¢, calculated at different LED powers are consistent as
shown in Table 2.4. The average @ for five trials is 1.09x10* with a relative standard
deviation of 6%. Literature value!*™23 of ¢, for FITC is 1.20x10#, which is consistent
with experimentally obtained ¢,. Based on ¢, consistent with literature value,

accuracy of measurements by the instrument is confirmed.
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Figure 2.11 Photolysis of 8nM FITC in H20 at 0.57 W LED power. The lifetime of photolysis is 3.06 min.
@4 calculated in this run is 1.09x10* compared to literature value of 1.2x10* Experimental data
shown in pink and single exponential fit is in dark blue.



Table 2.4 Photodecomposition yields of fluorescein isothiocyanate in HO.

Power (W) 2.30 2.30 2.30 1.15 1.15 0.566 0.566

T (min) 0.879 0.835 0.849 1.561 1.587 3.093 3.057
Pqx10* 0.99 1.04 1.02 1.11 1.10 1.14 1.15
Avg @4* 1.02x10* 1.11x10* 1.15x10*

* Average @4 were calculated with sample at the same power of the LED

After validating accuracy of the instrument, photodecomposition yield, ¢4 and

photooxidation yield, ¢, of selected Ru(ll) polypyridyl complexes were measured.

2.9 Characteristics of the Instrument and Summary of Chapter 2

31

The finalized instrument is composed of a blue LED with the peak wavelength at

455nm, a quartz light pipe, a fiber optic for monitoring the emission intensity, a shutter

and a fluorimeter. The light pipe efficiently delivers 2.30 W of blue light to the sample at

5.72 A. Typical photolysis of Ru(ll) polypyridyl complexes was run at 5.72 A at 2.3 W. If

more power is required, the LED power can be increased to over 4 W at higher currents.

A rotary fan was attached to the heat sink in order to minimize temperature increase in
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the LED. The sample was stirred by a micro magnetic stirrer as well as being purged by
appropriate gas while being photolyzed. Another fan was used to cool the optically
dilute sample during photolysis in order to minimize effects of temperature on emission
intensity of the luminophore. The emission intensities are delivered to a fluorimeter,
FluoroMax 4 by a fiber optics the recorded by the fluorimeter. There are several
advantages of this instrument. First, ¢, of FITC measured by the instrument, 1.09x10* is
consistent with literature value of 1.2x10. Second, the instrument measures
photodecomposition yield of relatively very stable ruthenium(ll) polypyridyl complexes
with @4 of 10®to 107, in a shorter amount of time, which is usually 25 to 30 minutes.
As less than half of the maximum intensity of the LED was used, more stable complexes
can be measured at maximum power. Lastly, the instrument has a good reproducibility
of less than 2% relative standard deviation on three consecutive measurements of the

identical complex, Ru(bpy)s%* in H20.

The following chapter will discuss how ¢, of various ruthenium(ll) complexes at
different oxygen concentrations are calculated from experimentally obtained photolysis

decay curves. Also, modeling to calculate photooxidation yield, ¢, will be discussed.
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Chapter 3 Data Analysis

3.1 Introduction

The basics of luminescence and photolysis and development of an instrument
were discussed in chapter 1 and 2 respectively. The finalized instrument records
changes of emission intensity as a luminophore is photolyzed. Because the
photodecomposed products are non-emissive and the sample is optically dilute,
changes in emission intensity are directly proportional to the concentration of a

luminophore.

In this chapter, detailed data analysis which requires several steps are explained.
The experimentally obtained photolysis decay curve was fitted to obtain the rate of
photolysis and Stern-Volmer (SV) quenching constant. The rate of photolysis then is
used to calculate photodecomposition yield, ¢, at different oxygen concentrations. @,
at different oxygen concentrations is then used to calculated photooxidation yield, ¢, 0,
which is the photodecomposition yield when 100% of excited state is quenched by
oxygen. In this chapter, data for Ru(phen)s?*in H,0 are used as an example to illustrate

a general data fitting routine, which is applied to all other complexes.



36

3.2 Fitting of Photolysis Decay Curve

The photolysis decay curve in the absence of acid is fitted to a double

exponential equation:

D(t) =Ae T+ 4,e T (3.1)

where A; and A; are pre-exponential factors giving the contribution of each decay

lifetime. 7, and t, are lifetimes for photolysis decay.

In a typical decay, there are two different lifetimes. The main longer lifetime
component which is related to the larger pre-exponential factor is the lifetime for
photodecomposition. The minor short lifetime is caused by the temperature elevation
of sample due to excitation light source®. An increase in temperature causes a decrease
in emission intensity independent of the photolysis. Two pieces of evidences support
the contention that the short lived component is due to temperature rise on the
sample. First, the minor lifetime is usually 2 minutes and matches closely the
temperature rise measured with the thermocouple, which is usually 2-3 minutes.
Furthermore, addition of a rotary fan to cool the sample holder, which decreased the
temperature rise from 21 C to 31 C during photolysis, reduced the temperature rise
from 22 Cto 24.3 C. The contribution of the short-lived component also decreased from

10-20% without the fan to 1-5% with respect to that with a fan.
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The long lived decay lifetime is converted to a rate constant of photolysis. A rate

constant is an inverse of lifetime as shown in eq. 3.2.

1
k, = p (3.2)
where ki is a rate constant of photolysis and t; is a lifetime of photolysis. This rate

constant of photolysis is used to obtain ¢ .

Figure 3.1 shows typical photolysis data obtained by the instrument. This decay
curve is fitted to eq. 3.1 by PSlIplot version 9.5 using nonlinear least squares to generate

the fitting line which is shown in dark blue in Figure 3.2.
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Figure 3.1 Photolysis decay curve for the emission of Ru(phen)s;?* in H20 under N... Emission intensity
was monitored at 595nm.
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Figure 3.2 Photolysis decay curve of Ru(phen)s?* in H2.0 under N.. After 30 minutes of experiment, the
emission intensity was decreased to 55 % of the initial value. The nonlinear least squares fitting line is
shown in dark blue.

The same fitting routine was applied to all of photolysis data. The lifetime of

photolysis of Ru(ll) polypyridyl complexes investigated ranged from 4 minutes to 130

minutes.
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3.3 Stern-Volmer Quenching Plot

As mentioned in the earlier chapter, excited luminophores can relax back to the
singlet ground state without emitting photons when energy is transferring to a
guencher. In this study, oxygen as a quencher of Ru(ll) polypyridyl complexes was
investigated. The concentration of a quencher is related to experimentally measurable
guantities. The Stern-Volmer (SV) equation describes the relationship between those

two.
ITO =1+ K, [Q] (3.3)

where [, and I are emission intensities in the absence of a quencher and in the presence
of a quencher respectively. K, is the SV quenching constant and [Q] is a concentration

of the quencher.

The SV data were taken from the photolysis experiments rather than a separate
measurement on a fluorimeter. This had the advantage of providing sufficient data to
calculate two different types of parameters with one experiment. The very first point
when the photolysis started was used to plot this SV plot. Figure 3.3 shows a typical
oxygen quenching plot generated from photolysis decay curves. The example used is

Ru(phen)s?*in H,0. The K, obtained from the SV quenching plot is 4.46 atm™.
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The fraction quenched or fj is given by

fo=1—— (3.4)

l'is the initial intensities of each photolysis decay curves are used to generate f; as
shown in eq. 3.4. f, was then used to calculate photooxidation yield, ¢, o, from

photodecomposition yields, @ .

0 0.2 0.4 0.6 0.8 1
[0,] (atm)

Figure 3.3 Stern-Volmer plot of Ru(phen)s?* in H20. X axis is atmospheric oxygen pressure. The best fit
line is y = 4.46 x + 1.03 with R? of 0.9998.
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3.4 Photodecomposition Yield Calculation

Initial fitting of photolysis decays to obtain rate constants of photolysis were
discussed in chapter 3.2. Once the rate constants for photodecomposition are obtained,

the photodecomposition yield, ¢4, is calculated using

kV

= T (3.5)%*
2.303ip¢elL

Pa

where, k is the rate constant, ¢, is photodecomposition yield, i, is intensity of
excitation light source in einsteins per second, ¢ is molar absorptivity, L is light path
length in the sample, and V is the volume of the sample. L was 1 cm in all experiments. V

isin liters.

However, equation 3.5 cannot be used as is. The equation assumes
monochromatic light; however, the LED has an emission profile over a range unlike a
monochromatic laser. The analysis needs to take into account this distribution. £ is
defined as an effective molar absorptivity of the sample over the LED emission profile

which can be calculated by eq. 3.6.

— &) I da
F= 18 (3.6)
flh ai
By substituting € with £to eq. 3.5
kV
(0 B — (3.7)

T 2303ipEL
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This equation 3.7 is used to calculate all of (p; unless otherwise noted.

Figure 3.4 shows the proposed mechanism for photodecomposition of
luminescent complexes including the effects of oxygen in the photodecomposition of
the luminophore. An excited luminophore can follow one of the following paths. An
excited luminophore can relax back to the singlet ground state by emitting a photon or
by radiationless decay (path 1). Secondly, the excited molecule can be quenched by
oxygen and generate a singlet oxygen. The singlet oxygen can react with the
luminophore and generate a non-luminescent oxygenated species (path 2). Thirdly, the
complex can dissociate and one or more coordination sites on the center transition
metal of the luminophore can be coordinated with a solvent molecule producing a non-

luminescent solvated product (path 3).

onluminecent
0, salvated products

g0 “memmt— g

products

+
Ko

Figure 3.4 Effects of oxygen in photochemistry. Ru(bpy)s?* is used to illustrate possible paths of the
excited state molecule.
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Once @ is calculated at different oxygen concentrations, these values are used

to calculate the photooxidation yield, ¢, o, which is the photodecomposition yield

when the excited state is totally quenched by oxygen.

Several terms must be defined to obtain ¢, . Equation 3.8 shows a relationship

between ¢, and @, .

Vo, = Po,0 fo (3.8)

where @, is an experimentally measured photodecomposition yield at various oxygen
concentrations and ¢, is the photooxidation yield. The fraction quenched f,was

defined in eq. 3.4.

Lastly @orq is related to gy, o, which is the photodecomposition yield in the
absence of oxygen and ¢, (eq. 3.9). Under nitrogen saturation, fj is zero, thus

Protal = Pn,0- When the excited state molecules are totally quenched, @torq1 = ®0,0-

Ptotal = Pn,0 (1- fo)+ ®o,0 fo (3.9)
The equation can be rearranged as follows,
Ptotal = Pnyo T+ fo (Vo0 — Pnyo) (3.10)

As all variables except ¢, are experimentally determined, ¢, can be
determined by plotting @(o¢q; Vs. f - Figure 3.5 shows typical data fitted by eq. 3.10. In

the plot, ¢, is equal to the sum of the slope and @y, . Or, @, is the x intercept of
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the best fit linear regression line. The slope is -3.76x10° and x intercept is 2.80x10”7

Table 3.1 contains different ¢ at various f;, of Ru(phen)s%* in H20.

Table 3.1. Photodecomposition yield of Ru(phen)s?*in H20

fo 0 0.50 0.82 1*

Pa 3.98x10°® 2.33x10°® 8.69x1077 2.80x10”7

* Calculated from eq. 3.10 with f,=1. It is limited photooxidation yield when 100% of excited

state is quenched by oxygen.
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Figure 3.5 Plot of fq vs. ¢(total ) of Ru(phen)s?* in H20. The slope is -3.76x10® and R? = 0.992
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3.5 Summary of Chapter 3

In this chapter, the data fitting procedure has been discussed. Data processing
includes a Stern-Volmer oxygen quenching plot, calculation of rate constants from
experimentally obtain photolysis decay curves, and calculation of different ¢, at various
fo based on the model (eq. 3.10). This data analysis routine will be applied to all data
unless otherwise noted. The subsequent chapter will describe ¢4 of various Ru(ll)
polypyridyl complexes in acids and H20. @4 and @, range from 10~ to 10”. Ligand
structures and trends of @4 and @, of Ru(ll) polypyridyl complexes will be also

discussed.
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Chapter 4 Photolysis Experimental Data and Results

4.1 Introduction

As previously described luminescent complexes are widely used as an analytical
sensors. When used as a probe, the photostability of a luminophore is important to
validate the accuracy of measurements. An instrument was developed to efficiently
measure quantitative photostability. The instrument is composed of a blue LED, a light
pipe, a fluorimeter, and several cooling accessories. Accuracy of the photolysis
measurements by the instrument was confirmed with Fluorescein isothiocyanate (FITC)
in H20. This chapter discusses the photolysis data of Ru(ll) polypyridyl complexes in
aqueous environments. Experimental data were fitted to the equations discussed in the
chapter 3. Photodecomposition yield, ¢4, and photooxidation yield, ¢, =, of these
complexes are measured in H0. Later in this chapter photolysis of Ru(ll) polypyridyl

complexes under acidic conditions will be discussed.

4.2 Data fitting summary

Emission intensity of optically dilute luminescent complexes are directly

proportional to the concentration of emissive luminophores. By monitoring emission
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intensity changes during photodecomposition of luminophore, photodecomposition

yield can be obtained. Equation 4.1 shows the equations used to fit photolysis decay.

D(t) = Ale_t/fl + A, e_t/fz (4.1)

where A; and A; are pre-exponential factors giving the contribution of each decay
lifetime. T, and 7, are lifetimes for photolysis decay. There are two lifetimes of decay in
the system. A longer lifetime is the photolysis decay lifetime and the other is due to the

temperature rise in the sample during photolysis.

The photolysis lifetime is converted to the rate constant of the photolysis. The

rate constant is inversely proportional to the lifetime (eq. 4.2)

k; == (4.2)

where ki is a rate constant of photolysis and t; is a lifetime of photolysis. This rate

constant was used to calculate photodecomposition yields.
Equation 4.3 was used to calculate photodecomposition yield, @4

kv

= 4.3
Pd = 33030,21 (43)

where, k is the rate constant, ¢, is photodecomposition yield, i, is intensity of
excitation light source in einsteins per second, £ is an effective molar absorptivity of the

sample over the LED emission profile, L is light path length in the sample, and V is the
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volume of the sample. L was constant in all experiments as 1 cm. Volume in the

equation is expressed in liters.

Calculated @, at different oxygen concentrations are used to obtain

photooxidation yield, ¢, (€q. 4.4)

Ptotar = Pny0 + fo (@00 — Pn,0) (4.4)

where @41 is photodecomposition yield, @y, is the photodecomposition yield in the
absence of oxygen, ¢, is photooxidation yield, and f is the fraction quenched. As all
variables except ¢, are experimentally determined, ¢, can be determined by
plotting @iotar Vs. fo- Po,0 is €qual to the sum of the slope and @y, . Or, it is the x

intercept of the best fit linear regression line.

4.2 Selected Ru(ll) polypyridyl Complexes in H,0

Photodecomposition yields, ¢, are not limiting yields and photooxidation yield,
©0,0, Of selected Ru(ll) polypyridyl complexes in HO were measured. Photolysis was
conducted with the sample purged with nitrogen, air, and oxygen gas. The Stern-Volmer
(SV) quenching plot generated for each complex was linear. As the emission maximum is
around 600 nm in many Ru(ll) polypyridyl complexes, emission intensity changes during

photolysis were recorded at 595nm. The photolysis decay curves were fitted to eq. 4.1
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in order to obtain the main longer lifetime of photolysis. The lifetime was converted to a
rate constant by eq. 4.2. The rate constant of each photolysis was then used to obtain
photodecomposition yields, ¢, at various oxygen concentrations (eq. 4.3). When an
effective molar absorptivity, &, is calculated, the concentration of sample is calculated
by a known molar absorptivity in the available! literature. Photodecomposition

yield, @4, is used in eq. 4.4 to obtain the photooxidation yield, ¢@,,,.

To understand photodecomposition and photooxidation yields, different

processes that a luminophore can take during a photolysis are examined in (eq. 4.5 to

4.8).
D*—- D+ hv orA (4.5)

D*—> P (4.6)

D*+0,- D+ 0,} (4.7)

0,"+D - DO, (4.8)

where D and D* are a ground state and an excite states species, A is heat, P is a product,
0 is a triplet oxygen, 02! is a singlet oxygen, and DO is oxygenated species. In the case
of Ru(ll) inorganic complexes, the photolysis product is often one where the ligands
replaced by a solvent molecule or a photosolvation?. This photolysis product such as

RulL,S; are non-emissive.
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When a Ru(ll) complex is photolyzed under 0% oxygen, only photodecomposition

occurs (eq. 4.6). In the presence of oxygen, the photolysis processes become more

complicated. The excited state luminophore can be quenched by oxygen and generate

singlet oxygen species by energy transfer (eq. 4.7). This reduces the probability of

photosolvation by reducing number of excited state luminophores. The singlet oxygen

can react with a luminophore and generate a product by photooxidation (eq.4.8).

Table 4.2 contains @4 and ¢, of various Ru(ll) complexes. As previous studies

reported ¢, of Ru(ll) polypyridyl complexes range from 10 to 107. A smaller value of

®n,0 and @o, indicate that the complex is photostable compared to a compound with

a larger value of @y, o and @, 0.

Table 4.2 Summary of photodecomposition and photooxidation yields of selected

Ru(ll) polypyridyl complexes

Complexes ®n,0x10° ®0,0%10°
1 Ru(bpy)s**?® 10.80 1.77
1 Ru(bpy)s**P 9.89 2.13
2  Ru(phen)s** 3.98 0.28
3 Ru[3,4,7,8-(CHs)aphen]s? 32.78 22.2
4  Ru[5-Cl(phen)]s?* 3.88 0.48
5  Ru[4,4’-(CHz):bpy] 3%* 5.80 4.07
6 Ru[(phen)(bpy)2]?* 12.94 2.90
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7 Ru[5-Cl(phen)(bpy).]?* 13.95 3.85
8  Ru[5-COOCHs(phen)]s?* 3.53 0.87
9  Ru[4,7-(CsHs)2phen]s?* 2.33 0.51

2 and ° are the same complex at 1.2ppm and at 15ppm respectively.

Based on eq. 4.3, @, is independent of concentration of a luminophore. This is
experimentally confirmed by Ru(bpy)s?*in Table 4.2. P n,0and @, of Ru(bpy)s** at
1.2ppm are 1.08x10 and 1.77x10° respectively. @y,o and ¢, of Ru(bpy)s** at 15ppm
are 9.89x10° and 2.13x10°® respectively. Average @y, o of Ru(bpy)s**is 1.03x107° +

0.06x107° and average ¢, is 1.95x10° £ 0.25x10°®.

A spectrochemical series of photodecomposition yield, @y, is listed below.

Ru[3,4,7,8-(CHs)aphen]s?* > Ru[5-Cl(phen)(bpy)2]?* = Ru[(phen)(bpy)2]?*, Ru(bpy)s?* >
Ru[4,4’-(CHs)2bpy]s?* > Ru(phen)s?* = Ru[5-Cl(phen)]3?* = Ru[5-COOCHs(phen)]s%,

Ru[4,7-(CeHs)2phen]s?*
Spectrochemical series of photooxidation yield, @, is listed below.
Ru[3,4,7,8-(CH3)aphen]s?** > Ru[4,4’-(CH3):bpyls?* = Ru[5-Cl(phen)(bpy).]?*,

Ru[(phen)(bpy)2]** > Ru(bpy)s?* > Ru[5-COOCHs(phen)]s?* > Ru[4,7-(CsHs)2phen]s? =

Ru[5-Cl(phen)]s?** > Ru(phen)s?*
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Phenanthroline (phen) is a significantly more photostable ligand than bipyridine
(bpy) both from the standpoint of photodecomposition and photooxidation. Both ¢,
and g, of Ru(bpy)s?* (1) are greater than those of Ru(phen)s?* (2) which indicates 1 is
less stable than 2. @y, of 2 is 3.98x10°® which is significantly less than @y, of 1 at
1.03x10”. @, of 2 is 2.80x107 which is significantly less than ¢, of 1 at 1.95x10°®.
Phen is a more sterically hindered ligand than bpy, which makes both formation of
solvated products by photodecomposition and formation of oxygenated products by

photooxidation more difficult.

Addition of four methyl groups to 2 results in formation of Ru[3,4,7,8-
(CHs3)aphen]s?* (3). ®n,0 Of 3is 3.28x10° which is and order of magnitude greater than
@n,0 of 2 at 3.98x10°°. @, of 3 is 2.22x10" which is greater than ¢, of 2 at 2.80x107".
Methyl groups make 3 unstable compared to 2. @y, of 3 increased by a factor of 10
compared to @y, of 2. @, of 3 increased by a factor of 100. This is expected, as a
singlet oxygen is known to attack electron rich species3. Addition of electron donating
methyl group on phen will make the ligand more vulnerable to decomposition by the

singlet oxygen.

Addition of chloride on phen ligand does not have a significant effect on @y,
and @g,0- Pn,0 and @, of 4 are similar to those of 2. Initially 4 is expected to have the

lower photostability compared to 2, as chlorine is an electron withdrawing group.
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However, with the current data, photostability of 4 and 2 are similar. More chlorine on

phen might have measurable effects on photostability.

Addition of two methyl groups on bipyridine (bpy) ligand, 5, contributes to a
lower ¢y, and a higher ¢, than 1. When two methyl groups are added to 4 position
of bipyridine ligand, ¢y, , decreased from 1.03x10 to 5.80x10° while ¢, increased
from 1.95x10°° to 4.07x10°®. A decrease of @y, of 5 compared to 1 suggests that
addition of two methyl group stabilize the complex from photodecomposition.
However, an increase of ¢, of 5 compared to 1 indicates that photooxidation occurs

more readily with 5.

As the use of mixed ligand complexes is common to tailor the characteristics of
the complexes, we wish to see how mixing ligands affected photosensitivity relative to
the tris complexes. When one of three ligands on 1 is replaced by phenanthroline, @y, o
and @y, increase slightly compared to 1 but increase greatly compared to 2. ¢y, of
Ru[(phen)(bpy).]** (6) is 1.29x10" which is slightly greater than ¢y, of 1 at 1.03x10°.
®0,0 of 6 is 2.9x10°® which is slightly greater than ¢, of 1 at 1.95x10°°. The

photostability of a mixed ligand is similar to the photostability of the least stable ligand.

Addition of chlorine on phen ligand of 6 results in a slight increase of ¢y, and
®0,0 compared to 6. @y, of Ru[5-Cl(phen)(bpy)2]** (7) is 1.40x10™ which is slightly

greater than ¢y, of 6 at 1.29x107. @, of 7 is 3.85x10°® which is slightly greater than
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®o,0 of 6 at 2.90x10°°. Chlorine does not have a significant effect on as previously

observed with compound 2 and 4.

When a hydrogen on carbon 5 on phen is replaced by methyl ester, it forms
Ru[5-COOCHs(phen)]s®* (8). @y, o of 8 is 3.53x10°° which is similar to ¢y, of 2 at
3.98x10°. @, of 8 is 8.70x107 which is slightly greater than ¢, of 2 at 2.80x10”.
Replacement of hydrogen by methyl ester in Ru(phen)s?* does not have a significant

effect on photostability.

Ru[4,7-(CeHs)2phen]s?* (9) is a widely used as an oxygen sensor?. It is one of the
most photostable complexes among the selected polypyridyl complexes investigated in
this project. @y, of 9 is 2.33x10° which is less than ¢, of 2 at 3.98x10°. ¢, of 9 is
5.10x107 which is slightly greater than ®o,0 Of 2 at 2.80x107. This complex is 14 times
more stable in photodecomposition than the most reactive complex, 3. Ru[4,7-
(CeHs)2phen]s®* is 44 times more stable in photooxidation than 3. This results can be
explained by steric hindrance as well. 4,7-(CsHs)2phen is significantly more sterically
hindered compared other complexes investigated. Steric hindrance would challenge
formation of solvated products by photodecomposition and formation of oxygenated

products by photooxidation.

Ru(ll) polypyridyl complexes investigated in H,O have a higher ¢y, than @, 0.
This indicates that oxygen quenches the excited state molecules more efficiently than

photooxidation occurs in the presence of oxygen.
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4.3 Selected Ru(ll) polypyridyl Complexes in Acid

Photostability in different environments is also the interest of many researchers.
Literature suggests® a faster rate of photolysis under acidic conditions. Initially, the ideal
single exponential decay curve as in as agueous environment was expected. However,
an unexpected behavior of photodecomposition was observed. As shown in Figure 4.1
the emission intensity drastically dropped at the beginning of the photolysis Ru(bpy)s?*
in H2S0a. Initial intensities decreased by 26% in nitrogen, 49% in air, and 53% in oxygen
30 seconds after the photolysis started. During this period of rapid decline, the
formation of dark nonluminescent swirls, which appeared black under photolysis
conditions, was visually observed in the sample. After the initial steep decline, the rest
of photolysis seemed to follow the typical decay. Stern-Volmer (SV) quenching plot of
this complex, Figure 4.2., has R? value of 0.9984, which confirms all samples were
purged with different gas sufficiently and initial emission intensities of photolysis decay
curves were accurately measured. The rate constants for the decay was obtained by
fitting the data to a single exponential decay excluding the first three minutes of
photolysis. The rate constants in nitrogen, air, oxygen saturated sample were 0.36, 0.17,
and 0.16 min! respectively. As suggested in previous work>, the photodecomposition is
significantly faster in acidic condition than in water. The rate constants of Ru(bpy)s?* in

water in nitrogen, air, oxygen are 0.057, 0.041, 0.027 min™! respectively. The rate of



photolysis increased by about a factor of 10 in acidic condition than in aqueous

condition.
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Figure 4.1 Photolysis decay curve of Ru(bpy)s:** in 0.048M H.SO4. Sample under nitrogen (Red), air
(black) and oxygen (green). However, the rate of photolysis excluding first 3 minutes of photolysis is
faster in nitrogen than in oxygen.
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Figure 4.2 Stern-Volmer oxygen quenching plot of Ru(bpy):?* in 0.048M H2S04. The SV quenching
constant is 3.4 atm™ and R? = 0.9984
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Photolysis of Ru(phen)s?* was also investigated due to an unexpected behavior of
Ru(bpy)s%* in H2S04. Figure 4.3 shows photolysis decay curves of Ru(phen)s?* in 0.045M
H,S04 at different oxygen concentrations. The similar initial steep drop of emission
intensity is as pronounced as in Ru(phen)s?*. However, the degree of decease is far
greater. Initial intensities decreased by 90% in 60 seconds under nitrogen, 95% in 30
seconds under air or oxygen. After initial drop, emission intensity increased gradually for
next ten minutes. After 10 minutes of recovery, the intensity reached at 21%, 16%, and

15% of initial intensity under nitrogen, air, oxygen, respectively.

The rate constants for photolysis were obtained by fitting the data to a single
exponential decay, omitting the first 20 minutes where a steep drop and recovery of
emission intensity occurred. The rate of photolysis omitting initial drop and recovery
are 0.19, 0.16, and 0.0093 min! under nitrogen, air, oxygen, respectively. Despite the
unusual shape of decay, the rate of photolysis follows the same trend. The rate of decay
is faster in the absence of oxygen than in the presence of oxygen. Figure 4.4 shows
Stern-Volmer quenching plot of Ru(phen)s?* in H.SO4 generated by the initial intensity
points from the photolysis decay curves. A high R? of 0.9992 confirms samples were

properly purged by different gases and the accuracy of the intensity measurements.
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Figure 4.3 Photodecomposition of Ru(phen)s?* 0.045M H.SO4 Photolysis decay in nitrogen (red), air

(black), and oxygen (green).

time (min)

5.5

et

PR |

0 0.2 0.4 0.6

[0,] (atm)

0.8

Figure 4.4 Stern-Volmer oxygen quenching plot of Ru(phen)s?* in 0.045M H2SO4. The SV quenching

constant is 4.4 atm™ and R? = 0.9992
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Because this unusual behavior might have been caused by impurities in the
sulfuric acid, a different acid was used. Trichloroacetic acid (TCA) was chosen, because it
is not volatile, but a strong acid. A concentration of TCA of 0.07M was chosen to have a
similar proton concentration as 0.05M H,S04. The shape of decay curve for Ru(phen)s?in
TAC as shown in Figure 4.5 is very similar to the decay curve in H2SOs. The initial
intensities decreased by 80% in 60 seconds under nitrogen, by 92% in 45 seconds under
air, by 95% in 45 seconds under oxygen. However, the overall recovery time is faster in
TCA than in H2SOa. After 2 minutes, the emission intensity reached at 33% of the initial
intensity under nitrogen. After 3 minutes, the emission intensity reached at 17% of the
initial intensity under air. After 4 minutes, the emission intensity reached at 11% of the
initial intensity under oxygen. Typical photolysis decays are followed after the recovery
of emission intensities. A high R? value of SV quenching plot of Ru(phen)s?* in TCA
confirms accuracy and proper gas saturation of the samples. Also, it assures that the
unusual shape of the decay curves are not due to the artifact of the instrument or error
in data acquisition. It is rather a chemical reaction unexpectedly happening in the
sample in acidic condition. Lastly, the same behaviors, sharp decrease of emission in the
beginning of photolysis, observed both in HSO4 and TCA ruled out the possibility of

oxidizing impurities in sulfuric acid causing the drop.
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Figure 4.5 Ru(phen)s:?* in 0.07M of TCA. Photolysis decays under different oxygen concentrations are
shown as red (nitrogen), black (air) and green (oxygen).
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Figure 4.6 Stern-Volmer oxygen quenching plot of Ru(phen)s?* in 0.07M TCA. The SV quenching constant
is 3.1 atm™ and R? = 0.9993.
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Based on similar behaviors of photolysis in H.SO4 and TCA, the hypothesis of

impurities causing the initial drop was rejected. In data acquisition of photolysis, only
one wavelength can be recorded in a spectrofluorimeter. However, the entire emission
spectra during the photolysis was required in order to test the possibility of a new
emissive product generated by photolysis. Due to this limitation, the emission intensity
was not recorded as the sample was photolyzed. The sample was irradiated by
excitation light for a certain amount time in the sample holder of the instrument and
transferred to the spectrofluorimeter to record an emission spectrum. Then, the sample

was exposed to the excitation light and a spectrum recorded again.

While a sample of Ru(phen)s?* in 0.045M H,S04 under ambient air was being
photolyzed by the blue LED, emission spectra were recorded after every 30 seconds of
irradiation (Figure 4.7) in the spectrofluorimeter. Based on Figure 4.7, no spectral
changes were observed during the photolysis, which confirmed new emissive species

were not formed during the photolysis.

The emission intensity of Ru(phen)s?* in 0.045M H,SO4 under ambient air
deceased by 95% in 30 seconds during the typical photolysis shown in Figure 4.3. Data
presented in Figure 4.7 were re-plotted to compare to the typical photolysis decay
(Figure 4.3). In the re-plotted data (Figure 4.8), 75% of the initial intensity decreased in
30 seconds. The amount of decrease is smaller in this setup, which was expected
because the sample is irradiated. However, the overall shape of Figure 4.8 is quite

similar to Figure 4.3, which suggests that initial photolysis decay curves were accurate.
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Figure 4.7 Changes of emission spectra during photolysis of Ru(phen)s?* in 0.045M H2S0s under ambient
air condition. No spectral changes were observed. The interval between each spectrum is 30 seconds.
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Figure 4.8 Re-plot of the same data presented in Figure 4.7 which is photolysis of Ru(phen)s?* in 0.045M
H2S04 at 595nm. This plot resembles Figure. 4.3.
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4.4 Oxidation of Ru(ll) polypyridyl Complexes in Acid

As no spectral changes in emission spectra during photolysis of Ru(phen)s?* in
0.045M H,S04 were observed, this confirmed that the initial drop was not due to a
formation of a new emission species. Absorption spectra were required to investigate
changes in speciation during photolysis. Changes of absorption spectra compared to an
absorption spectrum of non-photolyzed sample were measured. Figure 4.9 shows how
overall shapes of absorption spectra changed after 5 minute exposure to the excitation
light of Ru(phen)s?* in 0.045M H,SO4 under ambient air. After a 5 minute photolysis,
absorption spectra were recorded every 60 seconds to follow changes in speciation. The
sample data were plotted as absorbance vs. time at specific wavelengths in Figure 4.10.
Absorbance from 400nm to 450nm, which corresponds to the MLCT band, decreased
initially and recovered to the original state after 200 seconds. Peaks at 220 nm and 264
nm decreased initially at the end of the 5 minutes of photolysis and then recovered
during the monitoring period. Absorbance peaks at 276 nm and 300 nm had initially

increased but returned back to the initial absorbance after 200 seconds.

These data suggest that Ru3* is formed upon the initial photolysis and returned
back to Ru?* when further photolysis is not possible. Ru?*, which is emissive, is oxidized
by an unknown oxidizing agent under acidic conditions. Then, Ru3* is reduced back to

Ru?* by solvent® after photolysis.
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Figure 4.9 Absorption spectra of Ru(phen)s?* in 0.045M H2SO4 under ambient air. Blue line denotes a
spectrum of un-photolyzed sample. Each absorption spectrum was acquired at every minute after 5
minutes of exposure of sample to the excitation light. Isosbestic points at 270 nm and 365 nm.

m
0.7 “llllllllIIIIIIIIIIIIIIIIIIIIIIIIII € 220nm

S 0
2 . M 264nm
S 05
9 ' A 276nm
8 04 ~300nm
< 03
. X 420nm
' S PPKKIHKIIIKIKIIKIIIIIIIIIIIIIIKIIIIIOIOK ® 450nm

-100 400 900 1400 1900 2400
Wavelength (nm)

Figure 4.10 Absorption changes of Ru(phen)s?* in 0.045M H.SOs at specific wavelengths over time. With
the exception of 220 nm, absorbances at 264 nm, 276 nm, 300 nm, 420 nm, and 450 nm recovered back
to the initial value of un-photolyzed sample.
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Figure 4.11 shows the same data presented in Figure 4.9, but only from 300nm
to 500nm for a better visualization. The dashed line represents unphotolyzed
Ru(phen)s?* in 0.045M H,SO0a. After 5 minutes of photolysis, absorbance of MLCT band
decreased compared to unphotolyzed complex. Overtime, the absorbance from 400nm
to 460nm increased, which suggests formation of Ru(ll) from Ru(lll). Ru(lll) species

under acidic condition are unstable, it will reduce back to Ru(ll) by oxidizing water.

Oxidation of Ru(phen)s®* in H,SO4 was tested with PbO, a solid oxidizer. Figure
4.12 shows changes of absorption spectra of Ru(phen)s?* in 0.25 M H2S04 which was
oxidized by 22.5mg of PbO,. PbO; was separated by centrifugation and absorption
spectra of the oxidized sample were recorded. Upon oxidation, absorbance from 400
nm to 460nm decreased, which indicates oxidation of Ru(ll) to Ru(lll). Similar to the
photolysis data, Ru(ll) forms back as indicated by increase of absorbance from 400 nm

to 460 nm overtime.

Photolysis of Ru(phen)s?* in 0.045M H,S04 (Figure 4.11) and oxidation of
Ru(phen)s?* in 0.25M H2S04 by PbO> (Figure 4.12) share similarities. Both have an
isosbestic point at 365 nm, which indicates that the same chemistry occurs in both
cases. Also, the overall shape of absorption spectra are very similar. This data confirms

oxidation of Ru(ll) in acid during photolysis.
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Figure 4.11 Absorption spectra of Ru(phen)s2* in 0.045M H2S04 under ambient air from 300 nm to 500
nm. The same data in Figure 4.9 replotted for a comparison. Dashed line is absorbance spectrum of un-
photolyzed sample. The red line with the lowest absorbance is absorbance spectrum after 5 minutes of
photolysis. Each absorption spectrum was taken at every minute after initial photolysis. Absorbance
from 400 nm to 460 nm increases overtime.
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Figure 4.12 Absorption spectra of Ru(phen)s?* in 0.25M H2S04 under ambient air. The dashed line
represents an absorbance of unoxidized Ru(phen)s?* in 0.25M H;SOa. The red line with the lowest
absorbance is when the sample is oxidized by PbO2. Ru(lll) reduces back to Ru(ll) after PbO: is
separated by centrifugation, as indicated by the increase in absorption from 400 nm to 600 nm
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As proton in acid is suggested as a possible oxidizing agent, the effects of proton
concentrations on photolysis of Ru(phen)s?* in H,SO4 were explored. If proton oxidized

Ru(ll) to Ru(lll), different concentrations of the acid will have an effect on photolysis.

Figure 4.13 shows photolysis decays of 6ppm Ru(phen)s?* at different
concentrations of H,SO4. As expected, recovery of emission intensity after the initial
drop is slower (13 minutes for 0.225M and 8 minutes for 0.045M) in stronger acid. Also,
emission intensity recovered more in a less concentrated acid (10% of the initial

intensity at 0.225M and 20% of the initial intensity at 0.045M).

If the initial drop is caused by oxidation of Ru?* to Ru** by proton in acid, the
percent decrease of the initial intensity should be less in more concentrated
Ru(phen)s?*. As expected, 80% of the initial intensity decreased in 2 minutes with
12ppm Ru(phen)s?* and 90% of the initial intensity decreased in 30 seconds with 6ppm

Ru(phen)s?* as shown in Figure. 4.14.

This data cannot conclude that a proton is responsible for oxidation of Ru(ll) to
Ru(ll) in acid during photolysis. However, the data does not disprove the hypothesis.
More experiments are required to correctly identify the oxidizing agent in Ru(ll)

polypyridyl complexes in acid.
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Figure 4.13 Photolysis decay of Ru(phen)s?* in 0.045M H2S04 (black) and 0.225M H»S04 (red). Under
higher acid concentration, the recovery of intensity is slower and minimal.
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Figure 4.14 Photolysis of Ru(phen)s* in 0.045M H2SOa. 12ppm of Ru(phen)s?* (red), 6ppm of Ru(phen)s*

(green).
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4.5 Photolysis Ru(ll) polypyridyl Complexes in Acid in the Presence
of a Reducing Agent.

Based on the experimental data, it is confirmed that an oxidizing agent in the
acid is causing the initial steep drop in photolysis. In order to prevent the initial drop
and achieve the ideal photolysis decay, a reducing agent was added to the sample. If the
oxidizing agent is oxidizing Ru?* to Ru?*, the presence of a reducing agent will reduce
Ru3* back to Ru?*. Ascorbic acid was suggested as a plausible reducing age®. Figure 4.15
shows a qualitative preliminary data on effects of ascorbic acid as a reducing agent on
photolysis. A couple of crystals of ascorbic acid were added to Ru(phen)s?* in 0.045 M
H,S04 after 10 seconds after the photolysis started. This is to ensure ascorbic acid is
added after Ru3* was formed. Clearly, ascorbic acid reduced Ru®* back to Ru?* and
caused an increase in emission intensity at 595nm. After 2 minutes of addition of
ascorbic acid, Ru(phen)s%* in 0.045M H,SO4 follows the typical photolysis decay. Figure
4.16 shows more information during first 30 seconds. As clearly seen on the graph, the

addition of ascorbic acid has an immediate effect on emission intensity.

The data confirmed the effect of ascorbic acid as a reducing agent. A sample of
Ru(phen)s2* in 0.045M H,S0 was made with 2 mM of ascorbic acid under different
oxygen concentrations was photolyzed (Figure 4.15). Unlike previous data (Figure 4.1,
4.3, 4.5), an initial steep drop was not observed in the presence of ascorbic acid. The

photolysis decay curves are very similar to the typical photolysis decays. The rate
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constants are 0.31, 0.21, 0.092 min! under nitrogen, air, and oxygen, respectively.
These are significantly faster than Ru(phen)s?*in water. The rate constants of photolysis
of Ru(phen)s?*in H,0 are 0.025, 0.015, 0.0055 min! under nitrogen, air, and oxygen,
respectively. Under acidic conditions, the rate of photolysis increased by a factor of 10,

which is consistent with the literature>.

In Figure 4.17, the photolysis decay under oxygen has a steep drop at 16
minutes. This steep drop of the emission intensity around 16 minutes of photolysis is a
clock reaction which never occurred in Ru(phen)s?* in H.SO4 with any concentrations of
ascorbic acid under nitrogen. In the presence of oxygen, a singlet oxygen species is
generated by oxygen quenching of Ru(ll) polypyridyl complexes. The singlet oxygen (or
superoxide) is known to attack ascorbic acid and decompose the reducing agent’. Once
singlet oxygen species degrades all of ascorbic acid, there is no reducing agent present
to prevent oxidation of Ru(ll). The time of when this clock reaction happens is directly
related to the concentration of the ascorbic acid. The less concentrated ascorbic acid,
the faster the clock reaction happens. Also, this clock reaction never occurred in
nitrogen which is consistent with the theory a singlet oxygen or superoxide

decomposing ascorbic acid.
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Figure 4.15 Preliminary data of ascorbic acid added to Ru(phen)s?*in 0.045M H2SOa. The black line
denotes a typical photolysis decay in acid, and the red line denotes an addition of ascorbic acid crystal
to the sample.
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Figure 4.16 Ascorbic acid added to Ru(phen)s2* in 0.045M H.SO4. Emission intensity increased at 10
seconds when a crystals of ascorbic acid is added. The black line denotes a typical photolysis decay in
acid, and the red line denotes an addition of ascorbic acid crystal to the sample.
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Figure 4.17 Photolysis decays of Ru(phen)s?* in 0.044M H2S04 and 2 mM ascorbic acid under nitrogen
(red), air (black) and oxygen (green).

4.6 Summary of Chapter 4 & Future Work

In this chapter, photolysis of ruthenium (Il) polypyridyl complexes was explored
in H20 and acid. In water. the data are well described by Figure 4.18. Figure 4.18 shows
the proposed mechanism for photodecomposition of a luminophore. An excited
luminophore can follow one of the following paths. An excited luminophore can relax
back to the singlet ground state by emitting a photon or by radiationless decay (path 1).
Path 2 describes photooxidation of a luminophore by a singlet oxygen. Path 3 describes

photodecomposition of a luminophore and a non-luminescent solvated product.
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Figure 4.18 Effects of oxygen in photochemistry. Ru(bpy)s?* is used to illustrate possible paths of the
excited state molecule.

In aqueous solution, photodecomposition yield, ¢4, and photooxidation yield,
©0,0, Of these complexes were obtained. Ru[4,7-(CeHs)2phen]s?* is one of most
photostable complex among Ru(ll) polypyridyl complexes investigated. Ru(bpy)s%*

compound is less photostable than Ru(phen)s?* in general.

The chemistry is significantly more complex in acid. Our results only begin to
explore the complexities of these systems; however, we can draw some conclusions.
Under acidic conditions, the emission intensity of luminophores decreased drastically in
the first minute. This unusual shape of the photolysis decay curves appears to be due to

oxidation of Ru(ll) by a oxidizer present in acid. The behavior can be prevented by an
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addition of a reducing agent such as ascorbic acid. Even with the reducing agent, the
rate of photolysis in acidic condition is about ten times faster than in water, which is
consistent with the previous work. However, it is not yet known what is the oxidizer
causing an oxidation of Ru(ll) in acid. It is highly likely that it is not cause by impurities,
because both H,S04 and trichloroacetic acid has the same phenomenon. It is possible
that proton is an oxidizing agent in the acid data. This can be tested by monitoring

hydrogen gas formation or possibly pH changes during photolysis.

Several different experiments can be performed in the future. First, more Ru(ll)
polypyridyl complexes can be investigated in H,0. Only selected complexes have been
explored in this work; however, there are numerous complexes available. Secondly, the
photostability of the complexes in different environments such as various solvents and
polymers can be measured. Lastly, more detailed analyses of photolysis of Ru(ll)

polypyridyl in acid are needed.
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Chapter 5 Conclusion

Luminescence sensors are widely used as an analytical tool'. Luminescence
spectroscopy has many advantages over other analytical techniques such as high
sensitivity, simpler instrumentation, and low cost. Luminophores as a sensor are used to
analyze various compounds from CO,?, 02>4, glucose®, anions® and metal ions such as
zinc’, potassium?®, to name a few. Pressure®, temperature® and pH*! can be measured
by luminescent sensors. When used as a probe, photostability of a luminophore is
important to validate the accuracy of measurements. Also understanding photochemical
and photophysical properties of luminescent probes are important to develop a better

sensorl13,

However, measurements of quantitative photodecomposition yield (¢ ) of
luminophores require either complicated instrumentation or long experimental time. An
instrument was developed to efficiently measure quantitative photostability of

relatively stable luminophores.

The final version of the instrument is composed of a high power blue LED with
the peak wavelength at 455nm, a quartz light pipe, a fiber optic for monitoring the
emission intensity, a shutter and a fluorimeter. The light pipe efficiently delivers 2.30 W
of blue light to the sample at 5.72 A. Typical photolysis of Ru(ll) polypyridyl complexes

was run at 5.72 A at 2.3 W. If more power is needed, the LED can emit at a higher power
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over 4 W at higher currents. A rotary fan was attached to the heat sink in order to
minimize temperature increase in the LED. The sample was stirred by a micro magnetic
stirrer as well as purged by appropriate gas while being photolyzed. A muffin fan was
used to cool optically dilute sample during photolysis in order to minimize effects of
temperature on emission intensity of the luminophore. The emission intensities were
recorded by a fluorimeter, FluoroMax 4 , which is delivered from the sample to the

detector by a fiber optics.

Accuracy of the photolysis measurements by the developed instrument was
confirmed with Fluorescein isothiocyanate in H.0O. ¢, of FITC measured by the
instrument, 1.09x10* is consistent with literature value of 1.2x10#1416, The instrument
measures @4 of very stable ruthenium(ll) polypyridyl complexes with ¢, of 10®to 107,
in a shorter time, which is usually 25 to 30 minutes. As less than half of the maximum
intensity of the LED was used, more stable complexes can be measured at maximum
power. Lastly, the instrument has a good reproducibility of less than 2% relative
standard deviation on three consecutive measurements of the identical sample of

Ru(bpy)s** ,tri(bipyridine) ruthenium (I1), in H20.

Photodecomposition yield, ¢y, o and photooxidation yield, ¢, of Ru(ll)
polypyridyl complexes in H>O were obtained. @y, is the photodecomposition yield in
the absence of oxygen. @, is the limiting photooxidation yield when 100% of the

excited state is quenched by oxygen. In all of the selected luminescent Ru(ll) complexes



79
investigated, @y, was higher than ¢, o, which indicates that direct
photodecomposition is more efficient than photooxidation. Ru[4,7-(CsHs)2phen]s?*, tris
(4,7-diphenyl-1,10-phenanthroline) ruthenium(ll), is one of most photostable complexes

among Ru(ll) polypyridyl complexes investigated.

The use of mixed ligand complexes is common to tailor the characteristics of the
complexes. Photostability of Ru[(phen)(bpy)2]?* was investigated. Photodecomposition
yield, @y,0, and photooxidation yield ¢, o, of Ru(bpy)s** are greater than those of
Ru(phen)s?*, indicating that phen is a significantly more photostable ligand than bpy in
both of photodecomposition and photooxidation. When one of three ligands on
Ru(bpy)s** is replaced by phen, @y, and @, increase slightly compared to Ru(bpy)s**
but significantly greater compared to Ru(phen)s**. @y, o of Ru[(phen)(bpy),]** is 1.29x10"
> which is slightly greater than ®n,o of Ru(bpy)s®* at 1.03x10° but far greater than ®N,0
of Ru(phen)s?*at 3.98x10°. @, of Ru[(phen)(bpy)2]** is 2.90x10°® which is slightly
greater than ¢, of Ru(bpy)s?* at 1.95x10°® but far greater than ¢,,, of Ru(phen)s;**at
2.8x107. These results suggests that the photostability of a mixed ligand complex is

limited to photostability of the least stable ligand.

While not directly relevant to most sensor design, the photochemistry in acid is
far more complex than in pure photochemistry in pure water, and a complete
interpretation will require far more work. Under acidic conditions, the emission

intensity of luminophores decreased drastically in the first minute. The unusual shape of
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photolysis decay curves is due to oxidation of Ru(ll) by an oxidizer presents in acid. The
behavior can be prevented by the addition of a reducing agent such as ascorbic acid?’.
The rate of photolysis under acidic conditions is about ten times faster than in water,
which is consistent with previous work'®. However, the oxidizer causing the oxidation of
Ru(ll) in acid is yet unknown. It is highly unlikely that it is caused by impurities, because
both H,S04 and trichloroacetic acid have the same phenomenon. A possible oxidant is a
proton; however, this cannot explain all the data. Further experiments are needed in
order to accurately identify an oxidizing agent in the photolysis of Ru(ll) polypyridyl

complexes in acid.

In summary, an instrument to measure quantitative photostability of
luminescent complexes was successfully developed. The measurements made by the
instrument are reproducible and accurate. Photolysis time to decompose luminophores
and obtain quantitative decomposition yields is less than 30 min, which is significantly
less than the 90 minutes required in the previous work, simply to obtain qualitative

decomposition®®.
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