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Abstract

This study concerns the primary photophysics and photochemistry of two well
characterized humic substances. the Mossy Point and Laurentian fulvic acid. Quantum
yields for solvated electron and cation radical production were determined directly from
time resolved absorption spectra recorded at 20 ps (irradiation at 355 nm) for various
solutions of Laurentian and Mossy Point fulvic acid. Quantum yields for formation of the
solvated and corresponding free radical at 20 ps range from 0.12 for Laurentian fulvic
acid solutions prepared at pH 4.0 to 0.18 for solutions prepared at pH 9.0.

Time resolved photoacoustic spectroscopy in conjunction with magnetic circular
dichroism (MCD) spectroscopy has been applied to determine energies and quantum
yields for the formation of triplet states in aqueous solutions of Mossy Point and
Laurentian fulvic acids with irradiation at 337.1 nm. For the Laurentian sample,
intersystem crossing quantum yields range from 0.79 to 0.28 for the pH range 2.0-9.5.
The average triplet energy is estimated as 1.8 x 10> kJmol™ from MCD spectra. For the
Mossy Point sample, intersystem crossing quantum yields range from 0.82 to 0.35 for the
pH range 2.0-9.5. The triplet energy is estimated as 1.7 x 102 kJmol™. With the primary
photoproduct quantum yields, the overall photophysics and primary photochemistry of
the fulvic acid may be described.

Photodegradation studies involving Laurentian fulvic acid solutions and a three
component chemical model mixture, comprised of a quinone, hydroquinone and phenol
indicate that a parallel exists between the near ultra violet (350nm) photochemical
behaviour of Laurentian fulvic acid solutions and the quinonoid model mixtures. A
quinonoid free-radical photodegradation mechanism is suggested for the Laurentian
fulvic acid. The study uses a relatively small non-substituted quinone (1,4 benzoquinone)
and a larger substituted ubiquinone (coenzyme Q 10) to explore the effect of substitution
in the quinone both experimentally and by computational modeling to further support the
quinoid model of fulvic acid photochemistry. The uv-vis spectral behaviour of the model
and the fulvic acid is correlated with photoinduced changes in the 13-C NMR spectra of

the fulvic acid.
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1.1 Introduction

Humic substances are major organic light absorbers in natural waters and have been
implicated in a number of important photochemical pathways. To begin to unravel the
contributing steps in such pathways, we require knowledge of the primary photophysics and
photochemistry of well-characterized humic substances.

The first portion of this chapter will introduce the properties of the well-characterized
organic fraction of soils (fulvic acid) used in this study. The latter portion will outline the various
photophysical and photochemical procedures and experimental methods employed in this work.
It's intent is to provide an introductory view of the physical-chemical processes that will be
described in order study the underlying mechanisms involved in oxidative photochemistry of
natural water systems.

The main focus of this work is the evaluation of primary photoproduct quantum yields of
fulvic acid. This required the use of three spectroscopic techniques: picosecond laser
spectroscopy, magnetic circular dichroism spectroscopy and time resolved pulsed photoacoustic
spectroscopy. Fulvic acid degradation depends upon the subsequent fate of the primary
photoproducts. After determination of primary photoproduct quantum yields degradation studies

were carried out with the use of solid state NMR and differential ultra-violet/visible spectra.

1.2 Organic Matter in Soil

Though typically comprising less than 5% of a productive soil, organic matter largely

determines soil productivity. It serves as a source of food for microorganisms; undergoes
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chemical reactions such as ion exchange; and influences the physical properties of the soil. Some
organic compounds even contribute to the weathering of mineral matter, the process by which
soil 1s formed. For example oxalate ion produced as a soil fungi metabolite occurs in soil as the
calcium salts whewellite and weddelite. Oxalate in soils dissolves minerals, thus speeding the
weathering process and increasing the availability of nutrient ion species. Some soil fungi
produce citric acid and other chelating organic acids which can react with silicate minerals and
release potassium and other metal ions held by these minerals (1.1, 1.6).

Biologically active components of the organic soil fraction include polysaccharides,
amino sugars, nucleotides, organic sulfur and phosphorous compunds. Humus, described in
detail below, is the most abundant organic component and makes up the bulk of the soil organic
matter.

The accumulation of organic matter in soil is strongly influenced by temperature and
avalability of oxygen. Since the rate of biodegradation decreases with decreasing temperature,
organic matter does not degrade rapidly in colder climates and tends to build up in the soil. In
water and waterlogged soils, decaying vegetation does not have easy access to oxygen, and
therefore organic matter accumulates. The organic content may reach 90% in areas where plants
grow and decay in soil saturated with water.

The presence of naturally occuring polycyclic aromatic compounds is another interesting
feature of soil organic matter. These compounds are sometimes the result of grass fires or forest
fires (benzopyrene). Oxidation products include epoxides, quinones, phenols, aldehydes and
carboxylic acids. It must be noted that quinones and lignins are present also as portions of

biodegraded plant materials (1.1, 1.3, 1.7).
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1.2.1 Soil Humus

Of all the organic components in soil, humus is by far the most significant. Saussure
(1804) has been credited with introducing the term ‘humus’ (Latin equivalent of soil) to describe
the dark colored organic matter in soil. Later, Dobereiner (1822) designated this dark colored
component of soil organic matter as humus acid. The origin of the term humic acid to identify
the alkali-soluble and acid insoluble fraction is somewhat obscure, but it was in common use at
the time of Berzelius (1839). Wakesman (1936) pointed out that humus acid and humic acid
were often used indiscriminately and seldom was there any differentiation made between the
two. When distinguished, however, the former referred to the alkali extracted material whereas
the latter referred to the precipitate obtained by subsequent acidification. Use of the term ‘humin’
then, to describe the alkali insoluble material had a similar development and was often used
synonymously with humus coal (1.8).

After years of research, it became apparent that humic substances consisted of
heterogeneous mixtures of compounds for which no single structural formula could be given.
Humic substances have therefore been traditionally defined according to their solubilities. I[fa
material containing humic substances is extracted with a strong base, and the resulting solution
acidified, the products are:

(1) a nonextractable organic residue called humin;

(2) a material that precipitates from the acidified extract, called humic acid; and

(3) organic material that remains in the acidified solution, called fulvic acid.

Because of their acid-base, sorptive, and complexing properties, both the soluble and insoluble
humic substances have a strong effect upon natural water systems. In general, fulvic acid

dissolves in water and exerts its effects as the soluble species. An understanding of the role



played by soluble fulvic acid is critically important to aquatic chemistry and aquatic
photochemistry.

Fulvic acid is a complex heterogeneous mixture of polyelectrolyte macromolecules with
a relatively high number of carboxylic acid functional groups. Molecular weights range from a
few hundred to a few thousand. Functional groups will vary depending on the where the samples
were obtained. This present work involves the study of two well characterized fulvic acids
(described below). Fulvic acid samples are an organic fraction taken typically from what is
called a ‘B’ horizon podzol. In typical soils distinctive layers with increasing depth can be visible.
These layers are called horizons. Horizons form as the result of complex interactions among
processes that occur during weathering. Rainwater percolating through soil carries dissolved and
colloidal solids to lower horizons where they are deposited. Biological processes, such as
bacterial decay of residual plant biomass, produces slightly acidic conditions (due to the
production of CO; ), organic acids, and complexing compounds that are carried by rainwater to
lower horizons where they interact with clays and other minerals, altering the properties of the
minerals. The top layer of soil, typically several centimeters in thickness, is known as the ‘A’
horizon, or topsoil. This is the layer of maximum biological activity in the soil and contains most
of the soil organic matter. Metal ions and clay particles in the ‘A’ horizon are subject to
considerable leaching (1.4).

The next layer is the ‘B’ horizon, or subsoil. It receives material such as orgainc matter,
salts, and clay particles leached from the top soil. The ‘C’ horizon is composed of weathered
parent rocks from which the soil originated. This study involves work of two well characterized
organic fractions (see Appendix I) obtained from ‘B’ horizon podzols originating from (Mossy

Point) P.E.I. and the Laurentians (Quebec), namely the Mossy Point fulvic acid and the



Laurentian fulvic acid, Figure 1.1 (L.11-1.15). With characterization information available

relating changes in the observed photophysics to the physicochemical properties of the sample
becomes possible.
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Figure 1.1: Map description of the two areas where soil samples were obtained.

The two fulvic acid fractions have the following characteristics:

W



Elemental Analysis

Element(%) Mossy Point Fulvic Acid Laurentian Fulvic Acid
Carbon 49.52 45.1

Nitrogen 0.58 I.1

Hydrogen 4.6 4.1

Oxygen 453 49.7

Both have <1% ash, < 1ppm Fe and <3ppmNa

Molecular Weight Range

The number average molecular weight of 951 g mol™ as determined by vapor phase

osmometry for the Mossy Point fulvic acid. The weight average values are significantly larger

(1.14).

Functional Group Analysis

'*C NMR: Characterization of functional groups found in Laurentian Fulvic Acid (1.15-1.20)

Chemical Shift Assignment* Chemical Shift Regions (ppm) % C

- ketonic 220-190 8.8
quinone 190 - 178 15.7
carboxyl 178 - 165 17.2
phenolic/ hydroquinone 165 - 140 3
aromatic 140 - 96 15.6
carbohydrate/aliphatic alcohols 96 - 50 17.8
aliphatics S0-0 219

* (1.16-1.20)

6
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Fulvic acid molecules are less aromatic in character and smaller than both humic acid and
humin. Fulvic acid can be thought of as a flexible, heterogeneous polyelectrolyte mixture whose
components may assume varied conformations. The conformation of fulvic acid is sensitive to
changes in pH and background electrolyte concentrations. Both humic and fulvic acids are
thought to be able to form micelle like structures at higher concentrations in natural waters.Their
amphiphilic properties may allow them to form bilayer surface coatings on mineral grains in
soils. These properties may also significantly increase the holding capacity of water in soils.

Structural complexity, diversity of functional group geometries and intramolecular
interactions offer many possibilities for humic conformations. These characteristics allow humic
material to function as surfactants, with the abilitiy to bind to both hydrophobic and hydrophilic
materials. In combination with colloidal behaviour these features make fulvic acid and humic
acid effective agents in transporting both organic and inorganic contaminants in the environment.
The tendency of these substances to interact with hydrophobic organic compounds as well as
with heavy metals can have a major environmental impact. Binding (complexation) of
contaminants to humic substances may alter the pollutants’ fate either by sequestering

contaminants or enhancing their transport (1.8, 1.9).

Photoprocesses

Light entering the upper layer of natural waters includes the visible and near-ultraviolet
regions of the spectrum. In consequence, the vast majority of dissolved small organic molecules
and simple inorganic ions are not important light absorbers. Their spectra lie too far in the
ultraviolet wavelength range. The most important chromophores are, in fact, colloidal and fall

into two main classes. The first class are "dissolved" organic materials that belong predominantly



to that heterogeneous mixture of polydisperse polymers called humic substances. The second
class, are transition metal containing hydrous oxide colloids (1.21,1.22, 1.23, 1.24).

The absorption spectrum of a typical and "well characterized” fulvic acid (Mossy Point)
is shown in Figure 1.2 (1.24). It is quite striking that absorbance extends well into the red region
~ and toward the near-infra-red. This presents more of a puzzle than has usually been
acknowledged. The functional group content, degradation, and fractionation studies suggest that
the lowest energy transitions are expected to be those of the phenol and carboxylate functional
groups, which absorb in the near-UV region as monomers. Why does this small polymer display
such profound red shifts? One factor is the degree of conjugation of the chromophores in the
polymers. Another factor involves donor-acceptor, charge transfer complexes which appear
commonly in polymer photophysics of organic molecules, in particular mixed
quinone/hydroquinone-like systems. In this study we give prominence to the accumulating
evidence favoring the latter factor to account for the origin of color. Similarities in photophysical

behaviour of fulvic acid and quinoid so!ution mixtures will be described.

1.00

Absorbance

L 1 ' i
190 298 400 $0S 610 71s 820
Wavelength (am)

Figure 1.2: Absorption spectrum of Mossy Point fulvic acid (17mgL™*; pH4). Irradiation work

took place between 337 - 355 nm.
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Humic substances being the major light absorbers in natural waters will play a
significant role in the regulation of natural waters (and the carbon budget) by their own
photodegradation and by initiating the photochemical transformations of organic
compounds. These reactions have been the subject of increasing study over the last
several years. Much work on the photochemistry of natural waters have demonstrated
that under solar irradiation, waters containing humic substances generate a variety of
reactive intermediates and radicals. Intermediates identified include solvated electrons
(picosecond time domain), excited triplet states of the humic substances (microsecond
time domain), singlet oxygen (steady state), superoxide (steady state), and hydrogen
peroxide (steady state) (1.21-1.33).

The diversity of the photochemistry observed in natural waters cannot be fully
understood without a more detailed understanding of the primary photophysical and
photochemical pathways by which excited humic chromophores yield reactive states and
intermediates. Such detailed analysis must depend on humic materials that are as well
defined as possible_.such as the Mossy Point and Laurentian fulvic acid.

This study is directed toward a description of the overall photophysics and
primary photochemistry of the Mossy Point fulvic acid and the Laurentian fulvic acid.
The diversity of the photochemistry observed in natural waters first produces a need to
determine the primary photoevents and photoproducts formed by excited states of
chromophores of the humics. Time-resolved picosecond spectroscopy, time-resolved
pulsed photoacoustic spectroscopy, fluorescence quenching studies, as well as a variety
of photolysis experiments have been the main tools used in order to elucidate the primary

photophysical and photochemical pathways of the fulvic substances (1.34). The work
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presented here began in the time domain of 20 psec and pursues the consequences of
excitation out of the time domain of 16 days. This study also involved the development of
a photochemical -photophysical 'mimic' of fulvic acid, as well as, molecular modeling
work in order to complement the results derived from picosecond spectroscopy, magnetic
circular dichroism spectroscopy, time resolved pulsed photoacoustic spectroscopy, and
photochemical degradation studies.

A discussion of some theoretical aspects of organic photophysics and
photochemistry will be given in Chapter 3. The results of primary photoproduct quantum
yields for the three major primary photoproducts formed for fulvic acid (solvated
electron, associated cation radical and excited state triplets) will be decribed in Chapters
4 and 5. Investigation of the primary quantum yields for the solvated electron and
associated cation radical involves picosecond laser spectroscopy of the Laurentian and
Mossy Point fulvic acid (Chapter 4). In Chapter 5 the results of the apparent triplet state
quantum yields are presented. These apparent quantum yields were estimated by using
Magnetic Circular Dichroism (MCD) spectroscopy to obtain the average triplet energy
and then time resolved pulsed photoacoustic spectroscopy to obtain the energy storage
associated with the triplet.

After determination of primary photoproduct quantum yields, degradation studies
were carried out with the use of solid state NMR and analysis of differential ultra-
violet/visible spectra. These results are presented in Chapter 6. These results include an
intensive study of the photochemical activity of a variety of fulvic acid solutions for
various irradiation times under different conditions of pH, background electrolyte, and

concentration. The results of this work are correlated with the picosecond, MCD and time



resolved pulsed photoacoustic data. This chapter also describes the development and

behavior of a photochemical / photophysical mimic of fulvic acid.

Finally, molecular modeling work (Spartan), PM3 semi-empirical calculations

were used to investigate 'geometries’ for a variety of complexes that may occur in fulvic

acid, based on the photochemical / photophysical data, elemental analysis and *C NMR

functional group data.
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Chapter 2: Experimental

Materials and Methods of Preparation

The fulvic acids used in the present study were extracted from the two soils by the
same procedure. In each case, two kilograms of air dried soil was extracted with 20 L of
0.5 M NaOH overnight with occasional shaking. Suspended solids were then removed by
settling and centrifuging at 5000 rpm for ten minutes. The extracts were passed through
two columns in succession containing Dowex SOW-X8, 20-50 mesh size cation exchange
resin in the protonated form. The two columns were a roughing column, 1m long x 8.5
cm diameter, and a finishing column, 55 cm long x 4.6 cm diameter. The flow rate for
both columns was kept at about one drop per second. Atomic absorption tests were
performed to determine the concentration of sodium, iron and other metals in the fulvic
acid. Acceptable limits are metal concentrations below 1ppm (solid). When the pH of the
effluent from the roughing column rose above 7, the column was regenerated by 0.1 M
HCL followed by rinsing with doubly distilled water. The ion exchanged solution was
freeze dried in a cabinet type freeze dryer in trays holding 2 L portions. The freeze dried
fulvic acid powder was subsequently stored in tightly stoppered flasks in the dark. ‘High’
molecular weight fractions of fulvic acid were obtained by retaining the portion of
Laurentian and Mossy Point fulvic acid solutions that were passed through a YM30
(nominal cutoff 30000 daltons; Sigma Chemical) filter membrane. ‘Low’ molecular

weight fractions refers to the freeze dried filtrate of Laurentian and Mossy Point fulvic
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acid solutions that passed through a YM2 (nominal cutoff 1000 daltons; Sigma Chemical)
filter membrane.

Fulvic acid stock solutions were prepared at a concentration of 150 mg/L in
nano-pure distilled water. The stock solutions were protected from exposure to light and
discarded after one week. Fulvic acid solutions that were pH adjusted were allowed to
equilibrate for 24 hr in the dark. The pH was adjusted using NaOH or HCl. Both
compounds were obtained from Aldrich Chemicals (analytical grade). The standard used
in the time-resolved pulsed photoacoustic experiments in order to calibrate the energy of
the photoacoustic signal is the compound was tris(5 methyl - 1- 10 - phenanthroline)
ferrous perchiorate which was obtained from Smith Chemical Company. Conventional
fluorescence quantum yield measurements were standardized using quinine sulphate from
Aldrich Chemicals.

The following chemicals were used for the quinone model mixtures and were
obtained from Sigma Chemical: 1,4 benzoquinone, 2,5 dihydroxy- benzoquinone, phenol
and hydroquinone. All solutions were prepared in the dark in the following manner:

1) In all cases the aqueous solutions were prepared to have molar ratios of quinone to
hydroquinone and phenol of 1:3:3.

2) Solutions were prepared 5o that maximum absorbance was approximately 1 at 250
nm..

3) Solution preparation always involved a first step of mixing (in the dark while stirring)

the quinone and hydroquinone first and allowing the solution to stir for approximately 40

minutes before adding the phenol. The solution was then left (with stirring) in the dark

for 24 hrs.
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The temperature in all cases was maintained at 20 C.

Equipment

Absorption Spectra

Absorption spectra of solutions were measured using a Hewlet Packard 8452A
Diode Array Spectrophotometer. It is a single beam, microprocessor controlled, UV-VIS
spectrophotometer with collimating optics. This instrument operates from 190 to 820 nm
with a spectral resolution of 2 nm. It was controlled by an IBM PC with an HP UV/VIS

software package. A 1cm path quartz sample cell was used for all measurements. The

reference beam blank was always water.

Fluorescence

Fluorescence measurements were made with a Perkin-Elmer Model 650-10S
scanning spectrophotometer designed for the measurement of fluorescence excitation and
emission spectra. The source is a 150 W xenon lamp that is mounted vertically. Spherical
lenses focus the source on an entrance slit that is oriented horizontally. The light beam
from the xenon lamp is made monochromatic in the excitation monochrometer.
Fluorescence light from the sample, after passing through the emission monochrometer,

is detected by the photomultiplier and amplified for transmission to the recorder.



Picosecond Laser Spectroscopy

Transient absorption spectra of Mossy Point and Laurentian fulvic acid samples at
different pH values, at a time resolution of 20 ps, were recorded at the Canadian Center
for Picosecond Laser Flash Photolysis (CCPLFP) at Concordia University in Montreal.
Picosecond laser flash spectroscopy of various fulvic acid solutions at different pH
values were carried out in order to determine the quantum yields of éolvated electron
production and the associated cation radical in the two sets of fulvic acids, Mossy Point
and Laurentian. All fulvic acid solutions were prepared fresh as described previously,
kept in the dark and allowed to equilibrate for 24 hr before any conventional UV-VIS
absorption spectra were determined or any picosecond (20 ps) transient absorption
spectra were measured. The picosecond laser system was built by Dr. D.K. Sharma and
Professor Nick Serpone at Concordia University and has been described (2.1). The

picosecond system is schematically represented in Figure 2.1:
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Figure 2.1:  Schematic representation of the picosecond flash photolysis experimental
setup.
1. Laser: - Head
- Mode-locking cell
- Mirror
. Beam expander
. Glann-Air Polarizers
. Pulse selector
. Amplifters
. Second harmonic crystal
. Third harmonic crystal
. Delay ramp
. Continuum cell
10. Energy detector
11. Energy meter
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13. Double monochromator
14. Photodiod array detector
15. Multichannel analyzer
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The light source is a mode locked Nd:YAG laser (Spectra Physics) having a
cavity length of 1.1 m. The passive mode-locking is done with the dye Q-switch I
(Kodak, 9470) contained in a specially designed cell (Quantel). The output of the
oscillator is a train of 12 pulses at 1064 nm with a pulse width of 30 ps and separated by
6.5 ns. The energy of the pulse is approximately 80 pJ. The beams are expanded before
entering the pulse selector to avoid damage to the polarizer. The train of pulses coming
from the oscillator are passed through a cross-polarizer to remove any vertical component
of the light. The train of pulses then pass through a birefringent crystal which changes the
polarization of one pulse. The change in polarization is due to a short voltage pulse of 3.6
kV applied to the crystal following the trigger signal from the earlier pulses. At this point
the beam passes another cross-polarizer which is vertically polarized and which lets
through only the pulse that had its polarization changed in the crystal. This set of two
cross-polarizers and birefringent crystal is called the pulse selector (Quantel, PF 302).
The polarized pulse is then passed through 2 amplifiers resulting in an average energy of
80 mJ/pulse. The light then passes through a frequency doubler crystal (potassium
dihydrogen phosphate ) for second harmonic generation and then a third harmonic crystal
which is also made of potassium dihydrogen phosphate. The difference between the two
crystals is in the cut of the crystal. The frequency doubler is a class II crystal so it takes
the circularly polarized light and gives horizontally polarized light. About one fifth of the
1064 nm light is converted into 532 nm (20 mJ) light. The 1064 nm and 532 nm light are
combined in the third harmonic crystal (Class I) to give vertically polarized 355 nm light
(3ml). This was the wavelength used for excitation of all fulvic acid transient absorption

spectra. Dichroic mirrors are then used to separate the different wavelengths. The 1064



nm pulse is sent through a D3PO4 solution to generate a continuum light pulse. The

probe continuum pulse is split into two. One part is focused into the sample cell (reading
pulse) and the other part is passed beside the cell and is used as the reference pulse. The
second or third harmonic pulses can be used as the pump pulse. Here all results use the
third. A ramp delay varies the time of arrival of the pump pulse through the sample cell
compared to the probe pulse between 0 ps and 11 ns. The time delay used in all the fulvic
acid experiments was 20 ps since earlier work (2.1) had demonstrated that solvated
electrons and the corresponding radical appear within 20 ps.

The reference and reading pulses are passed through a double monochromator and
sent to a photodiode array detector. A multichannel analyzer reads two arrays of 250
photodiodes. The photodiode readings correspond to specific wavelengths. The results
are then passed on to the computer. The two arrays ‘L’ and ‘I’ ( reference and reading
pulse respectively) are stored in memory and processed to calculate absorbance at each
wavelength. During the first laser shot, the pump beam is blocked so that I, and I values
correspond to the ground state absorption. Following this, measurement is made of the
absorption of the sample following the pump pulse and I, and I for the excited state may
be obtained. Usually 6 - 15 shots are taken for the ground state absorption and the same
number for the excited state absorption at the time delay chosen. Usually rejection of a
measurement may arise because the energy of the pump pulse may be too high or low or

because a bad continuum pulse is generated in the D3POy cell.

The computer calculates the absorbance of the sample for each shot ( A = log L/T) and

calculates an average for the sum of the shots done for the ground state and the time
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delayed excited state (here 20 ps). The noise on each shot is calculated by the computer

software by the equation:

N = Zk (Aik - Ak)2
Ak
where N; is the noise for the curve I, Ajk is the value of absorbance of that shot at the

wavelength k, and Ay is the average absorbance value at the same wavelength for all the

shots on a specific state. For solutions containing colloidal particles the noise of each
curve would be expected to be higher due to light scattering by the particles.
Nevertheless the fulvic solutions used in these experiments did not pose any problems
with respect to noise and light scattering. The computer then subtracts the absorbance of

the ground state from the absorbance of the excited state. The resultis a AA (absorbance

change) value for every wavelength.

Magnetic Circular Dichroism Spectroscopy

The MCD spectra were recorded by Dr. B. Hollebone at Carleton University,
Ottawa (2.2). Fulvic acid solutions were prepared fresh with nano-pure distilled water in
Ottawa in the same manner as described earlier. A 24 hour equilibration period was
allowed for all solutions. The concentrations of the fulvic acid solutions studied were 20
ppm.

The MCD spectra were recorded on a custom built spectrophotometer (2.3). The
light from a 150 W Xenon lamp passes through a double beam monochromator followed
by a beamsplitter which sends 20 percent of the radiation to a reference channel. The
remaining light goes through a linear polarizer (Quantel) and then a photoelastic

modulator crystal (Quantel), the last element in the optic array. The modulator transforms
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the radiation into left and right circularly polarized light. The applied electric field creates
in the crystal an alternating linear birefringence, whose sign and magnitude depend on the
instantaneous value of the modulation voltage. The circularly polarized light then passes
through the sample cuvette which is placed in a uniform magnetic field oriented such that
the field is parallel to the propagation direction of the beam of circularly polarized light.
The transmitted radiation is detected by the photomultiplier. Absorption by the sample
gives rise to a small 50 kHz alternating current signal which exits from the preamplifier.
The signal is fed to a lock-on amplifier which receives the reference signal from the
photoelastic modulator. The lock-in-amplifier discriminates the 50 kHz signal from noise
at different frequencies and registers the circular differential absorbance (AA). An analog
digital converter then plots the information on a personal computer.

Circular dichroism and magnetic circular dichroism are based on the difference in
the molar absorptivity of left and right circularly polarized light. The differences in the
two techniques stem from their origins. Circular dichroism is caused by inherent
structural dissymetries in the molecule or its environment. Magnetic circular dichroism is
the consequence of normal longitudinal Zeeman effect interactions, and as a result can
characterize symmetry and angular momentum properties of the ground and excited state.
The shape and magnitude of MCD spectra are strongly influenced by degeneracies and
near degeneracies in electronic energy levels associated with the degree of rotational
symmetry experienced by electrons of the chromophore and, through spin orbit coupling,
by degeneracies due to spin. Magnetically induced optical activity is frequency dependant
and is proportional to the applied field.

The Faraday effect is only subtly related to natural optical activity. In natural
optical activity, the chiral field perturbing the chromophore is within the molecule itself
and therefore has a fixed geometrical relation to the chromophore no matter what the

orientation of the molecule. In magnetic optical activity, the external magnetic field acts



as the perturbing force on the electronic states of the chromophore and as a result the
MCD may not directly represent the molecular geometry of the molecule.

The magpnetic field can induce three types of effects in a transition to manifest
CD. These effects have been denoted A, B and C terms. Consider first a transition from a
ground state to some non-degenerate excited state. If circularly polarized light is used,
two transitions, each caused by the absorption of left and right circularly polarized light
occur at the same energy, resulting in no net CD. If the excited state of this transition is
degenerate the applied magnetic field splits it into equal higher and lower energy levels
by the Zeeman effect. These magnetically differentiated transitions absorb left and right
circularly polarized light with equal intensity but of opposite sign. If these lineshapes are
superimposed the result is an A term, which appears as a symmetrical biphasic signal.

A different lineshape results when a transition takes place from a degenerate
ground state to a nondegenerate excited state. As before, each spilt transition
differentially absorbs circularly polarized light resulting in bands of opposite sign.
Transitions from the lowest energy level however, have a greater intensity due to a
greater Boltzmann population. The resultant MCD spectrum is called a C term. The
asymmetry of the C term is inversely proportional to the absolute temperature.

The B term usually has a component of only one sign. It is similar in appearance
to an extreme C term but shows no temperature dependance. The B term is ubiquitous in
the MCD spectra of organic compounds and arises from the magnetically induced mixing

of energy levels that are not degenerate.

Time Resolved Pulsed Photoacoustic Spectroscopy

The photoacoustic data were obtained using a time resolved photoacoustic

detection system built by Claude Arbour (2.4) (Figure 2.2). The system consists first of a



nitrogen pulsed laser (PRA-LN 100). The wavelength output consists of a pulse of 30 pJ
at 337.1 nm. The pulsewidth was adjusted to 300 ps. The laser can be run at frequencies
up to 100 Hz. The laser pulse is focused into the sample cell. The cell consists of a
piezoelectric detector tube (PZ5-A, Lead Titanate Zirconate piezoelectric ceramic). The
tube has an inner radius of 1.25 cm and a length of 1.00 cm. A quartz window was glued
to the bottom of the piezoelectric tube and the sample solutions could be poured directly
into the piezoelectric detector. The piezoelectric cell is mounted over a photodiode
positioned at the center of the cell. The signal of the photodiode is read by the computer
(IBM PC) which controls the movement of two positioning motors to ensure that the laser
pulse is centered in the piezoelectric cell. The photoacoustic signal is amplified by a
preamplifier (Ithaco Model 1201) and sent to a boxcar signal averager (PAR Model 162-
164). In the amplifier, the signal is filtered to remove all frequencies lower than 3 kHz
and higher than 100 kHz. The signal is processed in the boxcar signal averager before
being sent to the computer. A schematic representaion of the photoacoustic detection
system is illustrated in Figure 2.2. The laser pulse coming from the nitrogen laser is
reflected inside the piezoelectric (PZ) by the mirror (M) after passing through a lens (L).
A photodiode (PD) ensures that the laser pulse is directed into the center of the
piezoelectric cell. The photoacoustic signal is passed by a preamplifier before being sent
to the boxcar signal averager. The computer controls the movement of the positioning

motors as well as collecting data.
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Figure 2.2: Photoacoustic system.
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Typical photoacoustic experimental conditions are shown below:

Component Parameters
Laser Frequency: 10 Hz
Energy per pulse: 20 - 60 uJ
Pre-amplifier: High pass filter: 3 kHz
Low pass filter: 100 kHz
Pre-amplifier: Amplification: 1000 times
Boxcar signal averager: Integration time: 1 ps

Aperture delay: 20 us
Percent aperture delay: 15- 65 %
Aperture duration: 50 ns

The experimental conditions for the time processing of the photoacoustic signal are set by
the experimentalist. The time processing starts with each trigger from the laser and it can
be represented by a window which is moved along the signal according to a defined
pathway. This pathway follows a voltage ramp sent by the computer to the boxcar signal
averager. The position of the window with regard to the trigger is defined according to
the equation:

W.T.=(% A.D.+0.1 Vc) AD.T.
where %A.D. is the initial percent aperture delay, Vc is the voltage sent by the computer
and A.D.T. the aperture delay time. The first position of the window will be at %A.D. x
A.D.T. since the voltage sent by the computer is 0 V. For a typical experiment, the first
position of the window will be at 3 ps after the trigger. Since the increase is usually 1%,
the next position will be at 3.2 pus. The window will then be moved like this along the
signal up to the last value (typically 65%) required by the experiméntalist. The computer

reads the signal coming out of the boxcar signal averager at each position of the window.



The signal at one position of the window is averaged by the boxcar. The computer starts
to read the value of the signal after approximately SO pulses and stores 100 values to do
an average. This process goes on for every position of the window. The overall signal is
then a value for every position of the window which creates the acoustic wave seen on
the computer.

The signal obtained at the end of the experiment is a wave of frequency equal to
the traveling time of the sound in the solution. The first maximum in the wave is the
result of the formation of the first acoustic wave in the solution and the other maxima are
the result of the echoes. Time resolution is limited by the traveling time of the acoustic
wave in the illuminated region of the sample in the piezoelectric cell. This corresponds to
a time resolution of approximately 2 microseconds. The sensitivity of the instrument is
approximately 7.5 x 10-10 v3-1,

All steps of the experiment are controlled by a computer through an A/D interface
(DT-2801, Data Translation). The data acquisition and analysis was implemented using

the ASYST (Macmillan Software) package .

13C Nuclear Magnetic Resonance Spectroscopy

Solid state !13C NMR spectra were obtained with the help of Mrs. Qiao Wu and
Dr. Robert Cook, using a Bruker AMX2-300 spectrometer with a BL4 probe using a
ramped cross polarization magic angle spinning technique developed by Robert Cook

(2.5). Spectra were obtained at 75.469 MHz at a contact time of 3 ms and a sample



spinning rate of 8 kHz. These parameters follow optimization reported in Cook et al.
(2.6).
Photoreactor - Photochemical Studies

The photoreactor used is a Rayonet Reactor (The Southern New England
Ultraviolet Company) and operates on a 120 V| 60 cycle current line. The reactor

contains 16 lamps (RPR - 350) emitting radiation with wavelength centered at 350 nm.

Computational Chemistry

Molecular modeling, geometrical optimization and energy calculations were
performed on an [BM RISC-6000 system at The University of Calgary using the software

program Spartan (Version 2.0, Wavefunction Inc.).
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Chapter 3 Theoretical Aspects of Organic Photophysics and Photochemistry

3.1 Introduction

This chapter will provide a description of the photophysical and photochemical processes
involved in organic compounds similar to those found in the two, well-characterized fulvic acid
samples (Mossy Point and Laurentian fulvic acid) which are described in detail in Chapter 1.
These molecules, having similar functional groups to fulvic acid will undergo similar electronic
transitions when irradiated in the near ultra-violet region of the spectrum. Identification of the
major electronic absorption transitions of representative organic molecules will be made and
these will be related to the spectroscopic properties of fulvic acid. A discussion will follow that
will include a description of : intersystem crossing, fluorescence, phosphorescence and

photochemical reaction of such compounds.

3.2 Photophysics - Introduction of Terms

Photophysical processes may be defined as transitions which interconvert electronically¢
excited states among each other or excited states to the ground state or the reverse. The important
photophysical processes are classified as ‘radiative’ and ‘radiationless’ processes. Commonly
encountered radiative processes have the following characteristics:

1. ‘Zero-Order- Allowed’ singlet to singlet absorption, which is electronic excitation

from a ground singlet state to an excited singlet state.

2. ‘Zero-Order - Forbidden' singlet to triplet absorption. Here electronic excitation

occurs from a ground state singlet to an excited triplet state.

3. ‘Allowed’ singlet excited state to singlet ground state emission, called fluorescence.
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4. ‘Forbidden’ triplet excited state to singlet ground state emission, called

phosphorescence.

Commonly encountered photophysical radiationless processes include:
1. ‘Allowed’ transitions between states of the same spin, called intenal conversion. That
is, a radiationless transition occurs between an excited singlet state and a ground singlet
state with the evolution of heat.
2. ‘Forbidden’ transitions between excited states of different spin, called intersystem
crossing. Here a radiationless transition occurs between an excited state singlet to an
excited state triplet with the evolution of heat.
3. ‘Forbidden’ radiationiess transitions occur between triplet excited states and the

ground state singlet with the evolution of heat. This is also called intersystem crossing.

3.3 Electronic excitation of representative organic compounds in the near uitra violet
Molecular absorption in the ultraviolet and visible region of the spectrum is dependent on
the electronic structure of the molecule.
Electronic transitions that can occur in organic molecules excited by radiation in the near

ultra violet and visible region are summarized in Figures 3.1 and 3.2 below (3.1):
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Figure 3.1: Type of excited state energies of electronic states of organic compounds,

where S, and T, are the singlet and triplet excited states, respectively (kcal/mol) (3.1).
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Figure 3.2: Summary of electronic energy levels of unsaturated organic compounds with a

heteroatom. Both n,n* and x,n* transitions are represented (3.1).
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In this figure n,n* and n,t* refer to transitions of an n-orbital electron and n-orbital electron

to a w-anti-bonding orbital, respectively. Although the energy changes in the figures are not
shown to scale, it can be readily seen that an n,x* transition requires less energy than a n,n*
transition or o,0* transition. Unsaturated organic compounds containing a heteroatom such as
oxygen or nitrogen, are present in fulvic acid, may undergo n,n* and =, 7* transitions when
irradiated in the near ultraviolet or visible region of the spectrum. As was described earlier, only
radiation in the 337 nm - 355 nm region of the spectrum was used in the photophysical and
photchemical study of the fulvic acid solutions. Given the functional group profile (Chapter 1)
of these two fulvic acids and the excitation wavelengths used in the study, it is expected that the
initial photophysical event will be that of an n,n* excited state transition. Some n,x* character
will be involved in this transition as will be discussed later (through state mixing).

The electronic absorption spectra of some representative organic compounds (quinones)
which undergo n,n* and n,n* transitions are shown in Figure 3.3 below (3.3). The most simple
spectrum, that of 1,4-benzoquinone, has an intense absorption band (I) near 240-250 nm
(m,m*'allowed’ transition), and two weak bands (II and III) at about 285nm and 434nm
respectively. The weak quinonoid n,n* absorption transitions are ‘forbidden’ and consequently
have low intensity.

The spectra of naphthoquiones, anthraquinones and higher quinores are considerably
more complex. The main absorption bands of 1,4-naphthoquinone are at 245, 257 and 335nm

(Figure 3.3) and those of anthraquinone at 243, 263, 332 and 405nm (3.3).
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Figure 3.3: The main absorption bands in the electronic spectra of anthraquinone (1), 1,4-
naphthoquinone (2), 1,4-benzoquinone (3) and 1,2-benzoquinone (4). The intensities (log scale)
of the bands for each compound are only approximate, and no comparison between relative

intensities of absorption bands of different compounds is implied (3.3).

Substituent groups influence quinone spectra greatly. Introduction of a substituent iﬁto 1,4-
benzoquinone produces only small effects on bands (I and II) but band (II) undergoes a
significant red shift, in the order -Me (27 nm), -OMe (69 nm), -OH(81 nm). Substituted
benzoquinones can therefore absorb in the visible and appear colored.

Absorption spectra of some representative organic structures that occur in humic
substances (aromatic aldehydes and ketones) are illustrated in Figure 3.4 below (3.4). All show

stronger absorption intensity x,n* bands at shorter wavelengths and weaker, less intense n,x*

bands at longer wavelengths.
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Figure 3.4: Absorption spectra of some aromatic aldehydes and ketones (solid lines). The dotted

curve represents solar irradiance for a solar zenith angle of 36 degrees (3.4).

The electronic absorbtion spectra of many quinoid radicals (semiquinones), formed in the

process of irradiation, also absorb in the visible and can form overlapping bands in this region,

Figure 3.5- 3.6 (3.5).
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Figure 3.5: The electronic absorption spectra of a variety of quinone radicals (3.5).
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It is interesting to note that, in all the electronic absorption spectra of the representative organic

compounds (figures above), the stronger, higher intensity «,%* bands appear at shorter
wavelengths than the weaker, less intense n,n* bands. Spectral overlap of such bands by similar
organic ‘natural’ products account, in part, for the characteristic ‘slope-tail’ electronic absorption

profile of fulvic acid (Chapterl, Figure 1.2).

Natural products resulting from biodegradation of plant material include a wide variety of
products that have substituted phenolics, shikimic acids, quinones and ketonics which have
spectral characteristics similar to the compounds illustrated above. The ‘humification’ process

may offer possibilities for the introduction of such compounds into the soil.

3.4 The n,xt* Excited State

Electronic excitation of fulvic acid in the near ultra-violet involve n,n* transitions which
determine both the short time (picosecond) and long time (steady state) photophysical and
photochemical characteristics of the irradiated fulvic acid solutions. The photo-behaviour of
fulvic acid may be modeled by mechanisms involved in typical n,* transitions.

The presence of a t* electron in either a singlet or triplet n,nt* excited state causes the sp*
hybridization at the carbonyl carbon to change from sp® toward sp>. Sucha hybridization change
is expected to be accompanied by changes in bond lengths, C-O bond mobility, and molecular
shape at the n,* excited carbonyl of the organic compounds. The C-O bond lengths of singlet
and triplet n,7t* excited states are considerably longer (less double-bond character) than the C-O
bond length in the singlet ground state. Also, the dipole moments of the singlet and triplet n,n*

excited state of carbonyls are smaller than that of the ground state since there is partial transfer of
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charge from the n orbital (localized on O) to the n* orbital delocalized on C and O. The degree

of delocalization will be greater in conjugated excited state carbonyl systems. Differences in
molecular shape, electronic structure, geometry and flexibility in the excited state of such n,7c*
carbonyl compounds will result in very different chemical properties of the (singlet / triplet)
excited state of the carbonyl ‘center’ compared to the ground state (3.6). These properties will
influence and may ultimately determine the photochemical behaviour of fulvic acid and its

sensitivity to pH, background electrolyte and concentration.

3.5 Difference in Electronic Energy of Singlet and Triplet n,x* Carbonyl States

A factor which is important in the determination of the photophysical and photochemical
properties is the energy difference between an n,n* excited singlet and triplet state. For example,
small energy differences between these states can translate into large quantum yields for
intersystem crossing, either from the singlet excited state to the triplet excited state or from the
triplet excited state to the singlet ground state, resulting in different photochemical behaviour.

Theoretically, the difference in electronic energy between singlet and triplet states that
are derived from the same electron orbital configuration, results from the ‘better’ correlation of
electron motions in a triplet state. The Pauli principle operates as a type of quantum mechanical
‘force’ which ‘instructs’ the two key orbitally unpaired electrons in triplet states how to ‘avoid’
one another and thereby correlate their motions to minimize electron-electron repulsions.

A brief qualitative description of the maginitude of the electronic energy difference
between the singlet and triplet state, AEsr, for a typical carbonyl compound is given below (3.6,

3.7):
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The state energy may be viewed as the summation of a Zero Order (one electron orbital)

energy, plus, electron repulsion energies. For example, the energetics of the ground state and the

lowest excited states of a typical carbonyl are given by:

E(So)=0 Ground state is zero by definition 3.1
E(S1) = E(n,*) + K(n,n*) + J (n,n*) Singlet excited state 3.2

E(T:) = E(n,n*) + K(n,%*) - J (n,7*) Triplet excited state 33

where J is the matrix element that denotates electron repulsion due to electron exchange and K is

the matrix element that measures electron repulsion due to Coulombic interactions. Both J and K

are positive (energy increasing) quantities. Note that

AEst =E(S$1)-E(T)) =2 J (n,n*) >0 3.4

and since J must be positive we may conclude that E(S1) > E(T)).

The Zero Order energy (one electron configuration) of both S, and T, is E(n,%*), this is
the energy required for an orbital jump from an n-orbital to a 7t* -orbital (in a one electron orbital
approximation) plus a correction for Coulombic repulsion of electrons (K). The repulsion does
not split S; and T, but raises the energies of both states. The S; and T states are then split in
energy by the exchange term, J, which stabilizes the triplet relative to the Zero Order states and
destabilizes the singlet relative to the Zero Order states. The value of J represents the

electrostatic repulsion between the electrons in an n-orbital and in a 7* orbital and therefore is

proportional to the overlap of the n-orbital and n* orbital (Figure 3.7):
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Figure 3.7: Overlap of the n and nt* orbitals at a carbonyl (3.11).

It is important to note that the splitting is small compared to that expected for a x,n* singlet -

triplet splitting because the degree of overlap between the n and n* orbital is low, that is, these

orbitals do not occupy very much of the same region of space with respect to a =, n*state,

(Figure 3.8):
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Figure 3.8: Overlap of a a %,x* configuration (3.11).



[t may be concluded that Jrt,x* will be greater, in general, than Jn,x*. This translates
experimentally to singlet-triplet splitting energies of the n,* for ketones, conjugated ketones and
aromatic ketones to be consistently < 10 kcal/mole, whereas r,nt*singlet- triplet splittings are
typically 30-40 kcal/mol. Comparitively small singlet-triplet splitting energies in n,t* systems
usually lead to high expected quantum yields for intersystem crossing. As will be described later,
MCD spectra of fulvic acid indicate that the average splitting between singlet and triplet states is
approximately < 7kcal/mol and that the apparent intersystem crossing quantum yields are
relatively high (Time Resolved Pulsed Photoacoustic Spectroscopy). This situation is common
for n,x* transitions. A list of carbonyl compounds, singlet-triplet splitting energies and typical

intersystem quantum yields is shown in Table 3.1 and Table 3.2 (3.6,3.8).

Table 3.1 Energetics and Dynamics of Carbonyl Compounds (3.6)

MO‘C:!XIC E(. E,. k‘. k'. k'. ‘n
- Acztone 84 73 10° 10° iqg* (]
I-P=ntancne 8 b | 1q° 10* 107 Q9
2-Hexanone 34 Iy 3 10 10° 10* Qs
Cyclobutanone .73 It | 19! 1o° -— Qo
Cyclopentanone 73 ke | 10° to® 10¢ 1.0
Cyclchexanone 2 73 10° 10° 1o’ 1.0
Ac=tophenone 30 74 10¢® 10'® 104 1.0
Beazophenone 76 & 104! 104t 104 1.0
2-Actophenaone Iz 59 10*° 10¢® 10? as
4-Phenyibenzophenone 73 62 19t® 1g¢° 10° 10
Flucrencne &S 53 10* 10° 1g* 09
2-Acetyinaphthalene 78 53 10® 10'® 10* Q9
Biacetyl 62 ss 10 10¢ ) {1 od Lo
Camphorguinane 57 s 10¢ 10¢ 10? Lo
* Energies in keal/mole ‘
* Rate coastasts are in sec ™", &, » messwred singlet lifetime, ky = mensured rate of S, — T intersysiem crossiss

4 -mmﬂaﬂh-.ﬁlumum’nutdyndr*b-——:-‘m solvents
ua.-rd-u-dunﬁ.-.
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Table 3.2: The Singlet and Triplet Energies of some Conjugated and related Carbonyls .

(3.8)

Molezule - &, E,
CH.=CH CHQ ) n

=
qu ] Ttn, 2*)
. iz, 22
o]

Q -8 T6tn, 2*)
68(zx. z*)

/"
Pa>Q=o ~73 n, 2*)
o= - 0z, x°)

/ Saatonia

CH (CH=CH),CHO - 44(x, )
CH,CH=CH),CHO - I6(x, x*)
-— SR/f N o

CH (CH =CH)I,CHO

OOﬂ 56 S0, =)



3.6 Intersystem Crossing

Quantum yields for intersystem crossing for n,n* excited states depend upon ‘forbidden’
spin-orbit coupling mechanisms (3.6, 3.9, 3.10). Spin-orbit coupling provides a magnetic torque
(generated by the electron’s orbital motion) capable of ‘flipping’ the electron’s spin magnetic
moment and can also provide a means of conserving total momentum by coupling the spin-flip
with a compensating orbital jump. In other words, the momentum change due to the change in
spin momentum can be exactly balanced by a change in orbital momentum. Spin-orbit coupling
is most effective if an atom is available which can accommodate an orbital transition, ‘jump’,
(e.g. px ---> py) simultaneously with the spin flip. This is precisely what happens in an n,t*
transition at the oxygen atom on a carbonyl group but does not occur in a n,zt* transition. The
spin flip is due to a n,t* transition, which may be viewed as a jump from a p orbital (e.g. px) in
the plane of the molecule to a p orbital (e.g. py) perpendicular to the plane of the molecule (i.e.
the atomic p orbital on oxygen which makes up half of the nt* orbital). The simultaneous px -->
py orbital jump is thus a one center jump involving a momentum change. As was mentioned
above, the orbital momentum change associated with the px --> py jump is matched exactly by
the spin momentum change associated with the spin flip. It can be immediately seen that the
analogue of the px --> py jump of ketones does not exist for ,t* transitions of alkenes such as
benzene or ethylene.

Typically therefore, for n,n* transitions with small singlet-triplet splitting energies,
quantum yields for intersystem crossing are usually approximately 1. This is particularly the case
for compounds such as benzophenone, arylketones and quinones. Also, remarkably fast

intersystem crossing rates (Kintersystem >> Kiluorescence) are typical of certain carbonyl compounds
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possessing Si(n,nt*) states with close lying T, states such as is the case for benzophenone and

quinones (in general).

It is also important to note that ketones possessing T(n,n*) states can undergo efficient
intersystem crossing back down to the ground state singlet. These factors are consistent with the
exceptionally small energy gap between the singlet and triplet states of these carbonyl
compounds. This can become an important factor for irradiated, aerated solutions of such
organic compounds in terms of diffusion limited quenching of excited state triplets by molecular
oxygen. Triplet excited state carbonyl compounds are well known to react with ground state
oxygen to give the highly reactive singlet excited state molecular oxygen. However, quantum
efficiency for this mechanism will depend in turn on the efficiency for intersystem crossing of
the triplet excited state back down to the ground singlet state. These factors will vary , in the case
of fulvic acid solutions, with concentration of fulvic acid, pH, background electrolyte and metal

loading.

3.7 Fluorescence and Phosphorescence

A general feature of the emission of ketones possessing singlet (n,n*) states is the
relatively small value for the fluorescence quantum yield, (e.g. ¢auor ~ O for benzophenone, and
acetone) (3.11). Phosphorescence is also weak (e.g. ¢ pnos< .01 for benzophenone ). Conjugated

enones and dienones exihibit only weak emission at best (3.6).

3.8 Radiative Transitions Involving more than One Molecule
In certain cases, two or more molecules may participate in cooperative absorption or

emission, i.e., the absorption or emission can only be understood as arising from molecular
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complexes. Most commonly, only two molecules are involved in such phenomena. When two

molecules act cooperatively to absorb a photon then an absorption complex exists. Mixtures of
molecules which possess molecules with a low ionization potential (electron donors) and
molecules with a high electron affinity (electron acceptors) can under these conditions also form
charge -transfer complexes. Classic examples of such complexes are the carbonyl, quinone -
hydroquinone (polyphenolic) charge transfer complexes. For example, quinhydrone is a
molecular complex formed between hydroquinone and p-benzoquinone. In solution quinhydrone
exists as an equilibrium mixture of free and interacting quinone and hydroquinone. The
maximum molar extinction coefficient of quinhydrone is reported to be 890 at 440 nm (3.12),
with an association constant of 1.06 at 20° C in 0.05M aqueous hydrochloric acid solution (these
association constants are typically high in error; discussed later). The maximum extinction
coefficient of benzoquinone or hydroquinone alone, at 440 nm, is less than 80. Therefore,
molecular- absorption complexes of a variety of quinoid-like species could ‘increase’ observed
electronic absorption intensity in the near U.V. and visible region of the spectrum more than
would be ‘expected’ by ‘single’ species alone undergoing n,7t* transitions.

The self-assembly of amphiphilic species in water, such as fulvic acid, can also result in
the formation of ‘molecular clusters’. The organization of such reactants (at the molecular level)
could lead to higher efficiency of certain photoprocesses such as intersystem crossing or
photoionization. Background electrolyte, pH and concentration can influence the formation of a
variety of absorption complexes. The photobehaviour of such complexes could be influenced
directly by factors such as micelle formation. For example, the interaction of two triplet excited
state species in a confined micelle-like reaction space could lead to a higher prdbability of

triplet-triplet anhilation to form two ground state singlet species by radiationless mechanisms.
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Under natural water conditions humic substances undergo photochemistry and photophysics of

‘micellar assemblies’ and /or charge transfer complexes. A variety of ‘donor-acceptor’ complexes

as well as a variety of overlapping n,x* and n,n* bands could account for the electronic

absorbtion spectrum ‘profile’ of fulvic acid.

3.9 State Mixing

The notion that a singlet or triplet excited state is a ‘pure’ state in the sense of being
derived from either a single electronic orbital configuration or from a single spin multiplicity
allows for a simple and reliable Zero Order classification of the lowest electronic states of many
organic molecules (3.9, 3.13). However, the approximation begins to break down when
significant state mixing occurs. State mixing is the first-order or higher order correction to an
onginal Zero Order approximation. Compounds such as benzophenone, quinones, aryl ketones
and conjugated ketones have relatively strong n,x* state and n,n* state mixing (3.13). As will be
discussed, the extent of mixing has far reaching effects on photochemical behaviour, (electron
abstraction, hydrogen atom abstraction mechanisms), as well as the spectroscopic properties of a
chemical species.

By Zero Order approximation a singlet excited state may be viewed as a ‘pure’
n,* state. In ‘reality’ the wave function of the singlet excited state has a finite amount of n,7*
character mixed into it. By perturbation theory, for a weak perturbation, a ‘mixing’ coefficient or
the amount of 7,n* character mixed into the singlet n,t* states is related to (3.9, 3.13):

1. A matrix element for the interaction of the two states that are mixing, <n,n*|H| x,n*>, and

2. The energy difference between the two states, Ex,x*- E n,x*
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First Order n,n* --> Singlet = n,n* + | <n,n*[H| ».x*>| n,n* 3.5
En,x*-E nn*

The matrix element for mixing may be approximated by considering only the orbitals which are

occupied ‘differently’ in two states, i.e.,

<n,n*|H| =,x*> can be approximated by ~ <a|H| > 36
! 1 ! 1

Occupied in Involved in mixing

both states

For purely planar molecules the integral in equation 3.6 equals zero because the n and = orbitals
are orthogonal to one another for an idealized planar geometry. However, as the molecule
undergoes vibrations which destroy the planar symmetry of the molecule, the n and & orbitals
begin to mix, i.e., if H represents electronic interactions which occur during nonplanar vibratioqs
the integral <n|H| > does not equal zero. In other words, the n and = orbitals are no longer
‘pure’, and therefore they are no longer orthogonal. Out of plane vibrations break the planar
symmetry of the molecule and so a ‘p’ shaped orbital that would have the same electron density
above and below the symmetry plane (retained in a planar vibration) now has a change of shape
in response to the fact that more electron density (due to bonds) are on one side of the plane. We
can say that rehybridization occurs and imagine that the ‘pure p’ shaped orbital begins to take on
s-character, i.e., out of plane vibration converts the p orbital into a sp” orbital, where n is a
measure of the ‘p character’ remaining. In the extreme situation n =3, the out of plane vibration
causes a continual p(planar) <-—-> sp® (pyramidal) electronic change. In this case significant
vibronic coupling of electronic and nuclear motion occurs due to this vibration. From a classical

viewpoint, momentum must be transferred from nuclear motion to electronic motion in order for
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vibronic coupling to occur. In the example discussed above, the pure ‘p’ orbital did not

undergo a momentum change during the in-plane vibration, but the nonplanar vibration allowed
a change in nuclear motion to be accompanied by an exchange of momentum between nuclear
and electronic motion. An electron in a pure ‘p’ orbital has a different momentum than an
electron in a sp® orbital, so that conservation of momentum is achievable by coupling the planar
= nonplanar nuclear momentum with the p - sp’ orbital momentum change.

From these qualitative considerations we can deduce that the mixing of n,n* and =n,n*
states may depend upon the occurance of certain vibrations which generate the nonorthogonality
of the n and = orbitals. The extent of mixing, in tum, depends on the mixing matrix and the
energetic separation. As was mentioned above, aryl ketones, benzophenone and quinones, which
are probably present in fulvic acid and are major light absorbers in the 350 nm region, will
undergo photochemical reactions with both n,n* and n,n* state character due to relatively strong
state mixing. In the case of benzophenone, out-of-plane vibrations allow the n orbital to pick up s
‘character’. Mixing of the n,n* and n,t* states occurs and makes the singlet excited state a
hybrid of these two transition types (however, it is still mostly n,x*). As a result, the So --> S,
transition has more oscillator strength because of the x,n* character ‘mixed’ into S, . In a manner
of speaking, the S state picks up absorption intensity from its acquired n,x* character. In the
case of acetone, the singlet excited state S; is nearly pure n,n* because of poorer mixing, (energy
difference is much larger, equation 3.5), and therefore the absorption intensity is correspondingly
lower. Thus state mixing could also account for some of the ‘unexpectedly strong’ absorption in
the ‘red-tail’ region of the electronic absorption spectrum of fulvic acid if a relatively high

concentration of conjugated ketones, enones and quinones exists in the mixture. State mixing
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will also have influence on electron abstraction and hydrogen atom abstraction reactions by _

influencing the ‘optimal reaction geometry’ of such bimolecular reactions (Section 3.10).

3.10 Photochemistry

Bimolecular photoreactions are typical of n,n* excited state carbonyl’s (3.6, 3.14, 3. 15).

These include:

1. Hydrogen .atorn abstraction to produce a ketyl-hydrocarbon radical pair. The most favorable
hydrogen atom donors in fulvic acid would be moieties that are phenolic in nature (i.e.,
hydroquinones) and aliphatic alcohols, Figure 3.9. Typical n,n* excited state acceptors would be

aromatic ketones or quinone-like species.

2. Abstraction of an electron from an electron donor to produce a radical pair. This reaction

could be followed by a fast proton abstraction reaction.

n, »* an>q
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Figure 3.9: Qualitative comparison of the energetics for hydrogen atom abstraction from

different H donors HX by the n,m*states of ketones and aryl ketones (3.6).
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In both processes the character of the reaction will be ‘radical-like’ in nature and will therefore

be sensitive to pH, molecular oxygen, and conformational geometries of the reacting species.
The most stabilizing orbital interaction in both cases is expected to result from charge transfer to
the half filled n orbital of the n,n* state of the ketone. The dominant reaction will therefore be
one were the preferred reaction coordinate will have the best positive overlap between the one
lobe of the n orbital on the oxygen atom of the excited state ketone and the hydrogen atom donor
or electron donor. Therefore, whenever an n,n* state (with little n,n* mixing) interacts with a
molecule possessing a low ionization potential, an orbital symetry that is more ‘in-plane’ is
favored. The most favored reaction geometry of these reactions will vary according to how much
state mixing will occur for the n,n* excited state transition of the carbonyl species in question.
For example, if an aromatic ketone has strong n,n* state mixing in its n,n* transition then the
bimolecular electron abstraction reaction will favor more of a ‘sandwhich, ring-ring overlap’
structure interaction between donor and acceptor or ‘perpendicular-to-plane’ orbital symetry
rather than a ‘same-plane’ or ‘in-plane’ approach of the donor and acceptor species. That is, the
reaction (electron abstraction or hydrogen atom abstraction) will be more sensitive to steric
factors which influence the approach of the substrate above and below the ‘faces’ of the carbonyl
functional group. Examples of compounds exibiting strong state mixing can be found in Tables
3.1 and 3.2. Also, for aryl-type ketones (i.e., benzophenone, quinones), the n,n* and n,n* are
closer in energy than for alkyl ketones so that the corresponding singlet and triplet excited state
may not be as clearly described in terms of either configuration, that is, the n,n* and n,n*
configurations. Indeed, for certain substituted benzophenones and all naphthyl ketones and
aldehydes, the lowest triplet is generally best classified as =,%t*. This classification implies that:

(a) the excited carbonyl oxygen is not as electron-deficient as it is in the n,x* state, (b) the
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excitation energy is partially delocalized into the n-system and may therefore not be available

to overcome activation energies for reaction at the carbonyl moiety, and c) primary processes
involving the n-system (or groups affixed to it) may occur. Thus (a) may imply that reactivity of
the excited state of substituted benzophenones toward hydrogen atom abstraction would be n,n*
> 1t,m*, based on the premise that hydrogen atom abstraction is an electrophilic process.

“State Switching”, the reversal of an initial state energetic disposition, is a phenomena
that can be achieved by variation of ketone structure or solvent polarity. For example,
acetophenone possesses a T1(n,n*) and T2(r,x*) excited triplet state in nonpolar solvents but a
T1(m,n*) and a T2 (n,n*) state in polar solvents. In general, the energy of an n,x* state increases
with solvent polarity. State switching may occur as a reaction proceeds because of a surface
crossing along the reaction coordinate. For example, a molecule initially in a T1(r,n*) state may
begin to participate in a highly activated ‘in-plane’ hydrogen abstraction reaction, but as the
reaction proceeds, a crossing with an n,x* surface may occur and reduce the barrier for reaction.
Such differences in orbital interactions and therefore electron abstraction and hydrogen atom
abstraction mechanisms may be important in order to better understand the complex
photoactivity apparent in fulvic acid solutions (that appear to follow these bimolecular reaction
mechanisms, Chapter 6), as well as, their sensitivity to pH, background electrolyte and

concentration.

It is also worth mentioning at this point, that, although the most common reactions of
ﬁ,n* excited state carbonyl’s are where electrophilic orbital interactions occur with the n orbital
of the carbonyl oxygen (important when the n,x* state interacts with a molecule possessing a low

ionization potential), it is also possible that the n* orbital of the n,n*state will be important in
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terms of orbital interactions if the reaction partner possesses a high electron affinity (i.e., a low

energy LUMO). This is the case in some n,x* quinone-substituted - quinone photoreactions. The
heterogeneous fulvic acid mixture offers some possibility for such photo-reactions to occur due
to the possibilty of numerous available structures and molecular conformations.

The n,nt*states of carbonyl’s are well known to abstract electrons from electron donors or
abstract hyrodrogen atoms t‘r&n donors. In each case, bimolecular mechanisms dominate and
diradical intermediates are expected. The primary photochemical processes of n,n* excited
states will produce radical species and therefore will initiate radical chemistry. Such
intermediates can also react strongly with molecular oxygen in solution and lead to more
complex secondary and tertiary reactions that are also strongly dependant upon pH, ionic
strength and concentration. The photochemical behaviour of fulvic acid can be described by
such a model (Chapter 4, 6).

Excited state ketones often possess the best compromise of the desirable charateristics of
a triplet photpsensitizer, and, by these properties interact with molecular oxygen. However, self
quenching, that is, a non-radiative deexcitation of an excited state molecule by interaction with a
ground state molecule of the same type can also occur. The self quenching rate constants for
n,* excited state ketones are large, Table 3.3 (3.6), and for such molecules self quenching can
be a significant pathway for deactivation. Therefore, high intersystem crossing quantum yields

do not necessarily translate into high yields of photosensitizer reactivity.



Table 3.3 Self-Quenching Rate Constants of Triplet Ketones (3.6)

Compound

4-hydroxybenzophenone
4.4'-dimethylaminobenzophenone

benzophenone

acetophenone

acetone

methylnaphthylketone

thioxanthone

Solvent

benzene
benzene
acetonotrile
benzene
acetonitrile
benzene
acetonitrile
benzene

benzene

k M sec-!)

6x 10
3x 10
8x10°
3x10°
2x 107
8x10°
10°

5x10°

2x10°
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Reactivities for quenching of n,n* triplets of ketones by hydrogen atom and
electron donors follow a roughly indirect correlation with ionization potential (IP) for
substrates possessing IP less than approximately 9 eV. This is the case for polyphenolic
type hydrocarbons and quinoid-like species that have ionization potentials below 9eV.
Saturated hydrocarbons and alcohols quench predominantly via hydrogen atom
abstraction mechanism, whereas polyphenolics and unsaturated hydrocarbons quench via
a charge transfer interaction or full-electron transfer (3.6, 3.14, 3.15). Therefore
depending on bond energy (D-H) of the hydrogen donor and on its IP, there exists a
continuum of mechanisms varying from an extreme of hydrogen transfer (relatively high
IP, moderate D-H), to an extreme of electron transfer (relatively low IP, strong D-H).
Many possibilities exist in the fulvic acid mixture for variation of substrate structure and
reactivity in photochemical hydrogen atom or electron abstraction reactions. The
occurance of photoreduction by an electron transfer rather than a hydrogen abstraction
interaction is expected to be evidenced in favorable cases, by direct spectroscopic
evidence of cation radicals.

The general concepts developed for understanding hydrogen atom abstraction and
electron abstraction reactions of ketones may be extended to the photochemistry of
carboxylic acids (and other carbonyl derivatives), as well as to intramolecular reactions.
These concepts together with an understanding of electron transfer reactions in micellar

assemblies could lead to a more accurate ‘model’ of fulvic acid’s photoactivity.
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Chapter 4

Primary Photophysical and Photochemical Behaviour of Fulvic Acid

4.1 Introduction

This chapter will describe and discuss laser flash photolysis work performed on
Laurentian and Mossy Point fulvic acid solutions in the ‘early-time’ (20 ps) domain. The results
will be compared with reported laser flash photolysis studies in the nanosecond time domain of

various other fulvic acid, aromatic ketone, quinone, and phenolic solutions.

4.2 Laser Flash Photolytic Studies of Fulvic Acid

A number of studies of the photochemistry of natural waters have yielded evidence for
the participation of a wide variety of transient species (4.1-4.8). Transient species include a
solvated electron, organic radicals, excited state triplet species, organic peroxyradicals, singlet
oxygen, superoxide, hydrogen peroxide and hydroxyl radicals. The presence in natural water
systems of such species suggests dominance of ‘free radical’ photochemistry and presents a wide
variety of possible oxidative and reductive pathways that will be sensitive to the concentration of
dissolved organic matter, as well as, pH, background electrolyte and oxygen content (discussed
in Chapter 6).

As was discussed in Chapter 3, absorption of UV and/or visible radiation by fulvic acid
could involve, n,n* =,n*, a charge transfer transitions, as w;ll as charge transfer to solvent

transitions. Fast, flash photolysis studies can help to identify precursors to later transient species

and provide mechanistic information concerning electronic transitions involved.
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Contemporaneously with work in our laboratories, nanosecond time resolution laser flash
photolysis of a variety of natural water samples and solutions of humic substance standards was
performed by Fischer and Mill (4.10). The samples were irradiated at 350 nm (near the
absorption maximum for excitation of humic substance fluorescence). They resolved two
components of transient absorption common to all the samples studied: a component with
maximum absorbance at about 475 nm having a lifetime of several microseconds and a transient
at 700 nm which was attributed to a solvated electron on the basis of its sensitivity to N,O and
its absorption spectrum. Triplet quenching experiments on the reported ‘475 nm’ transient
demonstrated that a signal with triplet character is present at these longer times.

In the detailed work performed by Power (4.6), picosecond and nanosecond laser flash
photolysis studies (355 nm) were carried out on the Mossy Point fulvic acid. The work extended
from the picosecond to the microsecond time domain and included studies of pH effects, O,
N0, and metal ion quenching. Three principal transient absorption signals were observed in
aqueous solution: a component with a maximum broad absorption at 675 nm and a lifetime of
about 1 microsecond (pH 7), a second component with a maximum absorption at approximately
475 nm and a lifetime of 1-10 microseconds and a third component with a broad, featureless
transient absorption spectrum and a lifetime in excess of 100 microseconds. The 675 nm signal
was attributed to a solvated electron on the basis of lifetime and quenching data and is observed
to be fully formed at 20 ps after excitation. The 475 nm signal is believed to be a radical cation
on the basis of its concurrent appearance with the electron at 20 ps. The third featureless
component emerges nanoseconds after excitation and is believed to correspond to the triplet
states of the humic material. It is also interesting to note at this point the similarity in

photophysical behaviour from fulvic acid samples retrieved from different areas.
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Finally, a fourth fast transient absorption was oberved with a lifetime of approximatefy

50 ns. This transient remained unidentified owing to technical limitations of the equipment.

The observations by Power (4.6) may best be summarized by the kinetic map depicted in

Figure 4.1:

(1) Unicdentilied [ast component (< SO nsec)

(11) Saivated electron (S1usec)

SN— (1) R** (1-1Spsec)

——————————————————— —
(IV] Black residue (>100 gsec)

Absorbance change (A Abs)

Time

Figure 4.1: Schematic summary of lifetime components observed for the photolysis (355 nm) of

Mossy Point fulvic acid (4.6).
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4.3 Formation and Decay of the Solvated Electron

The only reported wavelength dependence study of the quantum vyield for hydrated
electron production from irradiated fulvic acid (Suwanee River) solutions involves steady state
measurements as was reported by Blough (4.11). There is a large difference between quantum
yields measured in flash photolysis work and steady state yields. The two may not be compared
directly. However, the wavelength dependence is interesting to note (even though the same
relationship may not hold at early times). The wavelength-quantum yield relation (at steady
state) is shown below in Figure 4.2. Higher quantum yield for solvated electron production is

found in the 290-300 nm (rt,xc*, Chapter 3) region than in the 320-370 nm (n,mt*) region.

u,l.
Y

5 ]l

$Uph T

i

Figure 4.2: Wavelength dependence of quantum yield for solvated electron production from

Swanee River fulvic acid (anaerobic) solutions (4.11).
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As was first discussed in Chapter 3, the UV-visible profile of fulvic acid is fairly close to those
of a variety of aromatic ketones, quinoids and phenolics. Separate flash photolysis work first
performed by two different groups (4.12, 4.13) on various aromatic compounds such as
quinhydrone, benzoquinone, hydroquinone, cresol, resorcinols, methoxyphenols, benzoic acid,
benzyl alcohol, aryl carboxylic acids and various other aromatic compounds yielded in addition
to solvated electrons a similar ‘free radical’ photophysical behaviour as indicated in the laser
flash photolysis studies of the fulvic acid solutions. These solutions similarly give higher yields
for solvated electron production when wavelengths of irradiation produce (r,mt*) transitions, as
well as, when the solvent used is water rather than an organic solvent.

Following the classical observation of Lewis and his school (4.14) of the photoionization
of aromatic molecules in rigid solvents, Land (4.15) demonstrated such processes in flash
photolysis of aqueous solutions of phenols and suggested that the primary photochemical act
involves electron ejection. These solutions were reinvestigated by Stein (4.12) to elucidate the
detailed mechanism. The question was whether a (x,7*) transition or CTTS (charge transfer to
solvent) transition was involved in solvated electron production. No evidence was found for even
a weak CTTS band. It was concluded that both fluorescence and solvated electron production
originated from the w,t* state.

Similar observations were made by Grossweiner (4.13). Various aromatic phenols and
quinones were used in the study and it was concluded that the production of a charge transfer
intermediate via the &, t* excited singlet state releases an electron to the solvent. The essential

step is believed to be the escape of the electron from the ‘coulomb-valence force’ potential well.



Photoinduced electron tunneling reactions are common in chemical and biological charge
transfer systems and can result in solvated electron production (4.16).

Photoexcitation of aromatic ketones, quinoids and phenolics that may occur in fulvic acid
(4.17, 4.18) must involve predominantly w,t* character transitions if excited < 310 nm and
greater n,n* character when irradiated above 320 nm. Figure 4.2 suggests that higher yields for
solvated electron production in fulvic acid results from n,n* excited state transitions . This is
consistent with theoretical work documented by Turro (4.19), Leigh et al. (20) and Linschitz et
al. (21), involving characteristic activity of n,x* vs. x,n* states of aromatic ketones, quinoids
and phenolics.

Detailed work on excited state photochemistry and photophysics of aromatic ketones,
quinones, and phenolics (4.19 - 4.21 and references therein, Chapter 3), as well as the work
reported by Stein (4.12) and Grossweiner (4.13), indicate that solutions of these compounds
involve photochemistry of ‘charge-transfer type' species and that (n,7t*) states undergo
preferential intersystem crossing or direct hydrogen atom abstraction from a ground state donor
by an excited state acceptor rather than electron transfer followed by a fast proton abstraction.
These mechanisms are in competition with solvated electron production.

The =,mt* states for such species undergo preferential electron transfer from the & system
(greater overlap in ‘preferred’ face-to-face aromatic ring ‘stacking’). These states do not undergo
efficient intersystem crossing (Chapter 3) and do not undergo efficient hydrogen atom
abstraction reactions. The end result is that excitation into the 7,%* band of such complexes
could result in a higher probability for solvated electron production. Electron tunneling barriers

for escape of the electron to the solvent may be lower for the case of a Donor(HOMO)--->
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Acceptor *(HOMO) for a t,n* state than for a n,n* excited state species. Turro (4.19) notes that
singlet ,mt* states will often possess a substantial ‘zwitterionic character’ as compared to the
diradical character of singlet n,n* states. These differences can result in different ‘excited state
complex’--solvent interactions which can favor the possibility of ‘escape’ of the electron to the
solvent in the case of a m,t* excited state complex. Furthermore , work reported by Mattes et al.
(4.27) indicates that the formation of a solvated electron and radical may result from the loss of

an electron from an excited electron donor-- acceptor complex.

4.4 Formation yield for the Solvated Electron

Estimation of the formation yield for the solvated electron at early times (20 ps) were
made by Power (4.6) for the Mossy Point fulvic acid and in the work reported here for the Mossy
Point and Laurentian fulvic acid.

Quantum yields were determined directly from time resolved absorption spectra recorded
at 20 ps and the molar absorptivity for the solvated electron supplied by the National Bureau of
standards (4.25). At 675 nm (T=25° C), the value is 1.4x10* M'cm™'. We assume that the
solvated electron is the only species contributing to the transient absorbance at this wavelength.
The appropriateness of the assumptions were established by the quantitative solvated electron
scavenging work by Power (4.25). The pathlength of the cell, volume of irradiation and
exprimental system are given in Chapter 2. Values obtained in this work for solvated electron
formation yield from the Mossy Point and Laurentian fulvic acid are reported in Table 4.1. The

Mossy Point values agree satisfactorily with Power (4.25).
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Table 4.1 Quantum Yields for Formation of the Solvated Electron for Mossy Point a-nd

Laurentian Fulvic Acid (aerated solutions)

Soludon pH Quantum Yield
Mossy Point 2.0 0:08
Mossy Point 4.0 Q.15
Mossy Poimt 7.0 0.20
Laurentian Fulvic Acid 4.0 0.12
Laurentian Fulvic Acid 7.0 0.16
Laureatian Fulvic Acid 9.0 0.18
High Fraction 4.0 0.15
High Fracdon 9.0 0.20
Low Fraction 4.0 0.18
Low Fracdon ?.0 022

Where high fraction refers to Laurentian fulvic acid solutions that were rezained aﬁer .
filtering with a YM 30 (nominal cutoff 30000 Da) fiiter membrane, and, lo?vﬁ::non
referstoLanrenﬁanﬁdvicacidsohnionsthawerepassedbyaYMZ(nomalago&‘

1000 Da) fiiter membrane.
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Quantum yields for the formation of the solvated electron from both the Mossy
Point and Laurentian fulvic acid are remarkably similar given that the fulvic acids were
obtained from two different environments (boreal forest and coastal regions). These
yields are also low compared to apparent triplet quantum yields. In both sets of
experiments the fulvic acid solutions were irradiated at 355 nm which might be expected
to excite into a primarily n,n* state that favors large intersystem crossing quantum yields
(Chapter 3). These results are consistent with theory concerning n,n* excited state D--A*
complexes involving aromatic ketone--quinone--phenolic species.

It is also interesting to note that results reported by Grossweiner (4.13) indicate
that the maximum solvated electron lifetime with benzoquinone is about 14
microseconds, benzoic acid anion 2.4 microseconds, benzyl alcohol 0.9 microseconds,
phenyl acetic acid 9 microseconds and naphthoate 1.3 microseconds. By comparison the
lifetime for hydroquinone irradiated solutions is > 50 microseconds and for phenol 250
microseconds. Work performed by Power (4.25) yielded a lifetime of approximately 1
microsecond. This could suggest that recombination with the humic component ejecting
the electron Donor (HOMO) (ground state , phenols and hydroquinones do not absorb
radiation at 355 nm) is not a major pathway but that electron abstraction from an excited
state acceptor (A* , i.e., quinone) is favorable. This idea is supported by work by Scott
(4.17) and consistent with work by Turro (4.26). Work reported by Grossweiner involved
only non-substituted 1,4-benzoquinone species. Substituted quinones (with electron
withdrawing groups) or micelle structures surrounding quinoid moieties occur in fulvic

acid and could conceivably give values below 14 microsecond solvated electron

lifetimes.
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It is also important to note at this point that quenching experiments performed by
Power (4.25) of the solvated efectron with Cu and N,O yield rate constants that are
consistently 2 times lower than literature values (4.32) indicating that fulvic acid affects
the solvated electron environment. Complex conformations are possible within fulvic
acid solutions. Micelle-like assemblies may form around a photo-active center where a
solvated electron may be ‘trapped’ and isolated.

The possibility of a ground state donor - excited state acceptor exiplex might
account for the unidentified ‘fast’ 50 ns transient observed by Power. Wilson, R, (4.28)
noted a transient with a lifetime of 51 ns in flash photolysis work on a benzoquinone-

tetraphenylallene exciplex system.

4.5 Radical Coproducts

The early time spectra indicate a species with a peak at 475 nm. The early
formation of this species concurrent with the formation of the solvated electron seems to
indicate a radical/cation species associated with the site generating the solvated electron.
A variety (Chapter 3) of semiquinone species formed by loss of an electron from
hydroquinone relatives (or by electron abstraction by a quinone) absorb in the 400-500
nm region. This is also true of phenoxy radicals and related phenoxymethyl type species.
The observations are consistent with aromatic ketone - phenolic donor — acceptor
complexes occuring in the fulvic acid solutions resulting in the formation of semiquinone
radicals (4.17). Also irradiated humic substances are known to form ‘stabie’ relatively

long lived and strong EPR signals (4.18). This would be consistent with the formation of
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semiquinone-like radical species. Combined EPR-photochemical studies prove to be a

powerful combination for photophysical work involving humic substances and quinoid

solutions.

4.6 The Triplet Transient

Formation and quenching behaviour of the broad-featureless long-lived transient
led té its assignment as a variety of overlapping triplet excited state bands (4.25). Results
described in Chapter 5 indicate that apparent quantum yields for this species are
relatively high. Irradiation of fulvic acid solutions in the 337-355 nm range should
preferentially create n,n* excited state species with a high probability for intersystem
crossing to the triplet state. Also, values for triplet states of aromatic ketones and
quinones reported by Turro (4.29) are within the lifetime of this transient.

In a series of steady state irradiations of humic solutions, Zepp et al. (4.31)
determined the distribution of triplet energies in a series of humic water sampies under
broadband and sunlight irradiation. The observed distribution was very broad and
centered at a reported 250 kJ mol™ value, corresponding to an absorption of 465 nm. This
is consistent with the results reported by Power (4.6) and well within the range of values
for aromatic ketone and quinone triplets reported by Turro (+/- S nm) (4.30).

In conclusion it appears that time resolved flash photolysis of a variety of fulvic
acid solutions are consistant with a ground state donor (hydroquinone, polyphenolic
species) -- complex with an excited state acceptor (quinone, aromatic ketone species) as

the site of photoactivity.
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Chapter §

Photophysics in Fulvic Acid Solutions

5.1 Introduction

The goal of this chapter is first to present the major factors involved in
radiationless processes common to photoexcited ‘model' species that are relevant to
fulvic acid. Following this, a presentation and discussion of the results of pulsed
photoacoustic energy storage experiments on Mossy Point and Laurentian fulvic acid
solutions will be given together with the results of magnetic circular dichroism spectra,

which together permit estimates of quantum yields.

5.2 Intersystem Crossing and Photophysical Radiationless Transitions of Excited

State Carbonyl Compounds

As discussed in Chapter 3, intersystem crossing is a photophysical radiationless
transition which occurs with a change in spin-multiplicity. Given that the experiments
performed where all carried out in the near UV region of the spectrum, the major
transitions expected will be of the n,t* type with some =,n* character (Chapter 3).
Intersystem crossing is an efficient photophysical pathway in many n, t* excited state
carbonyl containing moieties (e.g., quinones, aromatic ketones). Experimentally singlet -
triplet splittings for n,nt* states of ketones are app(qximately 10 kcal mol™ , while for
molecules with &t,t* singlet-triplet splitting values > 30-40 kcal mol™ are common.

Table 5.1 (5.2) lists some experimental values.



Table 5.1 Singlet - Triplet Splittings

Molecule Es Er Quantum Yield
Kcal/mole (Intersystem crossing)
acetone 85 78 nn* 1.0
acetophenone 79 74 nw* 1.0
benzophenone 75 69 nn* 1.0
anthraquinone - 62 nx* 1.0
camphorquinone S5 50 nn* 1.0
1,4-benzoquinone 56 50 nnt* 1.0
2-acetophenone 77 59 0.8

As will be discussed shortly magnetic circular dichroism spectra of the Mossy
Point and Laurentian fulvic acid show splitting energies of approximately 7 kcal/mol. As
can be seen from Table 5.1 this is common for n,x* states of ketones (e.g. quinones and
aromatic ketones that may model components of fulvic acid). Similar compounds that
have a small singlet-triplet energy splitting and presumably a favorable Frank-Condon
factor, typically have intersystem quantum yields of approximately 1. For example,
quinoid and aromatic ketones, which undergo n,n* transitions, have large quantum

yields for intersystem crossing as can be seen in Table 5.2 (5.4).



Table 5.2 Quantum Yields for Intersystem Crossing (n,n* type)

Molecule Quantum Yield
acetone 1.0
xanthone 1.0
acetophenone 1.0
anthraquinone 1.0
camphorquinone 1.0
2-pentanone 0.9
benzophenone 1.0
4-Phenylbenzophenone 1.0

5.3 Evaluation of Apparent Intersystem Crossing Quantum Yields in Fulvic Acid

Solutions

Early time-resolved absorption spectroscopy (Chapter 4) has identified the
solvated electron, a corresponding radical (cation), and triplet absorption in a broad
excited state absorption band. The main tool complementing the picosecond absorption
spectroscopy work is time-resolved photoacoustic spectroscopy (5.5, Chapter 2), from
which the apparent triplet quantum yields may be evaluated if an average triplet energy is
available (5.6,5.7). The average triplet energy is sought for by magnetic circular

dichroism spectroscopy.
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5.3.1 Magnetic Circular Dichroism Spectroscopy

Magpnetic circular dichroism spectra are useful for identification of spin-forbidden
bands because transition intensities depend on the product of electric and magnetic dipole
matrix elements and spin-forbidden bands are relatively more intense than in ordinary
absorption spectroscopy (5.8-5.10). Moreover, line shape is very useful for assignment.
As was discussed in Chapter 2, the three characteristic signal shapes are denoted A, B
and C terms. B terms arise from transitions between nondegenerate states. C terms from
degenerate ground states, and, A terms are a consequence of a transition to a degenerate
excited state. Two of these can arise in the spectra of fulvic acids: A and B terms. A
singlet-triplet absorption band is expected to produce an A term. It is from the center of
this 'dispersion signal' that the average triplet energy is obtained. Singlet-singlet
transitions can produce B terms. The MCD spectrum of the Mossy Point (Armdale) fulvic
acid shown in Figure S.1, exhibits an A term which is assigned to triplet absorption. The
center of this triplet region appears at approximately 14000 cm™ (40 kcal mol™). The
main spectral feature is a B term at roughly 16500 cm™ (47 kcal mol™), which is
attributed to a singlet absorption. Similarly, the MCD spectrum for the Laurentian fulvic
acid, Figure 5.2, shows an A term which is assigned to triplet absorption. The center of
this triplet region appe.ars at approximately 15500 cm™ (about 44 kcal mol™) and the B

term appears at approximately 18000cm™ (approximately 51 kcal mol™).
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Figure 5.1: Representative MCD spectrum of the Mossy Point fulvic acid solution (pH

8.0, 20 ppm). The ceater of the A term, which is assigned as a triplet absorption of the

fulvic acid appears at approximately 14000 cm™.
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Figure 5.2: Representative MCD spectrum of the Laurentian fulvic acid solution (20
ppm). The center of the A term, which is assigned as a triplet absorption of fulvic acid

appears at approximately 15500 cm™.
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As was discussed in Chapter 3 and Section 5.3, the electronic energy difference
between singlet and triplet states ( AEst), is approximately 10 kcal mol™ for molecules
with n,m* states (e.g. ketones), while the singlet-triplet splitting values for molecules
with 7,m* statesis > 30-40 kcal mol™. It is apparent from the MCD spectra that the
AEst values are approximately 7 kcal mol™. This value is within splitting energy range
common for quinoid and aromatic ketonic species (Table 5.1) and is indicative of a
predominantly n,n* electronic transitional character for fulvic acid when irradiated in
the near U.V. High quantum yields for intersystem crossing are also associated with such
systems.

Furthermore it is interesting to note that the two values for singlet-triplet energy
splitting are close despite the fact that the sites from which soil samples were taken for
the fulvic acid extraction are ecologically, geographically and podologically distinct

(Chapter 2).

5.3.2 Time Resolved Pulsed Photoacoustic Spectroscopy

Time resolved photoacoustic spectroscopy has emerged as a powerful tool for
estimating energetics of photophysical processes. A detailed description of the system
and signal production has been given (5.5, Chapter 2). Time resolution is limited
primarily by the travelling time of the acoustic wave in the illuminated area. This
corresponds to a time resolution of approximately 2 microseconds. Therefore, long-lived
excited states that can store energy contribute to reduction of pulsed photoacoustic
signals. The results of the apparent triplet quantum yields for the Mossy Point and

Laurentian fulvic acid are shown in Tables 5.3 and 5.4 below.
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Table 5.3 Apparent Triplet Quantum Yields Calculated for Various Solutions of

Mossy Point Fulvic Acid

Solution

fulvic acid

fulvic acid

fulvic acid

fulvic acid

fulvic acid

fulvic acid

fulvic acid + KCI°
fulvic acid + KCI”

pH
2.0
3.0
5.0
6.0
8.0
95
1.5
85

quantum yield®
0.82
0.78
0.65
0.61
0.52
0.35
091
0.91

<10?
<10?
<107
<10°
<10?
<103

1.0

1.0

ionic strength

* Quantum yields were calculated using the triplet energy of 1.7 x 10? kJ mol"'. The

standard deviation in the apparent triplet quantum yields is 10%. Fulvic acid solutions

were less than or equal to 20 mg L™ © Fulvic acid aqueous solutions were prepared with

1 M KCL
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Table 5.4 Apparent Triplet Quantum Yields Calculated for Various Solutions of

Laurentian Fulvic Acid
Solution

fulvic acid

fulvic acid

fulvic acid

high fraction®

high fraction

high fraction

low fraction”

low fraction

low fraction

high fraction + KCI
high fraction + KCI
high fraction + KCI
low fraction + KCI*
low fraction + KCl
low fraction + KCl
fulvic acid + KCl
fulvic acid + KCl
fulvic acid + KCl

pH
2.0
5.0
9.5
2.0
5.0
9.5
20
5.0
9.5
2.0
5.0
9.5
2.0
5.0
9.5
20
5.0
9.5

quantum yield®
0.79
0.60
0.28
0.26
0.21
0.15
0.85
0.73
0.31
0.32
0.27
0.18
0.88
0.88
0.86
0.90
091
0.90

ionic strength
<10?
<10?
<10
<10?
<10?
<10’
<10?
<10?
<10?
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

* High refers to Laurentian fulvic acid solutions that were retained on a YM 30 (nominal

cutoff 30 C00 Da) filter membrane. ® Low refers to laurentian fulvic acid solutions that

were passed through a YM 2 (nominal cutoff 1000 Da) filter membrane. The standard

deviation in the quantum yields is 10%. The concentration of KCl in solutions with

background electrolyte was 1M.
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[t is interesting to note that as the pH is increased, the energy stored as triplets for
periods longer than 2 us decreases. That is, some processes of radiationless relaxation
to the ground state become important. There are two possibilities. One is that internal
conversion of singlets directly to the ground state becomes important. The second is that
the radiationless decay of triplets to the ground state becomes more rapid, and an
important fraction of the triplets no longer lasts long enough to be identified as energy-
storing species on the 2 us time scale. Since transient absorption spectra suggest a
relatively long triplet lifetime, the former process appears to be more important.

It is evident that the major photophysical pathway in acid solution is that of
intersystem crossing to form triplet excited states. High values for apparent intersystem
crossing quantum yields for fulvic acid solutions would be consistent with n,7t*
transitions undergoing intersystem crossing at carbonyl sites for aromatic ketone or
quinoid species present in the mixture. It should also be noted that, due to the
heterogeneous nature of fulvic acid many opportunities also exist for the formation of
donor-acceptor type complexes between quinoid* - phenolic species that may also
undergo radiationless '(D-A* )-->*(D-A*) transitions. Quinone and phenolic species
are well known to form ‘molecular-complexes'.

The two fulvic acid samples again show a remarkable similarity in behaviour
despite their separate origins. Moreover, molecular weight fractionation of the Laurentian
sample indicates that the triplets are associated more with the lower molecular weight

components of the mixture. This may be due to the greater ability of smaller species to
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form closer contact donor-acceptor molecular-complexes than larger more substituted
species.

As was mentioned above, these results support the view that fulvic acid
experiences primarily n,m* transitions in the near U.V. and that the species involved
may be 'quinoid or aromatic-ketone-like'. Recall that aromatic ketones and quinones have
relatively high quantum yields for intersystem crossing in the near U.V. (Chapter3,
Section 5.4). Interestingly, the quinone, aromatic and hydroquinone regions of the solid
state C NMR spectrum will be seen to show the most ‘change' after irradiation at 350
nm (Chapter 6).

It is also interesting to note that high ionic strength and low pH both induce high
apparent triplet quantum yields. The behaviour at high ionic strength mimics the low pH
fully protonated sample (even at high pH). It is known that high ionic strength, like low
pH. favors compact coiling and aggregation of fulvic acid (5.13) by mitigating the
electrostatic repulsions which cause polymer extension. The ionic strength effects argue
strongly for a conformation-aggregation explanation of the changing triplet quantum
yields. Quinones, hydroquinones, aromatic ketones and aromatic species in general are
known to form complexes that are sensitive to conformational effects. Depending on
substitution, these aromatic species will interact in a variety of possible geometries.

A fulvic acid contains a range of functional groups that, depending on
substitution of neighboring species, can hydrogen bond or have aromatic ring face-to-face
overlap interactions enabling donor-acceptor complexation. These features are common

traits for 'self-assembly’ systems and may play a significant role in determining fulvic
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acid's photophysical behaviour. Observations by Wang (5.14) that interactions occur
between high and low molecular weight fractions on mixing supports this possibility.
The heterogeneous nature of fulvic acid allows for a variety of possible
conformations which can influence photoactive sites or species within the fulvic acid
‘matrix’. Surprisingly, however, the heterogeneous complex mixture shows remarkable
similarity in 'behaviour' or 'predictability’ in terms of photophysical behaviour even for
sample sources that are of very different origins. The quinoid characteristics
demonstrated in fulvic acid's photophysical behaviour will be seen to carry through into

it's photochemical behaviour as well (Chapter 6).
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Chapter 6

The Photochemistry of Fulvic Acid and Related Compounds

6.1 Introduction and Summary of Primary Quantum Yield Determination
The first portion of this work dealt with the determination of primary

photoproduct quantum yields (Chapter 4 and 5). With the quantum yields for the primary
photoproducts determined a study of photochemical reaction mechanisms was possible.
Photoprocesses are mediated by reaction of the primary photoproducts. As was presented
in Chapter 4 and 5, the highest primary quantum yields were determined to be for the
fulvic acid triplets. The solvated electron and cation radical quantum yields at 20 ps are
much lower than the triplet yields in the microsecond range. Also, the quantum yields for
the solvated electron and cation radical were not found to be sensitive to pH or molecular
weight fractions used of the fulvic acid. In sharp contrast to the solvated electron and
cation radical quantum yields, the triplet quantum yields were determined to be strongly
sensitive to pH, background electrolyte and molecular weight fraction of the fulvic acid.
The triplet yields are much higher in the low molecular weight fractions than the high
rﬁolecular weight fractions and the triplet yields for the low molecular weight fractions
are more sensitive to background electrolyte than the high fractions. Taking the results of
the primary photoproduct quantum yields into account the photochemical study was
approached using two techniques.

The first approach involved a study of the photochemical degradation of fulvic acid
solutions by '*C NMR. The second approach involved a study of the early

photodegradation using differential U.V.-Vis spectra. As was discussed above, the



84

photoprocesses are mediated by reaction of the primary photoproducts and the triplet
pathway is expected to dominate photodegradation reactions. The results of NMR and
differential spectra for fulvic acid indicate that a quinone-phenol photochemical
mechanism is involved. Quinones have been the center of much speculation in terms of
work involving fulvic acid componeﬁts (6.1-6.2). Investigation of parallel
photodegradation behaviour between a quinone, hydroquinone and phenol model mixture
and fulvic acid will also be presented and discussed early in the chapter.

Because of the apparent importance of quinonoid moieties in the photoactive centers
of fulvic acid the first part of this chapter will involve a brief discussion of the strong
charge transfer and free radical photochemical characteristics of quinonoid compounds.
These compounds are of particular interest and will be shown to be important in
describing fulvic acid photochemistry. Following this, the results of photodegradation
work performed on various quinone model solutions will be presented as well as
photodegradation of selected Laurentian fulvic acid solutions.

Finally, the photodegradation results of several Laurentian fulvic acid solutions,
that were prepared with different pH, background electrolyte and molecular weight
fractions will be presented. The photodegradation results show parallel sensitivity to
these same 3 factors as did the primary yields of the dominant triplet states presented in
Chapter S. The importance of the excited state triplets in dominating photodegradation
mechanisms for fulvic acid and parallel photochemical behaviour of quinones will be

discussed.



6.2 Organic Charge-Transfer Complexes and Organic Photochemistry

Quinone and phenolic moieties are known to be present in humic substances 6.2-
6.4). These compounds are known to be able to form so-called donor-acceptor complexes
that have complex spectroscopic and photochemical characteristics. In the case of the
Laurentian fulvic acid, characterization work of functional groups by solid state '>C
NMR, indicate that a major band occurs in the quinone (190-178 ppm) and aromatic
ketone (220-190 ppm) chemical shift regions of the spectrum (Chapter 1). Therefore,
quinone photochemistry and donor-acceptor charge-transfer interactions that quinones
undergo could play a significant role in the photochemical and photophysical behaviour
of Laurentian fulvic acid. A brief discussion of charge-transfer complexes of quinonoid
moieties follows.

In certain cases, two or more molecules may participate in cooperative absorption or
emission. The absorption or emission can only be understood as arising from molecular
complexes. Most commonly, two molecules are involved in such phenomena. When two
molecules act cooperatively to absorb a photon, a charge transfer complex is said to exist.

| The important experimental spectroscopic characteristics of charge transfer
complexes are (6.5):
1. the observation of a new absorption band which is characteristic of the charge
transfer complex but not of either of the components of the complex, and

2. a concentration dependence of the new band.
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Mixtures of molecules which possess a low ionization potential (electron donors;
e.g., hydroquinone), and a high electron affinity ( e.g., quinones, or electron acceptors)
often exhibit charge transfer bands which are not separately shown by either component.
A typical example is the quinhydrone mixture discussed below. The absorption bands
formed are always broad and devoid of vibrational structure. The breadth of the
absorption band is explained by the fact that the rather small binding energies of donor-
acceptor complexes allows many different structural configurations of the complex to
exist in equilibrium with one another. The absorption energy for each configuration will
differ slightly and cause an apparent broadening of the band. In solution some charge-
transfer complexes are reported to develop 'slowly’. That is, an equilibration time is
needed to observe the formation of the charge-transfer band (sometimes hours).

These complexes are formed by weak interactions that include hydrogen bonding
and aromatic n-n stacking interactions, as is the case of quinhydrone mixtures. As
mentioned above, a ‘new’ electronic absorption band appears in the equilibrated mixture
of such complexes compared to the components alone. For many so-called charge-
transfer complexes it may be semantically more correct to speak of 'complexes showing
charge-transfer absorption’, however, the term ‘charge-transfer complexes is often used. It
should be emphasized that the description of a particular complex as, for example, a
hydrogen-bonded or a charge-transfer complex, is on occasion (e.g.,quinhydrone), one of
differing terminology. An important photochemical experimental characteristic of such
charge-transfer donor-acceptor complexes (electron, hydrogen atom) is sensitivity to

solvent-environment changes due to background electrolyte and/or pH changes.
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As was discussed in Chapter 3, the absorption spectrum profile of fulvic acid
solutions resembles that of an overlapping electronic absorption band distribution that
might be obtained by creating a ‘mixture’ of aromatic ketones, quinones, phenolics and
donor-acceptor charge-transfer complexes these compounds may form. That is, strong
absorption occurs in the 200-300 nm region (,7t*) with a gradual ‘tailing off” into
‘weak’ overlapping electronic absorption bands in the >300-600nm region (n,*). This is
not to say that the electronic absorption of fulvic acid solutions is solely due to aromatic
ketone type of species, but that there is similarity between fulvic acid spectra and the
electronic absorption of such compounds that are thought to make up a portion of the
fulvic acid heterogeneous mixture. If the above comments on spectra are extended to
photochemistry, the most probable organic photoreactions expected for fulvic acid, will
arise from singlet (n,7t*), and triplet (n,t*) excited states. Given that the experiments in
this work involved irradiating in the near ultraviolet region of the spectrum, the electronic
transitions are mainly of n,t* character (despite the finite probability of some =, x*
character ).

The characteristic primary photochemical processes from n,nt* excited singlet
and triplet states is diradical-like to a good approximation . Primary photoreactions from
these states are expected to undergo photoreactions characteristic of radicals such as -

1. hydrogen atom or electron abstractions;

2. radical addition; and

3. cleavage reactions.

Quinone photochemistry has all the characteristics and complexities associated

with free radical chemistry, and as will be discussed below, many of these characteristics



can be found within fulvic acid photochemistry (6.6). When irradiation of quinoid
species is performed in aerated aqueous solutions several species have been observed to
be present: HO,  H.0,, 0-~, '0., OH -, organoperoxides as well as a variety of side
products expected from free radical chemistry (6.6).

For example, at a quinone concentration of about 10 M in aerobic aqueous
solution in the presence of a hydrogen atom donor (D), a few reaction steps identified are
the following (reactions illustrated are not given in any particular order), where Q, Q-
QH’, and QH; are used to indicate, respectively, the quinone, semiquinone anion radical,

the neutral semiquinone and the hydroquinone. QOH is a hydroxy substituted quinone

(6.6):

Q hv>Q* (1)
Q* 2Q @)
Q* +D>QH + D- 3)
2QH 2> QH;+Q “4)
QH +0;> Q+HO;- (5)
2HO;+ = H;0, + 0, (6)
Q+HQ > QH-+Q @)
O, + HQ- - HQO;" (8)
HQO; + HO;- 2 Q + Hy0, + O, (9)
HQO; 2 Q + HO;- (10)
QP*+Q >Q+Q (1)
Q+Q">Q+¢ (12)

Q +H > QH- (13)
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Q +QH->2Q+H" (14)
Q+ OH- - (QOH) (15)
(QOH) +Q > QOH + QH- (16)
Q" +0, 2 Q+0," (17)
(QOH) + 0, QOH + HO;" (18)

Polymer addition reactions can also occur as well as various oxidation reactions .
These complex free radical reactions may also be expected to occur in irradiated aerobic
aqueous fulvic acid solutions.

Among the characteristics of quinones are the relatively stable free-radical
intermediates (semiquinones) formed upon one electron reduction. Electron transfer
photoreactions, or hydrogen atom abstraction photoreactions, between n,n* excited state
quinones and phenolic (hydroquinone) species lead to semiquinone intermediates. Note
that one electron oxidation of a hydroquinone species leads to a semiquinone cation
radical intermediate (prior to loss of a proton), or a neutral semiquinone moiety if
hydrogen atom abstraction has occurred.

Light induced photoreactions of quinones (usually electron or hydrogen atom
abstraction), may also occur between two quinone molecules rather than a quinoid and an
electron rich phenolic molecule. A large difference in electron affinities between the two
quinones could result in an electron transfer reaction occuring. The substituents on the
ring of the quinone will again influence the rate of the reaction and mechanism.
Intramolecular photoreactions interactions have also been documented in quinones with

large functionalized side chains.



Whether quinone photochemistry involves intermolecular or intramolecular
mechanisms, irradiating aqueous solutions in the near U.V -visible results in free radical
chemistry occurring via semiquinone intermediates. Depending on the species present,
polymerization, cycloaddition, electron abstraction, hydrogen atom abstraction,
disproportionation, photorearrangement, ring opening fragmentation and complex
oxidation reactions may occur (i.e., O; - semiquinone peroxyradical interactions,
superoxide, etc.).

Similar reactions may be expected for fulvic acid solutions. It is noteworthy that
humic substances are known to be rich in free radicals and that production of these
radicals are influenced by irradiation, pH, background electrolyte and oxygen (6.7-6.9).
Excellent compilations implicating quinoid species to the free radical, photophysical and
photochemical characteristics of humic material may be found in (6.2, 6.3; and references
therein). Similarities in ESR spectra of humic material and model quinoid compounds are
also described (6.2) and implicate semiquinone like species as the free radicals present in
humic substances. ESR experiments on the organic radicals within humic substances,
including the effects of pH, oxidation, and UV radiation, are consistent with
semiquinone moieties (6.10). In 2 series of papers by Slawinska et al. (6.11-6.13) entitled
‘Chemiluminescence in the Photooxidation of Humic Acids’, 'Chemiluminescence During
Photooxidation of Melanins and Soil Humic Acids Arising from a Singlet Oxygen
mechanism'’ and 'Chemiluminescence and the Formation of Singlet Oxygen in the
Oxidation of Certain Polyphenols and Quinones', appearing in Volume 28 (1978) of
Photochemistry and Photobiology, strong parallels are suggested between the

photophysical characteristics of quinoid and humic species (aqueous solutions) when
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irradiated with wavelengths of light > 320 nm (under oxygen and nitrogen atmospheres).
More recently Scott et al. and Lovley et al. (6.4, 6.14-6.16) suggest that quinone moieties
act as electron acceptors in the reduction of humic substances by humic-reducing
microorganisms. These suggestions, are supported by work reported by Thom et al.
(6.27) confirming the presence of quinones within humic substances using nuclear
magnetic resonance (NMR).

It is also important to note that semiquinone radicals (with various side chain
functional groups) have a broad electron absorption band that extends from
approximately 350 - 450 nm in the U.V.-visible region of the spectrum and can therefore

influence that region of the spectrum (Table 6.1) (6.6).

Table 6.1: Absorption Maxima of Selected Semiquinone Radicals (6.6)
Compound semiquinone (agueous solution) Amax (nm)

1,4-benzoquinone semiquinone 415
p-hydroxphenoxyl radical 390
4-t-butyl 1,2- benzoquinone semiquinone 400
4-t-butyl 1,2 dihydroxybenzene 279, 400
o- hydroxphenoxyl radical 350
m- hydroxyphenoxyl radical 400
2,5-dimethyl 1,4-benzoquinone semiquinone 415
tetramethyl-1,4-benzoquinone semiquinone 430
1,4-naphthoquinone semiquinone 380
2-methyl-naphthoquinone semiquinone 370

Ubiquinone semiquinone 420



6.3 Photodegradation of Laurentian Fulvic Acid and Quinoid Model Mixtures

The results of photodegradation experiments of various Laurentian fulvic acid
mixtures and corresponding quinone-hydroquinone-phenol (quinoid) model mixtures are
presented below. Mixture preparation and concentrations used have been described
earlier (Chapter 2).

The quinoid model mixture was made in order to investigate similarities that may
be exist between fulvic acid and quinone photochemistry. Early work involving solid
state °C NMR of fulvic acid samples taken before and after irradiation at 350nm
indicate that most of the changes occur in the quinone, carboxylic acid and phenolic-
aromatic regions of the spectrum (Figure 6.1). these changes were found to be consistent,
at least for times under 400 hours of irradiati_on at 350 nm and concentrations of fulvic
acid solutions of 17 mg/L. Recall that the chemical shift region (Chapter 1) for the
aromatic - phenol - hydroquinone functional groups is between approximately 96 and 165
ppm. The carboxyl region is 178- 165 ppm, quinone 190-178 ppm and aromatic ketone
220-190 ppm. As is apparent from Figure 6.1, the major functional groups that appear to
be most affected by photodegradation are between approximately 96-220 ppm. Most
striking is the apparent loss in the aromatic-phenol-hydroquinone and carboxylic acid
regions. This is consistent with what would be expected to occur under photoxidation

(photodegradation) conditions of phenolic and carboxylic substituted species. The



phenolics in the presence of strong electron acceptors (quinones), or hydrogen atom
acceptors (as well as other strong oxidizers such as superoxide, singiet oxygen, etc.) may\
be oxidized to semiquinone species. These species may also be further oxidized to
quinone species as well as other degradation products. The carboxylic acid groups would
also be driven off as carbon dioxide during the photoxidative processes. The carboxylic
acid region appears to be relatively more sensitive to photodegradation than the quinone
region. During photodegradation, the carboxylic acid to quinone ratio in the humic

mixture appears to decrease. The formation of 'new’ quinones during photodegradation of

phenolics may be a possibility. ) =
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Figure 6.1: Solid state >*C NMR of Laurentian fulvic acid before and after

irradiation at 350nm.
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The intent of studying the photodegradative behaviour of the relatively simple
quinoid model mixture is to determine if parallels exist with the more complex
heterogeneous humic mixture. As will be discussed below, sufficiently important
similarities exist that strongly support the hypothesis that functionalities in fulvic acid

responsible for its photochemical character are homologues of the model components.

6.3.1 Phetodegradation of Quinonoid Model Mixtures
Interestingly, a cnitical step in the procedure to make the quinoid model solution is

that the benzoquinone and hydroquinone are prepared in the dark (while stirring) and
allowed to equilibrate with stirring for 30-45 min before addition of the phenol. The
molar ratios used are approximately 1: 3 : 3 quinone, hydroquinone and phenol.The
solution is left in the dark (while stirming) for 24 hours (Chapter 2). Similarly, the
ubiquinone (coenzyme Q10) based model was prepared with molar ratios of quinone to
hydroquinone and phenol of 1:6:6. Solution preparation always involves a first step (in
the dark ) in which the ubiquinone and hydroquinone were first sonicated then stirred and
allowed to equilibrate for approximately 6 hrs before adding the phenol. The .solution was
then left (with stirring) in the dark for an additional 24 hrs.

If the quinonoid solutions were exposed to light prematurely or impure
components were used, the solutions would not behave as indicated in the figures below.
As the solution of quinone (1,4-benzoquinone) and hydroquinone is allowed to
equilibrate in the dark a 'new’ absorption band appears to form. The band is determined
by subtracting the absorption spectrum of the mixture before and after equilibration in the
dark and dividing by the initial absorption spectrum (AA/Ai = (Afinal - A initialy A

initial) and multiplying by 100, thereby determining a percent absorbance change if
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plotted vs. wavelength (Figure 6.2). If the components of the mixture are not allowed to
equilibrate for the full length of time and the absorption band does not form, and the
photodegradation 'profile’ particularly in the >300nm region will not mimic fulvic acid.
This phenomena is important and recalls the previous discussion of charge-transfer
complex (donor-acceptor complex) formation (band formation) common to quinonoid
systems. Although this observation is admittedly circumstantial it is nonetheless
important to note. It is also interesting to note that the broad featureless absorption band,
Figure 6.2 (quinone model), bears a remarkable similarity to the quinhydrone absorption

spectrum reported by Nakamoto (6.18 ).

Absorption band formation: Quinoid Model During
‘Dark’ Equilibrium
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Figure 6.2: Color formation (dark) during 'dark’ equilibrium of mixture. The
percent absorbance change is calculated by determining the difference between the
absorbance spectrum of the quinoid mixture before and after 'dark’ equilibrium and
dividing by the initial absorbtion spectrum of the mixture, and multiplying by 100; ((A
final - A initial) / A initial)*100. The average of ten trials is illustrated with experimental
error of 10%.



The large broad featureless band between 300 and 500 nm is reported by Nakamoto
(6.18) which grows in the same region of the absorption spectrum and plateaus out
similarly. One maxima near 350 nm is apparent in both spectra. Briegleb et al. (6.19) also
identified an apparent broad charge transfer band for a benzoquinone solution in the 350
nm region. Similarly, Matsuda et al. (6.20), report a broad charge transfer band for
quinhydrone to occur in the region between 380 and 550 nm (6.20). It is also important
to consider that Cassidy and Moser (6.21) and Michaelis and Granick (6.22) found that
quinhydrone has an extinction coefficient much larger than quinone or hydroquinone in
the > 300nm to 500 nm region of the spectrum.

The figures below of the quinoid models and fulvic acid solutions illustrate
relative changes in absorbance verses wavelength determined in the following manner; in
this case a positive value for relative absorbance change ([initial-final)/ initial) indicates
‘loss’ of absorbance at that wavelength , while a ‘negative’ value indicates an ‘increase’
in absorbance at that wavelength. The results are then multiplied by 100 to show %
absorbance change.

Figure 6.3 is the UV-Vis spectrum of the quinoid mixture (1,4 Benzoquinone-
Hydroquinone-Phenol). Figures 6.4 - 6.6 illustrate photodegradation of various
Laurentian fulvic acid solutions with comparison to quinonoid-model mixtures. The
fulvic acid solutions used were prepared at various pH and background electrolyte
concentrations in order to determine any parallels between the photodegradation results
and the apparent triplet quantum yields reported in Chapter 5. The quinonoid model was

only prepared at pH 5.8 for these experiments because of 'dark’ reactions that occur in

alkaline solution.
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Absorption spectrum of
Quinone/Hydroquinone/Phenol mixture '
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Figure 6.3: UV-Visible absorption spectrum of the quinoid model mixture: 1,4
Benzoquinone-Hydroquinone-Phenol in aqueous solution with a molar ratio of 1:3:3.
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Benzoquinone-Hydroquinone-Phenol Mixture
Irradiated 30min (350nm)

100

% Absorbance Change

Wavelength (nm)

Figure 6.4: Percent change in absorbance vs. wavelength for the quinoid model
(1,4benzoquinone-hydroquinone-phenol) after irradiation for 30 min at 350nm. An

average of 15 trials is illustrated (standard deviation of 10%).

Photodegradation of Fulvic Acid and
Quinoid Model:irradiation 30 m in (350nm )
under Nitrogen atmosphere
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Figure 6.5: Percent change in absorbance vs. wavelength for fulvic acid (17mg/L) and the
quinoid model (1,4 benzoquinone-hydroquinone-phenol) with irradiation for 30 min
under a nitrogen atmosphere. An average of ten solutions was used for both the fulvic
acid and quinoid model solutions (standard deviation 10%).



Fulvic Acid and Quinoid Mode!l with Excess Phenol: irradiated for 30 m in
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Figure 6.6: Percent change in absorbance vs. wavelength for fulvic acid (17mg/L with
Img/L added phenol) and quinoid model (with 1mg/L added phenol). Irradiation was
carried out for 30 min at 350nm. An average of 10 solutions were used for both (10%

standard deviation).

Consider Figure 6.4, the two regions of maximum change occur near 250nm and
in the 350nm region of the spectrum. The first region is associated with various quinones
(substituted and non-substituted) which have a characteristic band in the 235-250nm
region of the spectrum (Chapter 3). The hydroquinone and phenol both have very low
absorption relative to quinone in the 250 nm region. As was discussed previously, the
region between 300nm-450nm is associated with charge transfer complexes (e.g.,
quinhydrone complexes) and semiquinone free radical intermediates (including cross-
linked polymers). It is important to note that not allowing equilibration (dark) of the
quinone and hydroquinone prior to the addition of phenol and irradiating prematurely
creates a photodegradation profile unlike that of the fulvic acid only in the region
>300nm. Solutions that are not properly equilibrated do not form a charge transfer band

so that photodegradation reactions do not disrupt the quinhydrone complexes and 'lose’
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color in that region of the spectrum. Instead, color formation occurs in that region via
cross-linking polymerization reactions with free radical species.

The photodegradation resuits of the original model mixture formed by the
relatively simple mixture (compared to fulvic acid), unsubstituted 1,4-benzoquinone,
hydroquinone and phenol, illustrated in Figure 6.4, shares a remarkable similarity to that
of the heterogeneous fulvic polymer mixture (Figures 6.10.-6.12 below). This is
consistent with the results of NMR relaxation studies in that the quinoid moieties in
fulvic acid are relatively unsubstituted quinones and phenols (6.24). The
photodegradation of this simple model suggests that quinones and phenolic moieties
appear to dominate the photophysics and photochemistry of fulvic acid.

The model solutions are made up at a pH of approximately 5.8. At that pH,
semiquinone radicals are not as stable as in alkaline solution and undergo reaction with
oxygen to follow degradative pathways. Since semiquinones and any other polymers
formed also absorb in the 300-450 nm region, photodegradation at high pH or under de-
aerated conditions will tend to create a color increase rather than loss in that area of the
spectrum through cross-linking mechanisms due to increased lifetimes and interaction
possibilities of the radicals formed.

In other words, when no oxygen is present the 300-450 nm region is expected to
show an ‘increase’ in absorbance as is seen in Figure 6.5. The ‘loss’ in this region, for
aerated solutions, can be attributed to oxidative processes. Semiquinones are well known
to react quickly and efficiently with oxygen to form organo-peroxyradical species. Such
species are also known to be highly reactive with phenols. Degradative reaction pathways

usually involve ring opening, fragmentation reactions. Oxidative degradation pathways
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leading to such smaller products through ring opening mechanisms are more efficient for
the more substituted ring species or for species in acidic conditions (6.6). F igure 6.5
illustrates parallel behaviour between the quinonoid model mixture and photodegradation
of fulvic acid. Both are dominated by cross-linking polymer mechanisms when no
oxygen is present. Oxygen removes reducing radicals such as the solvated electron and
forms superoxide and other oxidizing radicals. Oxidizing radicals attack hydroquinone
species faster than the quinone species leading to reactive peroxyradical species. With no
oxygen present the solvated electron may be preferentially picked up by the quinone.
Semiquinones formed could cross link and polymerize. Competition between degradation
and polymerization reactions is a characteristic of quinonoid photochemistry (6.6). As
was mentioned before, NMR relaxation studies revealed that quinone and phenolic
moieties are not heavily substituted, therefore, if intermediates formed have the
opportunity to cross-link, they will. This suggests the strong influence of oxygen, in
particular singlet oxygen, in degradative mechanisms for fulvic acid.

Figure 6.6 also shows interesting parallel behaviour between the quinone mixture
and the Laurentian fulvic acid. Similar effects occur when excess phenol is added to the
fulvic acid and to the quinone model mixture in almost the same proportion across the
UV-VIS absorption spectrum (200-450nm). Phenol semiquinone/ quinone interactions
are known to exist (6.6). Phenol may disrupt a quinhydrone complex and decrease color
formation in that region and/or the excess phenol may possibly shift the electron transfer
equilibrium. The Faust cycle (6.25) suggests that phenoxy radicals may form in similar
photo-redox systems. If this is the case phenoxy radicals may undergo cross linking

polymerization reactions.



The results of photodegradation experiments of the ubiquinone-hydroquinone-
phenol model mixture are presented below in Figures 6.8 and 6.9. Figure 6.7 is the uv-

vis. spectrum of the quinoid mixture (Ubiquinone-Hydroquinone-Phenol). Sample
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preparation was carried as with the benzoquinone mixture except that a molar ratio of 1:

6: 6 of ubiquinone: hydroquinone: phenol was used. The ubiquinone (coenzyme 10 was

obtained from Sigma Chemical). Notice that there are two regions of major change in
Figs. 6.8 and 6.9, one near 250 nm and the other beyond 350 nm. The first region of
maximum change (near 250 nm) is associated with the quinone (Chapter 3), and the

second with the charge transfer complex. The hydroquinone and phenol both have very

low absorption relative to quinone in the 250 nm region. The region between 300-450 nm

is associated with charge transfer complexes (e.g., quinhydrone complexes) and

semiquinone free radical intermediates (including cross-linked polymers)

Quinonoid Model (UV-Vis Spectrum)
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Figure 6.7: UV-Visible absorption spectrum of the quinoid model mixture: Ubiquinone-

Hydroquinone-Phenol in aqueous solution. The long wavelength insert is also shown.
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Quinoid Modei: Coenzyme Q-10-Hydroquinone-
Phenol: irradiated for 5 min (350nm)
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Figure 6.8: Relative change in absorbance vs. wavelength for the quinoid model
(Ubiquinone-hydroquinone-phenol) after irradiation for 5 min at 350nm. An average of

10 runs was taken with a standard deviation of 10%.

Quinoid Modei: Coenzyme Q-10-Hydroquinone-
Phenol: irradiated 30 min (350 nm)
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Figure 6.9: Relative absorbance change vs. wavelength for the quinoid mixture
(Ubiquinone- hydroquinone- phenol;) irradiated for 30 min at 350 nm. An average of 10

runs was takgn with a standard deviation of 10%.



Interestingly, the photodegradation profile of this relatively simple mixture
(compared to fulvic acid) also shares a remarkable similarity to that of the heterogeneous
polymer mixture (Figures 6.10-6.12 below). This is consistent with the results of the solid
state NMR (Figure 6.1) that indicate quinoid moieties in fulvic acid are relatively affected
by photodegradation, again suggesting that quinones and phenolic moieties dominate the
photophysics and photochemistry of fulvic acid. As mentioned earlier NMR relaxation
studies revealed that quinone and phenolic moieties are not heavily substituted therefore
if intermediates formed have the opportunity to cross-link, they will (1.26). The fact that
fulvic acid solutions preferentially undergo degradative pathways (‘loss’ in absorbance)
and not ‘colour’ formation over long times in aerated solutions suggests that the quinone
and phenolic moieties may be isolated. The quinoid solutions made with the large
substituted ubiquinone in the presence of hydroquinone and phenol may be able to
‘mimic’ the Laurentian fulvic acid solutions at least at times between S and 30 minutes
because of decreased “cross-linking’ polymerization possibilities and steric effects
isolating free radical species in solution. The ubiquinone in this case may be
simultaneously mimicking the quinone (photoactive) species in fulvic acid components
and larger non-photoactive molecular species present as well. Those larger species in
fulvic acid complexes may isolate and protect smaller photoactive quinone moeites by
tethering and/or micelle like actions. Qualitative results indicate that the ubiquinone
model does not model the fulvic acid well under dearated conditions as compared to the
1,4-benzoquinone model mixture. Lower ‘colour’ formation of the ubiquinone mixture

may indicate that this quinone represents an upper limit of the quinones present in the
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Laurentian fulvic acid (the lower limit being the smaller non-substituted 1,4
benzoquinone).
In either case, photodegradation of fulvic acid solutions seem to be modeled

closely by quinonoid solutions when irradiated in the near ultraviolet.

6.3.2 Photodegradation of Laurentian Fulvic Acid
The photodegradation of the Laurentian fulvic acid solutions (Figures 6.10-6.13),

under different conditions of pH, background electrolyte, concentration and molecular
weight fractions illustrate parallels to the primary apparent triplet quantum yield results

reported in Chapter 5.

Photodegradation of Fulvic Acid at pH2 and at
pHS: Concentration of 17m g/L, Irradiated 30 min
(350nm )
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Figure 6.10: Percent change in absorbance vs. wavelength for Laurentian fulvic acid
(17mg/L) at pH 2 and pH $ after irradiation for 30 min at 350nm. Solutions were
equilibrated in the dark. An average of 10 trials was used (standard deviation of 10% ).
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Photodegradation of Fulvic Acid at pH 11 and
fulvic Acid at pH 11 with excess KCi :irradiated
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Figure 6.11: Ionic strength effect: Percent absorbance change vs. wavelength for fulvic
acid (17mg/L) at pH11 and at pH 11 with 1 M KCl. An average of ten trials was used
with a standard deviation of 10%.
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Figure 6.12: Percent absorbance change vs. wavelength for Laurentian fulvic acid ata
concentration of 17mg/L and 9mg/L. Samples were irradiated for 30 min at 350nm. An
average of ten solutions is illustrated above with a standard deviation of 10%.
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Photodegradation of High and Low Fulvic Acid
Fractions: irradiated 30 min (350nm)
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Figure 6.13: Relative change in absorbance vs. wavelength for high molecular weight
fraction solutions of Laurentian fulvic acid (fulvic acid solution that were retained after
filtering with a YM30(nominal cutoff 30000 Da) filter membrane, and low molecular
weight fraction solutions (passed by a YM2 (nominal cutoff 1000 Da) filter membrane.
Irradiation was carried out for 30 min (350nm). Average of 10 trials (Std.Dvn. 10%).

As was discussed in Chapter 5, high apparent triplet quantum yields for the fulvic
acid solutions may lead to higher yields of singlet oxygen production and therefore more
oxidative degradation. Apparent quantum yields presented in Chapter 5, were higher for
lower pH values of fulvic acid solutions. Figure 6.10 suggests a parallel between the
photodegradation results and the higher triplet quantum yields determined at pH 2.
Quinone photochemistry is well known to be sensitive to pH, oxygen content, and

background electrolyte (6.6). Interestingly, work reported by Slawinska et al., proposes

singlet oxygen photooxidation mechanisms for quinoid species as well as humic

substances (6.11-6.13).
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Figure 6.11 also would seem to parallel the results of Chapter S where high
background electrolyte at high pH yielded higher apparent triplet quantum yields for the
fulvic acid solutions, compared to high pH solutions without the added background
electrolyte. Again, a singlet oxygen degradation pathway is suggested.

Figure 6.12 suggests more efficient photodegradation for the less concentrated
fulvic acid solution. Hoigne and Haag (6.23) found that more highly coloured’ waters
produced less singlet ox;'gcm Concentration affects conformation in humic substances,
and, conformational changes may influence excited state triplet lifetimes. These changes
could determine singlet oxygen production. NMR relaxation time studies (6.24) suggest
that the quinoid and phenolic moieties are not heavily substituted. As will be discussed in
Section 6.4, quinhydrone complexes between non-substituted or not heavily substituted
species have higher probability for aromatic n-n overlap. For higher concentration
solutions ‘environmental’ interferences with the complex may occur, distorting and
disrupting the charge transfer complexes and possibly affecting the excited state lifetimes
of the complex.

Figure 6.13 suggests more efficient oxidative degradation in the low molecular
weight fractions of fulvic acid than in the higher molecular weight fraction solutions.
Recall that the apparent triplet quantum yields were higher for the lower fractions of
fulvic acid (Chapter §) suggesting again that a singlet oxygen mechanism may be
involved.

Quinones irradiated in the near ultra-violet are known to undergo efficient n,n*
singlet-triplet intersystem crossing (6.5,6.6, Chapter 3), as apparently do Laurentian

fulvic acid solutions (Chapter 5). Results of MCD spectroscopy of Laurentian fulvic acid



solutions also support this hypothesis (Chapter 5). Relatively small energy differences
between singlet and triplet excited states are typical of n,x® excited carbonyl states that
have high quantum yields for intersystem crossing (6.5). Magnetic circular dichroism
spectroscopy of Laurentian fulvic acid (Chapter 5) indicate that the electronic energy
difference between singlet and triplet states (AE; ) . is approximately approximately 7
kcal/mol. Singlet-triplet splitting values of 10 kcal/mol , or lower, are expected for
molecules with n. n* states (e.g. quinones). Singlet-triplet splitting energies for

T, T *states are typically > 30 kcal/mol (6.5). The value of 7 kcal/mol for Laurentian
fulvic acid, is within splitting energy range common for quinoid and aromatic ketonic
species (6.5). It is indicative of a predominantly n.n* electronic transitional character
for fulvic acid when irradiated in the near U.V. High quantum yields for intersystem
crossing are also associated with such quinone systems as for Laurentian fulvic acid
(Chapter 5).

As mentioned above, high apparent triplet quantum yields for the fulvic acid
solutions may lead to higher yields of singlet oxygen production and therefore more
oxidative degradation. Figures 6.10-6.13 indicate that the photodegradation of fulvic acid
solutions is sensitive to changes in pH, oxygen and background electrolyte. Quinone
photochemistry is also well known to be sensitive to pH, oxygen content, and background
electrolyte (6.6). Similar regions of spectral change (250nm and 340 nm) occur in the
photodegradation of fulvic acid (Figures 6.10-6.12) and the quinone model systems. This
suggests that quinoid moieties are involved in the photo-oxidation processes of fulvic
acid. These results are consistent with the change noted in the quinone-phenol and

hydroquinone region of the NMR spectrum presented earlier (Fi gure 6.1). Work
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presented by Schulten et al. (6.17) also shows evidence for loss in the same chemical
shift region for aerated degradation experiments of humic material. Interestingly, all
three components (quinone, phenol and hydroquinone) are necessary for the quinone

models to be able to 'mimic’ the uv-vis photodegradation profile of fulvic acid.

Summary of Photochemical Mechanistic Study

Several observations can be made from the photochemical mechanistic study. The
first is that NMR results indicate changes in the aromatic, phenolic and quinone regions
of the spectrum. Quinones have been the center of much specﬁlation as components of
fulvic acid and photodegradation results of quinonoid model solutions indicate parallel
behaviour between quinone, hydroquione, phenol mixtures and fulvic acid only after
equilibration time in the sample preparation step allows for the formations of
semiquinone derived charge transfer complexes. Photodegradationof fulvic acid and
quinonoid model solutions occurs in similar regions of the U.V.-Vis spectrum with
maxima occuring at approximately 250 nm and 350 nm. The strong evidence for paraliel
behaviour is reinforced by the results of the anaerobic irradiation experiments of the
fulvic and quinonoid model solutions which indicate similar photo-polymerization
behaviour. Parallel photo-polymerization behaviour was also observed through the same
U.V.-Vis (200-500 nm) region of the spectrum for both fulvic acid and the quinonoid
model solutions that were prepared with excess phenol.

Similarities also exist for fulvic acid and quinones in that both undergo efficient
intersystem crossing. From triplet excited states quinones are well known to undergo

complex free radical photochemistry in aqueous solutions (6.6). These same
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characteristics appear evident for fulvic acid solutions as well. The photodegradation of
fulvic acid shows strong trends expected from triplet dominated pathways, including pH, .
background electrolyte, and molecular weight fraction sensitivity. The much higher
primary photoproduct quantum yields for the triplet excited states of fulvic acid dominate
photodegradation of fulvic acid (as was expected). Further evidence of the dominance of
the triplets can be seen from the concentration dependence of photodegradation of fulvic

acid. Singlet oxygen production was shown to be higher in less concentrated humic

solutions (6.23).

6.4 Molecular Modeling
Molecular modeling work has been performed on quinone-hydroquinone

charge-transfer structures. Figure 6.14 illustrates the effect of substituents on predicted

-

geometry.

=

— “~

Figure 6.14: Geometrical optimization semi-empirical PM3 calculations
(aqueous)performed on 1,4benzoquinone-hydroquinone (quinhydrone) left, and a
methoxy substituted 1,4 benzoquinone-hydroquinone (quinhydrone) in water (right).
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There is a remarkable similarity in ‘predicted’ association geometry between the
quinone and hydroquinone compounds that resemble early crystallography data and
theoretical work conceming quinhydrone structures and organic charge transfer
complexes (Figure 6.14). The nonsubstituted quinhydrone complexes are predicted to
favour a relatively more parallel face-to-face ring association geometry than substituted
moieties. As substituents are added to the ring structures, or neighboring molecules come
into closer contact (especially molecules capable of H-bonding or forming aromatic plane
interactions themselves, i.e., phenol or aliphatic alcohols), there seems to be a tendency
for twisting of the parallel face-to-face geometry of the quinhydrone complex as its
‘outer environment' is modified. Charge transfer interactions in twisted complexes could
result in a higher probability for electron escape to the solvent (quantum tunneling or
other mechanism) in comparison to parallel complexes.

Molecules with strong intra- and/or intermolecular hydrogen bonding, aromatic
stacking and donor-acceptor interactions are interesting examples of moieities that may
undergo complex self-assembly interactions (6.28, 6.29).

Synthetic self-assembly work takes advantage of strong H-bonding and aromatic
stacking between monomer units in order to add stability to the complexes formed.
Without going into detail, these functionalities are useful in synthesis work involving
macromolecular structures since they are relatively rigid, act as good spacers and result in
good curvature for the complexes.

Interestingly, the 'mechanical’ structure of self-assembling systems based on the D-A
complex principle are sensitive to the redox properties of the ‘environment' and to the

level of counterions present in solution. Fulvic acid may share similar ‘sensitivities’. A
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well known family of self-assembly organizations are the calixarenes and calixarene-like
assemblies. These supramolecular structures can be obtained by direct condensation of
substituted phenols and cresols and resorcinols in the dark under alkaline conditions. It is
tempting to think that similar assemblies may form within certain conditions (pH,
oxidation-reduction) in humic solutions (6.28, 6.29).

Data from elemental analysis, NMR and photochemistry can be combined in order to
produce a hypothetical model structure. Figure 6.15 illustrates a hypothetical 'monomer
structure of fulvic acid based on the results of elemental analysis, NMR and

photochemical data.

.....

Figure 6.15: Hypothetical ‘monomer’ structure of Laurentian-fulvic acid. Geometrical
optimization calculations were performed using semi-empirical PM3 (aqueous)

procedures.
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It is also interesting to note that in order to build’ a hypothetical monomer for
Laurentian fulvic acid using elemental analysis data, NMR , photochemical data and a
number average molecular weight of approximately 900 g/mol (Chapter 1), that it is
difficult to end up with a structure that would not have strong H-bonding and/or ring-
stacking interactions with another monomer unit. Interestingly, the 'monomer’ structure

illustrated above (Figure 6.15) has the so-called 'half tennis-ball' structure common in

self-assembly units (6.29).

6.5 Conclusion & Future Work
For the first time all primary photoproduct quantum yields have been determined.

The major primary photoproduct quantum yield was determined to be due to the triplets
which show strong pH, background electrolyte and molecular weight sensitivity.
Photodegradation also shows parallel trends.

The strong dependence of triplet quantum yields and photoactivity on pH and
background electrolyte recalls the strong relation that exists between the molecular
conformation of fulvic acid and the same two factors. Indeed the spectroscopic
characteristics of ﬁll\r;ic acid have been shown to be dependent on molecular
conformation. The data obtained in this study supports a polymer donor-acceptor charge
transfer complex model, similar to a quinone-hydroquinone charge transfer complex, as
key to fulvic acid's photobehaviour.

Much future work is needed to exploit this simple ‘artificial' model to the fullest.
Although at a relatively undeveloped stage, the simple chemical mixture has provided
insight into the quinoid charge-transfer character of the 'photoactive’ regions of fulvic
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acid. The fact that fulvic acid may be ‘mimicked’ by such a simple combination of
relatively small molecules raises many interesting possibilities. A variety of ‘simple’
quinoid chemical combinations can be made, as well as mixtures involving components
representing larger non-photoactive alkane, carbohydrate and / or micellular assembly
moieties. Such model mixtures could be used in order to study interactions and effects
such compounds and/or micelle assemblies may have on photoactivity. A combination of
carefully planned solid state '?*C NMR experiments at different stages of
photodegradation for various models (different concentrations and functional groups)
together with multistage EPR work may help to truly quantify certain functional group
regions in the solid state 13C NMR spectrum of fulvic acid. The simple quinoid model
studied up to this point reveals that it is possible to track changes kinetically under
different conditions of pH, background electrolyte and oxygen content without much
difficulty.

Interestingly, quinoid photochemistry (under acidic conditions) and 'dark’ alkaline
quinone chemistry predict the formation of similar so-called 'humic-polymers’. EPR
(Figure 6.16) and fluorescence work of a solution of such alkaline quinone 'humic-
polymers' reveals striking similarities with fulvic acid solutions (6.26). The EPR of the
quinonoid model and the fulvic acid are similar both in terms of the center of the signal
and band number. Although still at an early stage of work these results seem to indicate
the existence of a relatively small semiquinone radical. It is also interesting to note that
there is parallel fluorescence emission behaviour between the quinonoid mixture and
fulvic acid and that the fluorescence emission band is still 'broad’ even at 10 K. This is

highly suggestive of a non-covalently interacting bimolecular complex (charge transfer
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compiex). The EPR spectra were carried out on the Bruker (1700) EPR at the University
of Calgary. The fluorescence line narrowing work was performed by Dr. C.H. Langford
and Dr. F. Arise at the Free University of Amsterdam (6.26).

More extensive work may also be performed in order to study the role that
quinoids may play in metal and pesticide binding with humic material through a
combination of fluorescence quenching experiments and ESR work. Such studies may
also involve the effects of ultraviolet radiation on binding processes.

Finally, the results of chemical modeling work together with parallel ESR and NMR
studies may also be of use molecular modeling research of humic materials. Experimental
evidence for charge transfer complexes, donor-acceptor complexes, and possiblities for
self-assembly must be accounted for in any hypothetical ‘monomer’ work performed. No
doubt, discussions of emergence and complexity towards the problem of humic substance
structure may arise in future work. The jump from a quantum mechanical level to the
‘macroscopic’ level must be made with great care. Some of the newer faces of physical
organic chemistry, such as studies in molecular recognition and self-assembly, may be of

importance in structural elucidation studies of humic material.
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Figure 6.16: EPR spectra of Mossy Point fulvic acid (left) and the Quinonoid

(Amsterdam) model (right).
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Appendix I

The general character of fulvic acid is that of an extremely heterogeneous
mixture. The complexity of humic substances prevents the assignment of a precise
chemical structure to account for their properties. The most general practices include
classification of the various types of humic materials according to isolation and
fractionation procedures, or according to their macromolecular properties such as
molecular weight and particle size (1-3). The approach of this work has been to study two
well characterized fulvic acids, the Mossy Point (Armadale) and Laurentian fulvic acids.

The advantage is that physical and chemical characterization studies have been
carried out by various research groups over many years so that the physical and chemical
properties of these two fulvic acids are established (3-10). The preparation is in a form
which is unambiguous with respect to protonation state and metal ion content (5,6,9,11).
Schnitzer, M., Gamble,D., (1, 9), have determined through titration, derivatization and
degradative proceedures, the following distribution of functional groups in the Mossy
Point sample: 3.3 meq/g phenolics; 7.7 meq/g carboxylate; 3.6 meq/g aliphatic alcohol
and 0.6 meq/g quinone. Solid state *C NMR was used by Cook (12) for the Laurentian
fulvic acid functional group characterization.

With characterization information available relating changes in the observed

photophysics to the physicochemical properties of the sample becomes possible.
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