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Chromophoric Dissolved Organic Matter (CDOM) in natural waters is largely respon-
sible for absorption of light and photochemistry in the water, impacting environmental re-
actions and aquatic life. The composition of CDOM is greatly varied based on source, pho-
tochemical reactions, and natural cycles. The impact of quinone moieties on this structure
and photochemical and redox reactions involving CDOM remains the subject of contro-
versy. To investigate the impact of quinone structure on optical properties, model quinone
compounds were thoroughly characterized by their optical properties and reactions with
sodium dithionite and sodium sulfite. A series of methyl-substituted p-benzoquinones, a
methoxy p-benzoquinone, and a range of napthoquinones and anthraquinones were investi-
gated. These model compounds were characterized according to their quinone and hydro-
quinone molar absorptivities and fluorescence quantum yields. Sodium dithionite reduction
of quinones and the impact of structure on the products of this reaction was investigated by
reducing the quinones with both sodium dithionite and sodium sulfite and comparing the

optical properties of the products to those of the quinone and hydroquinone. The spectra of



dithionite reduced p-benzoquinones and napthoquinones suggested the presence of prod-
ucts other than the hydroquinone. Sulfite is produced in solution as a result of dithionite
reduction of quinones. Model quinones were therefore also reduced with sodium sulfite
to investigate the impact of this side reaction on the dithionite reduction products. High
performance liquid chromatography (HPLC) was used to further investigate and quantify
the products of dithionite reduction of quinones and the importance of sulfite interference.
Although some of the model quinones react with sulfite to form a proposed sulfonated hy-
droquinone product, based on the observed extent of this reaction in dithionite reductions,
the structures of quinones likely to be found in CDOM, and their relatively small contri-
bution to CDOM optical properties, the sulfite reaction was determined to not significantly
impact the study of quinone moieties in CDOM.

Dithionite selectively reduces quinones, while borohydride reduces ketones, aldehydes,
and quinones. Therefore, in CDOM samples, dithionite can be used to isolate the effects
of quinone moieties on the optical properties. Dithionite reduction was used to analyse
CDOM standards and natural water extracts from the North Pacific Ocean and the Chesa-
peake Bay to investigate quinone contribution to their optical properties. These results
are compared to borohydride reduction results from Cartisano and McDonnell to compare
the contribution of quinones to that of ketones and aldehydes. (/, \2) Dithionite reduc-
tion showed small impacts on absorbance and fluorescence, whereas significant changes
in both were observed for borohydride reduction. Therefore, the optical changes observed
under borohydride reduction are attributed to primarily ketones and aldehydes rather than
quinones. Model quinones showed significant changes in fluorescence intensity due to
dithionite reduction, which are largely not observed for CDOM standards and natural wa-
ter extracts, further supporting the conclusion that their role in CDOM optical properties is

small.
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Chapter 1:  Introduction

1.1  Chromophoric Dissolved Organic Matter (CDOM) Origins and Im-

portance

1.1.1 CDOM Definition

Aquatic ecosystems, including inland freshwater, marine waters, and estuaries where
the two mix, contain Dissolved Organic Matter (DOM]) and Particulate Organic Matter
(POM)), which are collectively referred to as Natural Organic Matter (NOM)). The portion of
organic matter that we refer to as ”dissolved” is that which passes through a very small (0.2-
1.0 um) filter (3). The absorbing and emitting portion of DOM over the ultra-violet (UV))
and visible wavelengths is called Chromophoric Dissolved Organic Matter or
Colored Dissolved Organic Matter.

Organic matter is composed of organic molecules containing carbon, nitrogen, phos-
phorous, and sulfur(3)), derived from a range of biomolecules including lignin, proteins,
amino acids, and anthropogenic sources of organic compounds. (4) Dissolved organic mat-
ter, although only a portion of natural organic matter, is the most mobile and active portion
of organic matter (5). Because it is dissolved, it is easily transported through water sys-
tems from the inland lakes and rivers through estuaries and into the ocean. Much of this
material is derived from the cycling of carbon in terrestrial environments, but terrestrially

produced DOM is partly consumed or degraded by microbes, photochemistry, or absorp-
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Figure 1.1: CDOM Production and Consumption. Adapted from (§) CDOM may enter
waters through atmospheric deposition, runoff from terrestrial sources, sediment release,
and microbial production. It may be removed from the system by photobleaching, car-
bon/nitrogen/phosphorous cycling, greenhouse gas release, and microbial decomposition.
tion into soils and sediments during its transportation to the ocean. (5) DOM is active in
the carbon cycle through respiration by microbes, releasing CO; into the atmosphere.(5).
Marine DOM generally contains smaller molecules from these terrestrial sources, but is
also autochthonously produced by microbes, and this fraction greatly impacts its optical
properties.(6)

CDOM comes from a wide range of sources both autochthonous, meaning produced
within the system, and allochthonous, meaning originating from outside the system. (/)
Autochronous sources of CDOM include decomposition of microorganisms and plants
within the system, microbial production, and release from sediments. (8§) Allochthonous
CDOM can enter a system from runoff, groundwater, precipitation, and anthropogenic
waste.(S8) A diagram of these sources and removal processes of CDOM in natural water
systems is shown in Figure[L.1]

These different sources impact DOM composition, which impacts its optical properties
and reactivity. (9-/2) More importantly, the reactions that CDOM undergoes in the envi-

ronment impact its structure and properties. CDOM is consumed as part of the microbial



food chain.(3). It also takes part in carbon, nitrogen, and phosphorous cycling in the envi-
ronment (3). A significant portion of CDOM is removed by its photodegradation, releasing
smaller molecules and inorganic carbon, especially CO,. (3, |/3) As a result, in areas of
greater photochemical activity (i.e. surface waters) CDOM molecular weight is typically

lower than in deeper waters as the higher molecular weight CDOM is photodegraded (/4).

1.1.2  Lignin and Humic Substances

Lignin is a polymer found in plants that gives them structure and rigidity and the ability
to transport water and nutrients. (/5) The degradation products of lignin, along with pos-
sibly tannins, are thought to be the main source of CDOM in rivers and estuaries. (/4 /6]
Anthropogenic impacts on CDOM include changes in land use and inputs from wastewater
and agriculture. (/7))

Lignin, its degradation products, proteins, lipids, nucleic acids, polysaccharides, and
other molecules that result from the decomposition of dead plants and microbes form a
class of compounds referred to as Humic Substances (HS). (/8) Humic substances can
be defined by 3 fractions: insoluble humin, Humic Acids (HA) which are soluble at pH
<2, and Fulvic Acids (FA) which are soluble regardless of pH. (/9) These labels don’t
necessarily reflect different classes of compounds, merely different functional categories
that can be studied.(/9) Humic substances are an often studied portion of DOM and organic
molecules in soils. (/1) /9-28)

Understanding of humic substance structure has proved challenging. Reviews by Sut-
ton (/9) and Piccolo (22) in the early 2000’s approached the polymer model” of humic
substance structure critically. In this understanding of humic substance structure, they
are thought to be large polymeric macromolecules. The alternate view presented is that

of weakly associated smaller heterogeneous molecules. (22) Supporters of the polymer



model (29) argue that Size-Exclusion Chromatography (SEC) results have been insuffi-
cient to prove the supramolecular association model, and that the polymer model still
best explains experimental results. However, newer results from nuclear magnetic reso-
nance (NMR)), electrospray ionisation mass spectrometry (ESI-MS)), and Fourier-transform
infrared spectroscopy (ETIR)) have shown support for the supramolecular model, showing
smaller molecular weights that can be attributed to these smaller associated molecules(/9,
30-32). However, these methods could also be missing some portions of high molecular
weight material that are not easily ionized. (30, 32) This conflict among many in the field
of humic substance studies show how complex and difficult it is to fully characterize these

species.

1.1.3 CDOM Reference Standards

Because HS are difficult to characterize and incredibly variably in structure, the International
Humic Substances Society (IHSS) was formed in 1981. Prior to this, it was nearly impos-
sible to compare work between labs.(33) The IHSS collects and processes a number of
humic substances which can then be used by researchers around the world to compare their
results with each other. (33)) Since these samples are collected and isolated at the same time
and in the same way, it provides a "known” class of CDOM/HS standards so that different
labs or the same lab at different times can compare techniques and results on a sample that
should give consistent results. Due to the complex nature of CDOM itself, these standards
do not have known molecular structures, but they are thoroughly characterized by elemen-
tal composition, acidic functional groups, amino acid composition, '*C NMR, 'H NMR,
sedimentation rate, FTIR, and fluorescence.(33) The standards used in this study are Elliot
Soil Humic Acid (ESHA)), Leonardite Humic Acid (CHAI), Pony Lake Fulvic Acid (PLFA),
Suwanee River Humic Acid (SRHA), Suwanee River Fulvic Acid (SREA), and Suwanee



River Natural Organic Matter (SRNOM]). The Suwanee River is in Georgia in an area con-
taining a great deal of peat and decomposing vegetation.(33) Elliot soil comes from the
prairie lands of the central U.S. in Illinois.(33) Leonardite is produced by the oxidation
of coal and collected from Gascoyne Mine in North Dakota.(33) Pony Lake is a pond in
the Antarctic surrounded by no plants, suggesting that all the DOM contained in this sam-
ple is due to microbial production in the lake.(34)Lignin, alkali, carboxylated (LAC) from
Sigma-Aldrich is also studied. These samples represent a wide range of CDOM sources,
from plant decay to coal oxidation to microbial production to lignin from wood and bark.
This allows an examination of the difference in structure and properties of humic substances

from different sources.

1.1.4 CDOM analysis

Figure [I.2]shows the categories of organic matter contained within a whole water sam-
ple, and the methods used to separate and study them. As discussed, filtration is used to
separate DOM from POM, but when working with a whole water sample, the solution will
still contain salts. Additionally, the CDOM is often incredibly dilute, and therefore re-
quires highly sensitive methods to characterize its properties and reactions. By extracting
the DOM using solid phase extraction (SPE), the salts can be separated and the CDOM
concentrated into a more easily studied concentration. This process, however, can im-
pact the composition of the CDOM itself.(/6, |35)) Sleighter and Hatcher determined that
C18 extraction eliminates aliphatic amines and amides as well as tannin-like compounds
due to their ionic and more polar natures, respectively. (/6)) Andrew et al. observed that
C18 extraction favored long wavelength absorbing and emitting materials, but the changes
in optical properties due to borohydride reduction were comparable for whole water and

extracted samples. This suggests that although long-wavelength absorbance may be over
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Figure 1.2: Components of a whole water sample and the processes used to separate them.
Adapted from (2). The whole water sample is first filtered to remove particulate matter. The
sample is then extracted on a C18 column to collect the DOM, while salts pass through.
The organic material retained on the column is eluted with methanol, then the methanol is
evaporated off to leave the organic matter collected as a solid. This is redissolved into a
small amount of ultrapure water. This yield a highly concentrated CDOM extract that is
then studied.

represented, in general the extracts represent the natural water samples fairly well. (35))

CDOM and humic substances are often studied by UV-Visible absorbance and fluores-
cence spectroscopy (6, |11} |14, 23-27,133,|36-41) and by examining the optical properties
of these materials, conclusions can be drawn about their structure and activity. CDOM ab-
sorbs light in the ground-level solar spectrum over the ultra-violet and visible range. (42).
The absorption spectra typically resembles an exponential decay in shape, with high ab-
sorbance in the UV/near UV region, and low absorbance in the long wavelength range.
“42).

The fluorescence spectrum of CDOM, like the absorbance, is unstructured. It shows

broad emission that shifts to longer wavelengths and lower intensity as excitation wave-
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Figure 1.3: (Left) Absorbance of 5.42 mg/LL LHA (Right) Fluorescence Emission Spectra
at increasing excitation wavelength (Right) for 0.87 mg/L LHA

length increases.(43). A sample absorption and fluorescence spectra of LHA is shown in
figure[I.3]

Due to the complex nature of CDOM and its variability in different aquatic environ-
ments, relating the optical properties of absorption and fluorescent emission to the structure
and photochemical properties of CDOM has proven difficult and somewhat controversial.
There are two competing models used to try to explain the absorbance and fluorescence
properties of CDOM - the superposition model and the electronic interaction model. In
the superposition model, the absorption and emission spectra of CDOM is thought to arise
from the sum of many individual absorbing and emitting chromophores within the dis-
solved organic matter sample.(43) In the electronic interaction model, the spectra is in-
stead attributed to not only the absorption and emission of its individual chromophores, but
also from charge transfer interactions between electron acceptor and donor chromophores
within the CDOM.(43)

According to the superposition model, a solution containing multiple independently



absorbing and fluorescing species will have an absorbance and fluorescence correspond-
ing to the sum of these individual spectra. Additionally, most organic compounds absorb
at wavelengths shorter than 400 nm (the visible spectrum). Conjugated aromatic species
and quinones can n — 7= transitions that occur out into the visible wavelength region, but
this absorbance at long wavelength is typically weak. (32) However, in cases where the
species interact with each other, the spectra will not be the simple sum of components, but
also have absorbance and fluorescence resulting from the electronic interactions between
the components. These interactions can cause stronger absorbance further into the visible
region than the aforementioned conjugated aromatic species or quinones. Thus, the super-
position model cannot explain the long wavelength absorption or the complex emission,
but these are accounted for in the electronic interaction model.(//, 23, 43-47) A visual
depiction of the charge transfer model is shown in figure[T.4]

The broad, unstructured absorbance at long wavelengths in CDOM supports the elec-
tronic interaction model, as does the red-shifting of its fluorescence emission as excita-
tion wavelength increases. In the case of the superposition model, the long wavelength
absorbances would be more defined into individual species or absent entirely. The fluo-
rescence shifts implies that the fluorescence of CDOM is not due to distinct species, but a
range of species and electronic interactions. (43)

Charge transfer results from electron donors and electron acceptors within CDOM.(/ /,
23, 45, 46) Electron donating groups may include phenolic and substituted aromatic car-
boxylic acid groups, while electron accepting groups include aromatic ketones/aldehydes
and quinones.(48) The typical regions of absorbance and a theoretical structure of CDOM
showing these donors, acceptors, and charge transfer processes is shown in figure[T.4]

Though the electronic interaction model can account for many of the optical and pho-
tochemical properties of CDOM, additional studies are needed to better understand the

types of individual absorbing and emitting species within CDOM that are responsible for
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its unique optical properties.

Beyond simply comparing absorption spectra of CDOM samples, some ratios and re-
lations are applied to compare these spectra quantitatively and draw conclusions about the
samples’ properties.

Spectral Slope is defined according to equation [I.1} where a(A) = 2.303A(1)/I. A(A)
is the absorbance of the solution and I is the pathlength of the cell in meters.(39) a(A)
is the absorption coefficient at wavelength A, and a(r) is the absorbance at the reference

wavelength r.

a(A) = a(r)eSr—) (1.1)

The spectral slope coefficient, S, defines the rate of exponential decline of CDOM ab-
sorbance with increasing wavelength. (49). This parameter is often utilized in studies of
CDOM. (2, |11,,13, |14, |35}, 136, (38, 43, 49-58) It has been shown to decrease as molecular
weight and aromaticity increase, and to be larger for fulvic acids as compared to humic
acids. (49,159, |60)

Similarly to spectral slope, the ratio of the absorbance of CDOM at 250 and 365 nm,
called the E,:E3 ratio (50) is used to analyse CDOM samples for molecular size, structure,
and DOC. (21, 50, |61) E,:E3, like spectral slope, decreases with molecular size as high
molecular weight components of CDOM absorb at longer wavelengths. (50) E,:E3 is also
correlated with aromaticity (27).

Both spectral slope and E;:E3 are also used to measure changes in CDOM, such as those
occurring during photobleaching processes, or to compare differences between CDOM in
different samples. (38,55, 56)

Fluorescence relationships are also utilized in studies of CDOM. This includes analysis

of quantum yields for different samples or for the same sample before and after chemical
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reduction and/or photochemical exposure. (2, |11, |12, |14, 123,35} 39,162)
Quantum yield is defined as the fluorescence of a substance per absorption unit (39). It

is calculated by equation[I.2](39)

¢(4) = [FI(A)a:]/[a(A)FI] (1.2)

As mentioned earlier, a(A) is the absorption coefficient of the sample, in this case at
the excitation wavelength. FI is the corrected integrated fluorescence intensity of the fluo-
rescence emission due to excitation at the same excitation wavelength. Likewise, a; is the
absorption coefficient of the reference material at its excitation wavelength, FI, is the cor-
rected integrated fluorescence intensity of the fluorescence emission of the reference at this
excitation wavelength, and ¢; is the quantum yield of the reference material at this excia-
tion wavelength. Quinine sulfate is often used as a reference in CDOM fluorescence studies
(11, |12, 14, 23,39, 162), due to its fluorescence at comparable wavelengths to CDOM(Z2).
It is utilized herein as a quantum yield standard. It’s ¢, is 0.51 in 0.1 N H2SO4 using an
excitation wavelength of 350 nm. (39)

In addition to using quinine sulfate as a reference standard for calculating quantum
yields, fluorescence studies of natural waters often scale the emission spectra to quinine
sulfate units (/}, |2, /3, |/4, |63, 64). Using quinine sulfate units accounts for instrument-
specific biases. (40)

To put fluorescence spectra into quinine sulfate equivalents (QSE])), equation [I.3] was
used, where Fqsg is the fluorescence intensity of the sample in gse, Fs is the blank sub-
tracted fluorescence intensity of the sample as measured by the instrument, and Flgg is the

integrated fluorescence intensity of a sample of 10 ppb quinine sulfate in 0.1 N H2SO4

11



excited at 350 nm, measured the same day as the sample fluorescence.

Fose = Fs/[Flgs/10] (1.3)

1.2 Environmental Impact of CDOM and Role of Quinone Moieties

1.2.1 Aquatic Photochemistry

The three main roles of CDOM in the environment are: 1) it determines light depth
penetration and photochemical reactivity in surface waters 2) facilitates carbon, nitrogen,
and phosphorous cycling which supports phytoplankton and bacteria in these environments
3) and a portion of the global carbon pool, which can impact climate change. (8)

The absorption of light by CDOM is an important part of the natural water ecosystem.
Not only is CDOM the main determinant of the optical properties of the water; it also pre-
vents UV and blue light penetration to deeper waters.(S8, 43) Effectively, this largely limits
photochemical reactions to surface waters and can protect organisms in the water system
from the harmful effects of UV-light. (8, 43, 65) While CDOM may benefit organisms
through this protection, it also photochemically produces reactive oxygen species (ROS)
such as hydrogen peroxide, superoxide, singlet dioxygen, the hydroxyl radical, and organic
peroxyl radicals. (66)) Reactive oxygen species may have harmful effects on organisms(4,
13). These reactive oxygen species can harm organisms by reacting with proteins, lipids,
and nucleic acids, as well as damaging enzymes and DNA.(4). They may also have some
positive effects of improving iron uptake and oxidizing manganese oxides, allowing them
to play active roles in biogeochemical cycles. (4)) Exposure to UV radiation also affects
CDOM availability as a food source to microorganisms. (65, 67)

Reactive Oxygen Species (ROS) as well as triplet excited states of CDOM formed by

exposure to light are involved in several environmental reactions.(4, 66, |68-71) These
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Figure 1.5: Quinone, Semiquinone, and Hydroquinone (76)

reactive intermediates act to degrade the CDOM and produce smaller molecules - both
smaller molecular weight DOM and inorganic molecular products.(54, 68). This includes
producing bioavailable DOM and Dissolved Inorganic Carbon (DIC) (69). Photoreaction
of CDOM also forms COS, CO, CO, gases and volatile organic compounds which can
have important atmospheric and environmental impacts. (/3,|/2). Photochemically excited
DOM and the ROS it produces affect contaminant transformation and degradation(9, 43,
73)), trace metal speciation (65, 68, 71, 74), and degradation of DOM into lower molecular
weight products and inorganic carbon and nitrogen(/0, |13, 158, 65).

Studies have employed individual quinone compounds as models for the activity of the
quinone moieties in CDOM. (52, |75) These studies support the involvement of quinones
in some photochemical reactions. Irradiation produced ROS in a fashion consistent with
quinones being a photochemically active component of CDOM. (52, 75)

Quinones in CDOM exist in one of three forms — the quinone, the semiquinone radical,
and the hydroquinone. (76) These quinones can interact with each other and the envi-
ronment, undergoing charge transfer processes as well as undergo addition reactions with

nucleophiles like hydroxide. (76)
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1.2.2 Redox Interactions

Humic substances act as redox mediators in environmental systems, both as an elec-
tron donor and accceptor. (77-82) Quinones are thought to be the main moiety involved
in electron accepting capacities (EAC) in HS/CDOM(758-80, |83-86)), although they may
not be the only structure responsible. (87, 87) In terms of electron donating/antioxidant
properties, phenolic groups within the HS/CDOM may stabilize the HS/CDOM within the
environment and decrease reduction of pollutants by quenching reactive oxygen species
and donating electrons to radical intermediates. (88)

Redox reactions of HS/CDOM are involved in reduction of metals and organic com-
pounds in the environment. (8/)) These reactions therefore influence the toxicity of these
contaminants as well as their breakdown. (84, §9) They affect the speciation, mobility,
toxicity, and bioavailability of redox sensitive elements - arsenic, chromium, copper, iron,
mercury, and selenium (/7). NOM redox processes are involved in carbon cycling and
microbial interactions (85)) such as reduction and respiration.

Iron respiration/iron bioreduction contributes to biogeochemical cycling of carbon,
oxygen, phosphorous, sulfur, and nitrogen, as well as driving bio-purification of ground-
water contaminants. (90) There is evidence that quinones play a significant role as electron
accepting groups in CDOM, particularly in photochemical and redox reactions in the envi-
ronment.(52,|76) Quinones not only act as an electron transfer mediator in biogeochemical
processes such as iron bioreduction and contaminant degradation(/6), but also can con-
tribute to the optical properties of CDOM(45).

Iron bioreduction is an indispensable part of the biogeochemical cycling of iron, and
contaminant degradation reduces toxic species in the environment.(/6)) Since quinones in
CDOM are thought to both contribute to CDOM optical properties and are redox-active

constituents in important environmental processes, understanding the optical properties of
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quinones in CDOM and their reduction to hydroquinones is vital.

1.3 Quinones in CDOM - Quantification

1.3.1 Contribution of Quinones to the Optical Properties of HS

In charge transfer interactions, electron accepting species are thought to be aromatic
ketones/aldehydes and quinones. In examining the contribution of quinones in particular
to the optical properties of CDOM, there has been conflicting conclusions.(48, |9/) Some
studies claim small, reversible changes in HS fluorescence upon reduction of quinones in
CDOM (24,86, |92), others claim significant contribution of the quinone/hydroquinones to
the fluorescence of HS. (83} 93). In light of this controversy, both quantitative analysis of
quinone content and investigation of their contribution to the optical properties of CDOM
is necessary.(23)

Sodium borohydride irreversibly reduces ketones and aldehydes to their alcohols, but
it also reversibly reduces quinones to hydroquinones under anoxic, meaning absent of O,
conditions. (/2, 48, 94) Therefore, using sodium borohydride under anoxic conditions,
all three functional groups are reduced, but most hydroquinones are expected to return to
their quinone forms upon exposure to air. (48) Sodium dithionite can only reduce ketones
and aldehydes at elevated temperatures (95-99), therefore at room temperature it can be
employed to selectively reduce quinones under anoxic conditions. A diagram of the reac-
tion products of ketone, aldehyde, and quinone reduction using borohydride and dithionite
under N and the product upon aeration is shown in figure [I.6]

In the work of Del Vecchio et. al.(45), the contribution of quinones to the optical
properties of CDOM standards (SRFA, LAC, PLFA, LHA, and ESHA) is compared to the
contribution of ketones and aldehydes to the optical properties via reduction of these stan-

dards using sodium borohydride and sodium dithionite. (48) Further, the quinone content
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Figure 1.6: Products of reduction of ketones, alde hydes, and quinones with sodium boro-
hydride and sodium dithionite under anoxic conditions and products of subsequent aera-
tion.(48) R = organic structure for ketones and aldehydes, R = H, or organic structure for
quinones. Rs may differ from each other within a structure.
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Figure 1.7: Absorption Spectra of LHA (black), Dithionite added to a mQ water blank
(blue), and Dithionite added to the LHA sample (red)
in these standards is quantified by dithionite reduction. (48)

Sodium dithionite absorbs strongly at 316 nm, with a molar absorptivity of 8000 M™!
cmt.(48, 100). A brief explanation of the Beer-Lambert law and the relation of concen-
tration to absorbance is given in[A.1.1) By injecting the same quantity of a dithionite stock
into a mQ water blank and the HS sample, the quinone content of the HS sample was be
calculated by the reacted dithionite. The concentration of dithionite added to the sample
was calculated by the absorbance at 316 nm of the blank. Then, the increase of the ab-
sorbance in the CDOM sample at 316 nm was used to calculate excess dithionite. The
excess dithionite was subtracted from the dithionite added to the sample to calculate the
dithionite reacted, which is attributed to the quinone content of the sample. The absorp-
tion spectra for one trial of an LHA dithionite reduction is shown in figure [I.7} and the

calculations are shown in equations [[.4HL.8]
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Quinone Content of Sample (Q) = Dithionite Consumed by reduction of quinones (DC)
(1.4)

Quinone Content of Sample (Q) = Dithionite Consumed by reduction of quinones (DC)
(1.5)

DC = Dithionite added to sample (DA) - Excess Dithionite in Sample (DE) (1.6)

DA = Dithionite Added to Blank =

Abs316(Blank, Post DithioniteAddition) — Abss ¢(Blank, PreDithioniteAddition)
€316(Dithionite)

(1.7)

_ Abs316(Sample, PostDithioniteAddition) — Abs3s(Sample, PreDithioniteAddition)

DE ST
€316(Dithionite)

(1.8)

Using these methods and calculations, Del Vecchio et al. quantified the quinone content

of SRFA, LAC, PLFA, LHA, and ESHA. These results are shown in figure @, compared

to electrochemical results from Aeschbacker et al. (/0/)), which will be discussed in section
32

In addition to quantifying quinone content of these standards, Del Vecchio et al. (48)

examined the change in optical properties (absorbance and fluorescence) with borohydride

and dithionite reduction. They concluded that there was little contribution of quinones

to fluorescence in CDOM standards and almost no effect on absorbance, but reduction of

ketones and aldehydes significantly impacted optical properties. Therefore ketones and

aldehydes seem to be the more relevant compounds as charge transfer acceptors.(48)

1.3.2  Electrochemical Analysis

As discussed in section[I.2.2] quinones are thought to be a major redox-reversible group
in HS/CDOM. (78-80, 83-86). Aeschbacher et al. examined quinone content of HS stan-

dards by electrochemical reduction and oxidation and related these results to the quinone
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Figure 1.8: Quinone content found by Del Vecchio et al. (bars) using dithionite reduction
compared to Aeschbacker et al. based on electrochemical measurement (stars) (48)
content of these samples.(/01)

Aeschbacher et. al. directly measured electron accepting capacity (EAC) of several
model HS, including ESHA, LHA, PLFA, and SRFA (/0/). They used direct electro-
chemical reduction (DER)), mediated electrochemical reduction (MER)), and mediated elec-
trochemical oxidation (MEQ)) to measure the electrons transferred in solutions of SRHA,
SRFA, ESHA, LHA, and PLFA, as well as Elliott Soil Fulvic Acid, Pahokee Peat Humic
Acid Standard, Pahokee Peat Humic Acid Reference, Pahokee Peat Fulvic Acid Standard,
Waskish Peat Humic Acid Reference, Nordic Aquatic Humic Acid Reference, and Nordic
Aquatic Fulvic Acid Reference. The electrochemical cell set up is shown in figure[T.9]

The EACs of the HS were determined from MER. The working electrode was retic-
ulated vitreous carbon, the reference electrode was Ag/AgCl, and the auxiliary (counter)
electrode was platinum wire. Diquat dibromide monohydrate was used as the electron me-

diator. The electrons transferred was calculated as the integrated reductive and oxidative
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Figure 1.9: DER, MER, and MEO set up in (/0/)

currents over time. Measured redox potentials fell in the range of those measured for model
quinone compounds. They concluded therefore that quinones were predominantly respon-
sible for the electron transfer observed. Therefore, measured EAC was used as the quinone
concentration to compare to optical measurements by Del Vecchio et. al.

Similarly, Ratasuk and Nanny (87 determined the electron carrying capacities of HS
samples using catalytic reduction. The trend in EAC from Aeschbacher et. al. closely fol-
lowed the trend in EAC found by Ratasuk and Nanny. Ratasuk and Nanny, however,
concluded that quinones are not the only contributing species to their measured electron-
carrying capacity (ECC). They attributed 21-56% of total ECC to non-quinone sites in the
HA/FA.

1.4 Description of Thesis

The role of quinones in the redox activity and their contribution to the optical properties
of CDOM/HS remains unclear. The goal of the following thesis is to elucidate the role of

quinones in the optical properties of CDOM and HS and estimate the quinone content in
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these samples.

In approaching this question, it became clear that a thorough study of model quinones
was necessary to fully understand the role of these moieties in CDOM and to quantify them.
Preliminary studies, which are described in[A.T] highlighted the need for a more concrete
understanding of the reaction of quinones themselves before applying this knowledge to
quinone content in the complex system of CDOM in natural waters. First, the optical
properties of a series of model quinones were thoroughly characterised. This includes ab-
sorption and fluorescence spectra, molar absorptivities at major peaks, and fluorescence
quantum yields of the quinone and hydroquinone forms. This information was then used to
investigate the chemical reduction of these quinones as a standard against which to compare
the chemical reduction of CDOM. Since CDOM/HS include many different structures, it
can be hard to differentiate how reactions effect specific functional groups. By first exam-
ining quinones in isolation, these effects can then be compared to observations of CDOM
optical properties. The optical characterization of a series of model quinone compounds
is described in Chapter 2. Following characterization, the quinones were reduced using
sodium dithionite and the products separated by High Performance Liquid Chromatogra-
phy (HPLJ). Model quinones were also reduced using sodium sulfite to investigate a pos-
sible mechanism for the loss of quinone product in the dithionite reduction. These results
are presented in Chapter 3. Finally, HS standards and C18 extracts of natural water samples
from the North Pacific Ocean and the Chesapeake Bay were reduced using sodium dithion-
ite to investigate the impact of quinone moieties on their optical properties and estimate

quinone content in these samples. These results are provided in Chapter 4.
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Chapter 2: Model Quinone Characterization

2.1 Introduction

As discussed in Chapter 1, quinone moieties are thought to contribute to the optical
and redox properties of CDOM. In terms of the optical properties of CDOM, the elec-
tronic interaction model requires the presence of electron donors and electron acceptors
within CDOM. Electron donating groups include phenolic and substituted aromatic car-
boxylic acid groups, while electron accepting groups include aromatic ketones/aldehydes
and quinones.(48)) There is evidence that quinones play a significant role as electron ac-
cepting groups in CDOM, particularly in photochemical and redox reactions in the envi-
ronment.(76) Quinones may not only contribute to the optical properties in CDOM, (48)) but
also act as an electron transfer mediator in biogeochemical processes such as iron biore-
duction and contaminant degradation.(/6) Iron bioreduction is an indispensable part of the
biogeochemical cycling of iron, and contaminant degradation reduces toxic species in the
environment. Since quinones in CDOM are thought to both contribute to CDOM optical
properties and are redox-active constituents in important environmental processes, under-
standing the optical properties of quinones in CDOM and their reduction reactions is vital.

To better understand CDOMs varied and complex structure, model compounds can
be used to probe specific reactions, functional groups, mechanisms within a more iso-
lated system. (/2, 52, [75 |/02) Thorough characterization of the optical properties of

model quinones allows these optical properties to be compared to those of CDOM/HS
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and draw conclusions about the possible contribution of quinones to the optical properties
of CDOM/HS.

The role of quinones in CDOM optical properties remains the subject of some contro-
versy(48, [/03) In addition, there exists poor characterization of the optical properties of
quinones themselves.

In this chapter, the characterization of a series of model quinone compounds is dis-
cussed. The model compounds consist of a series of methyl-substituted p-benzoquinones,
naphthoquinones, and anthraquinones. Naphthoquinones and anthraquinones have been
suggested to be good representatives of naturally occurring quinones, and anthraquinone
has been used as a model compound for CDOM quinone studies.(52,|76) The structures of
the model quinones are shown in figure 2.1} These quinones and their hydroquinones were
characterized by absorbance and fluorescence, the molar absorptivities of each major ab-
sorption peak were found, and the fluorescence quantum yields were calculated. In Chapter
3, this information will be used investigate the reactions of these quinones with dithionite
and sulfite both qualitatively and quantitatively through the changes in the optical proper-
ties of the quinones due to reduction.

Previous work by Ma et. al. (/2) on model quinone and CDOM reduction using sodium
borohydride suggested that the optical changes observed in CDOM following borohydride
reduction could not be attributed solely to the influence of quinones, and in fact it was
postulated that ketones and aldehydes likely played a larger role due to the irreversible
changes observed for CDOM samples. (/2) The model quinone studies employed at this
time were mainly used to compare optical changes. Molar absorptivities were estimated
in Ma’s study from a single measurement. (/2) In addition, the suite of quinones studied
encompassed a wide range of different structures. Therefore, these characterization studies
were repeated utilizing calibration curves, triplicate trials, and a narrowly focused suite of

compounds to investigate structural effects.
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Figure 2.1: Model Quinones Studied
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2.2 Materials and Methods

2.2.1 Materials

Quinones were used as received from the supplier — para-quinone, methyl-p-benzoquinone,
2,6-dimethyl-p-benzoquinone, duroquinone, 2,3-dimethoxy-5-methyl-p-benzoquinone, 1,4-
naphthoquinone, juglone, 58-dihydroxy-1,4-naphthoquinone, and anthraquinone-1,5-disulfonic
acid from Sigma-Aldrich, 2,3-dimethyl-p-benzoquinone from BOC Sciences, 2,5-dimethyl-
p-benzoquinone and anthraquinone-2,6-disulfonic acid from ACROS Organics, and trimethyl-
p-benzoquinone from ALFA.

Ultrapure water was obtained by filtering deionized water through a Sartorius Arium
mini benchtop filtration system. methanol was used as received from Fisher Chemical
Phosphate buffer was made from sodium phosphate monobasic and dibasic from Sigma-
Aldrich dissolved in ultrapure water to make a solution of pH 7. Quinine Sulfate was used
as received from sigma, dissolved in 0.1 N H2SO4 received from EM Science. Sodium
borohydride was used as received from ACROS organics. N from AirGas was used for
anoxic experiments. The N, was passed through oxygen scrubbers to further ensure com-

plete anoxic conditions in samples.

2.2.2 Optical Measurements

Absorption spectra were collected on a Shimadzu UV-Visible 2401PC Spectrophotome-
ter from 190-820nm in 1 nm increments in a 1 cm quartz cuvette. Each spectra was blank
subtracted using a sample of mQ water in the same cuvette.

Fluorescence spectra were collected on a Fluoro-Max 4 (Horiba) instrument, using an
excitation wavelength corresponding to the longest absorption peak for each of the quinone

and hydroquinone. Emission spectra were collected from an additional 10 nm above the
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excitation wavelength to just before the second-order Raleigh scattering peak, or to 800
nm.

For p-benzoquinones, all quinones were excited at 428 and 350nm, and all p-benzohydroquinones
were excited at 280nm. The quinone was diluted as necessary to keep the absorbance at
the excitation wavelength <0.1 absorbance units. Excitation wavelengths used are in Table
1 along with the corresponding quantum yield). Excitation and emission bandpasses were
set to 3 nm and emission spectra collected at increments of 1 nm. Each spectra was blank
subtracted using a sample of mQ water in the same cuvette. Occasionally, the Raman peak
from water was over or under corrected and this negative peak had to be removed manu-
ally. In these cases, intermediate wavelengths were filled in as to make a straight line from
the last point before the Raman band to the first point after. Quantum yields were calcu-
lated as previously reported using quinine sulfate as a reference.(/2) Emission intensities
for quinone and hydroquinone fluorescence spectra were Quinine Sulfate Equivalents as
previously reported ((/, 2, 32))). For samples where the fluorescence was <0.01 QSE, a

five-point average was applied to the spectra to reduce the noise.

2.2.3  Molar Absorptivities and Fluorescence Quantum Yields

Quinone Stock Preparation

The quinone solid was dissolved in minimal methanol <5% of the total volume) and
diluted with ultrapure water and 1 mM phosphate buffer, to a final concentration of 0.001-5
mM of the quinone and 0.5-1 mM pH 7 phosphate buffer. Quinone stocks were remade
each day. Exact concentrations for absorbance and fluorescence spectra are given with the

spectra.
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UV-Visible Spectra and Molar Absorptivities

For quinone molar absorptivities, calibration curves were composed of at least 5 con-
centrations of the quinone giving absorbance at the wavelength maximum of below 2.3,
which has been determined to be the linear range of the instrument (/). Concentrations
used for calibration curves and sample spectra are given in Supporting Information figure
SI.

Each quinone was also reduced using sodium borohydride to obtain the spectra of the
hydroquinone and to find the molar absorptivity of the hydroquinone peak. A very small
quantity of borohydride (<1 mg) was transferred directly into cuvettes containing 3 mL
of the quinone diluted with the pH 7 phosphate buffer to minimize pH effects. Reduced
spectra were taken as soon as possible following reduction, though in some cases the ex-
cess borohydride caused bubbles from H; gas evolution which interfered with optical mea-
surements and spectra were taken after 10-15 minutes when gas evolution had slowed or
stopped. The reduction was considered complete when the quinone absorbance peaks were
no longer discernible, and the hydroquinone peak was clearly visible. For hydroquinone
molar absorptivity calculations, either the five concentrations of quinone were reduced to
give the hydroquinone spectra and a calibration curve composed, or three samples of the
same concentration of quinone were reduced to ensure reproducibility and acquire uncer-
tainties, with the molar absorptivity calculated as absorbance divided by concentration, as

the path length was 1 cm.

Fluorescence Spectra and Quantum yields

P-benzoquinones The quinone stock was diluted such that the absorbance at 428nm
<0.1 absorbance units. The UV-Vis spectra was collected in triplicate and the fluorescence

spectra with an excitation wavelength of 428 nm was collected in triplicate. If necessary,
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the stock was further diluted so that the absorbance at 350 nm was ;0.1 absorbance units.
The UV-Vis spectra was collected in triplicate and the fluorescence spectra with an excita-
tion wavelength of 350 nm was collected in triplicate. The stock was diluted a final time
such that the absorbance of the hydroquinone would be <0.1 at 280 nm based on the mo-
lar absorptivity. Three cuvettes containing 3 mL of the quinone at this concentration were
deoxygenated by delivering N, through Teflon tubing directly into the sample for 10-15
minutes. Cuvettes were capped with Teflon septa and a Teflon tube inserted into the septa
used as a vent. A small amount of sodium borohydride (<1mg) was directly added to each
cuvette to produce the hydroquinone as determined by the absorbance spectra. The UV-Vis

and fluorescence spectra with an excitation wavelength of 280 were collected in triplicate.

Naphthoquinones and Anthraquinones Borohydride reduction was conducted as de-
scribed for p-benzoquinones. For naphthoquinone, the quinone excitation wavelength was
362 nm. The quinone samples were not diluted prior to borohydride reduction and the hy-
droquinone samples were excited at 332 nm. For juglone, the quinone was excited at 428
nm. The quinone was diluted such that the absorbance of the reduced sample would fall
below 0.1 absorbance units at 332 nm, which was used as the excitation wavelength. For
5,8-dihydroxy-naphtoquinone, the excitation wavelength was 518 nm for the quinone and
364 nm for the hydroquinone. The sample was not diluted prior to borohydride reduction.

Anthraquinones were reduced using excess sodium dithionite to give they hydroquinone
spectra. Dithionite reduction methods are described in detail in Chapter 3.

For anthraquinone-1,5-disulfonic acid, the quinone was excited at 324 nm and the hy-
droquinone was excited at 480 nm. For anthraquinone-2,6-disulfonic acid, the quinone was

excited at 328 and 450 nm and the hydroquinone was excited at 450 nm.
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2.2.4 Calculations

For quinone molar absorptivities, calibration curves were composed of at least 5 con-
centrations of the quinone giving absorbance at the wavelength maximum of below 2.3,
which has been determined to be within the linear range of the instrument(/)). Concentra-
tions used for calibration curves and sample spectra are given in Supporting Information
[A.2] Excitation wavelengths used are shown with corresponding quantum yields. The flu-
orescence spectra of quinine sulfate was used as a reference standard, and quantum yields

were calculated as previously reported.(/2)

2.3 Results and Discussion

2.3.1 Optics

P-benzoquinones Absorbance and fluorescence spectra are shown for the model quinone
compounds and their hydroquinone counterparts in figures 2.2} 2.3} 2.4] and [2.5] Absorp-
tion spectra are shown as solid lines, fluorescence spectra are shown as dashed lines, and
dotted lines are placed at the excitation wavelength for each fluorescence spectra. Longer
wavelength fluorescence spectra for quinones is shown in black, and the shorter wavelength
spectra is shown in red. Hydroquinone spectra are shown in blue. Note that these absorp-
tion spectra were taken in dilute conditions to negate inner filter effects. Absorption spectra
acquired under higher concentrations are provided in supporting information [A.2] Molar
absorptivities of each quinone and hydroquinone peak and fluorescence quantum yields are
given in table 2.1}

As discussed in Ma et. al. (/2), the longest, lowest intensity absorption band of the
quinones, occurring around 420 nm for the p-benzoquinone, methyl-p-benzoquinone, 2,5-

dimethyl-p-benzoquinone, and 2,6-dimethyl-p-benzoquinone, represents the n — 7* tran-
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Figure 2.2: Absorption and fluorescence spectra for p-benzoquinone and methyl-p-

benzoquinone. p-benzoquinone and methyl-p-benzoquinone fluorescence is S-point
smoothed.
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sition, while the largest and second largest bands, occurring around 260 and 320 nm, re-
spectively for these quinones represent the 7 — 7* transitions. (/2)

For 2,3-dimethyl-p-benzoquinone, trimethyl-p-benzoquinone, and duroquinone, the ~420
nm peak is not evident due to the ~350 nm peak, which shifts to longer wavelength rela-
tive to the other compounds (~325 nm), and the usually ~420 nm peak shifts towards the
blue, obscuring it within the ~350 nm peak for these compounds. Structurally, these com-
pounds all contain methyl groups substituted in the 2,3 positions, which appears to lower
the energy of the 7 — 7*, so that its and that of the n — 7* become indistinguishable

All hydroquinones of the monocyclic methyl-substituted quinones showed an absorbance
peak around 280 nm, due to the loss of conjugation from the quinone carbonyl groups.
Methyl-substitution did not show much impact on the hydroquinone absorbance, suggest-
ing structural substitutions to be less important in the hydroquinone than the quinone.

Trimethyl-p-benzoquinone can be compared to 2,3-dimethoxy-5-methyl-p-benzoquinone
to observe the effect of methoxy substitution as compared to methyl substitution. The
methoxy substution shifts the £ — 7* transition to 408 nm, as compared to 351 nm for
trimethyl-p-benzoquinone. Their hydroquinone peaks remain at comparable wavelengths
(284 for trimethyl-p-benzohydroquinone and 286 for 2,3-dimethoxy-5-methyl-p-benzohydroquinone).

Wavelength maxima of absorption bands reported in table [2.1] are in agreement with
previous work by Ma et. al. (/2); however, molar absorptivity values differed somewhat.
This is likely due to the difference in methods- molar absorptivities were found by Ma
et. al. (/2)) from a single absorbance measurement, whereas standard curves were utilized

here.

Naphthoquinones and Anthraquinones Absorbance and fluorescence spectra are shown
for the model quinone compounds and their hydroquinone counterparts in figures 2.6 and

[2.7] Molar absorptivities of each quinone and hydroquinone peak and fluorescence quan-
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Figure 2.3: Absorption and fluorescence spectra for 2,5-dimethyl-p-benzoquinone
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Figure 2.4: Absorption and fluorescence spectra for 2,3-dimethyl-p-benzoquinone and

trimethyl-p-benzoquinone. 2,3-dimethyl-p-benzoquinone and trimethyl-p-benzoquinone
fluorescence is 5-point smoothed.
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Figure 2.5: Absorption and fluorescence spectra for duroquinone and 2,3-dimethoxy-5-
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rescence is 5-point smoothed.
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Quinone Quinonle or Wavelength (nmj Mola_r _ Wavelength Fluorescen_ce Quantum
Hydroquinone Absorptivity (nm) Yield
246 18300 + 100
Q 293 379 ¢ 5 350 <9.75x10-4
P -benzoquinone 424 289 + 02 428 <1.77x10-4
HQ 222 4520 + 30 280 9.98x107 t+ 1.83x10°
288 22680 + 10
250 17700 + 300
Q 324 530 + 10 350 <7.15x10™
methyl-p -benzoquinone 3
420 435 + 04 428 <1.40x10
HQ 288 2700 = 200 280 2.62x10° * 4.63x10°
254 16900 + 100 350 <6.25%10™
2,3-dimethyl-p -benzoquinone Q 350 910 + 10 428 <1.48x10™
HQ 287 2500 + 40 280 1.36x10° t 5.07x10°
256 19600 + 300
Q 328 2613 + 06 350 <1.02x10°
2,5-dimethyl-p -benzoquinone 4
416 372 = 02 428 <1.34x10
HQ 288 3250 = 40 280 1.01x107 £ 1.14x10°
258 20570 + 50
. . Q 332 354 & 2 350 <1.64x10™
2,6-dimethyl-p -benzoquinone 424 377 + 02 428 «4.37%10"
HQ 286 2730 30 280 1.71x107 * 7.86x10"
260 19500 * 300 350 <3.95x10™
trimethyl-p -benzoquinone a 351 4051 t 06 428 <7.91x10™
HQ 284 2710 = 20 280 3.70x10° + 5.36x10°
270 19200 + 100 350 <1.74%10°
duroquinone a 352 228 * 2 428 <2.16x10°
HQ 284 2070 £ 60 280 571x10° * 5.20x10"
268 15080 + 80 350 <3.95x10°
2,3-dimethoxy-5-methyl-p -benzoquinone Q 408 750 6 428 <1.66x10™
HQ 286 3020 + 10 280 1.13x10° t 2.64x10°

Table 2.1: Molar absorptivity at major wavelengths and fluorescence quantum yields for
methyl-substituted range of quinones. Quantum yield values given as < indicate that fluo-
rescence emission is indistinguishable from zero under the experimental conditions.
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tum yields are given in table[2.2}

The wavelength maxima are less defined in the absorption spectra for the polycyclic
compounds than for the p-benzoquinones. Naphthoquinone is fairly straightforward, with
a T — 7* transition showing at 342 nm. As it becomes substituted with hydroxy groups,
this peak shifts towards longer wavelengths and widens, showing a maximum of 429 nm
for juglone and 514 nm for 5,8-dihydroxy-1,4-naphthoquinone, as well as displaying a
shoulder for juglone and ~3 humps for 5,8-dihydroxy-1,4-naphthoquinone.

Reduction of anthraquinones by borohydride does not form the hydroquinone prod-
uct; instead it produces a mixture of anthrone isomers. (/04). This being the case, the
anthraquinones were reduced with sodium dithionite to give the hydroquinone peak. The
absorbance spectra given by dithionite reduction matches the hydroquinone spectra ob-
served by Ma et. al. (/2)) for photochemical reduction of these compounds, excluding the
additional peak at 316 nm from the excess dithionite. The molar absorptivities and quantum
yields for the anthrahydroquinones are calculated at wavelengths where dithionite does not
absorb to avoid interference from this peak.

The molar absorptivities given in 2.1 and 2.2 were used to calculate concentrations of
quinone stocks in the reduction experiments in Chapter 3, and the spectra of known quinone
and hydroquinone samples were used to compare to dithionite and sulfite reduced spectra
to examine products.

The fluorescence quantum yields calculated were generally on the same order of mag-
nitude as those reported by (/2). Generally, quinone quantum yields were very small, in
most cases indistinguishable from zero for the p-benzoquinones, while most hydroquinone
quantum yields were on the order of 102, Fluorescence quantum yields of CDOM are
typically on the order of 10”2 (/2), so it is unlikely that these quinones themselves are
contributing to the fluorescence emission of CDOM. The reported values are the average

between 3 measurements and the reported errors are the standard deviation between the 3
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Figure 2.6: Absorption and fluorescence spectra for naphthoquinones
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Quinone Quinon_e or Wavelength (nm) I\/Iola_r_ Wavelength Fluorescen_ce Quantum
Hydroquinone Absorptivity (nm) Yield
252 22740 + 80
naphthoquionone ° 342 2960 + S0 362 <9.25x10°
242 14100 + 500
Ha 320 3000 * 200 332 2.4x107 * 0.9x10”
209 32800 * 300
Q 250 13800 * 200
juglone (5-Hydroxy-1,4-naphthoquinone) 429 3280 * 70 428 1.42x107 * 1.94x10™*
280 2195 * 6.000
HQ 334 1280 * 90 324 1.59x107 * 6.85x102
265 5730 * 60.0
5,8-dihydroxy-1,4-naphthoquinone Q 514 3530 + 70.0 518 8.72x10% + 4.00x10™
HQ 364 2500 * 200.0 364 1.42x10" * 6.95x107
258 17000 * 300
anthraquinone-1,5-disulfonic acid disodium Q 324 1400 * 200 324 <3.48x10°
salt HQ 384 2505 _* 13.7
439 3035 * 4.02 480 8.17x107 * 7x10°
209 30980 + 70
anthraquinone-2,6-disulfonic acid disodium Q 257 46500 + 100
salt 328 5220 + 10 328 <6.09x10™
HQ 385 6145 + 441 450 1.02x10° t  3x10°

Table 2.2: Molar absorptivity at major wavelengths and fluorescence quantum yields for
polycyclic range of quinones.

measurements.

2.4 Conclusion

Molar absorptivity and fluorescence quantum yields were determined for a series of
model quinones, including a series of p-benzoquinones and a series of polycyclic quinones.
The trends in their molar absorptivities with structure are examined, showing substitution
at the 2 and 3 positions in the p-benzoquinones compounds brings the 7 — 7* transition
to lower energy and making the n — 7* transition indistinguishible from this peak. In the
polycyclic compounds, the 7 — m* transition is brought to lower energy with -OH substi-
tution for naphthoquinone, and anthraquinone shows the effect of sulfonate groups on the
band gap of the hydroquinone. P-benzoquinones show little fluorescence, whereas their
hydroquinone counterparts show fluorescence quantum yields on the order of 102. Poly-

cyclic quinones generally do show fluorescence, although their hydroquinone counterparts
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also have greater fluorescence quantum yields.
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Chapter 3: Characterization of Optics, Stoichiometry, and Products of Re-

duction of Model Quinones

3.1 Introduction

3.1.1 Reduction of Quinones in CDOM by Sodium Dithionite and Sulfite

Given the importance of the structure and properties of CDOM and the reactions of
quinones contained therein, the quinone content and the changes in optical properties re-
sulting from quinone reduction in CDOM were studied by reaction with sodium dithionite.
Quinones can be selectively reduced by dithionite under anoxic conditions.(/2} 23, 48, 105))
This reaction is shown to occur at a 1:1 stoichiometry for select quinones.(/06).

Dithionite is used because it reacts rapidly with quinones, but not with ketones and
aldehydes. Ketones and aldehydes can be reduced by dithionite, but the time scale is much
longer and the reaction conditions generally more rigorous, involving higher temperatures
or flow reactor set-ups.(95, 96, 98, |99) In principle, the quinones would be expected to re-
act at a 1:1 stoichiometric ratio with the dithionite, as dithionite has 2 reducing equivalents
and a quinone has 2 reducible carbonyl groups. Dithionite in solution forms 2 SO2 ™ in
solution, each of which is one reducing equivalent. This is shown in equation [3.1] The
expected 1:1 stoichiometry of dithionite used to quinone reduced has been shown for law-
sone, 9,10-anthraoquinone-2,6-disulfonic acid, and 9,10-anthraquinone-2-sulfonic acid,8

all of which are resonance stabilized and therefore less reactive than benzoquinones.(76).
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Figure 3.1: Mechanism of the reduction of carbonyl functional group with hydroquinone
demonstrating the release of two molecules of SO, (97)

The expected reaction is shown in equation [3.2] The proposed mechanism of the reduction
of a quinone with dithionite is given in figure[3.1] based off of the proposed mechanism of

dithionite reduction of ketones and aldehydes given by Gassman et. al. (97).

$204% —— 2S00~ (3.1

Q+2S0O2~ — H2Q+2S02 (3.2)

Upon reduction of the quinone by the dithionite, SO? is produced in solution, which

reacts with water to form sulfurous acid, shown in equation |3:5|
SO2 +H20 —— H2S03 3.3)

The sulfurous acid forms bisulfite and sulfite in solution in equilibrium according to
equationsand The Ka for the deprotonation of suflurous acid to bisulfite is Kaj=1 6x102(107)
and the Ka for the deprotonation of bisulfite to sulfite is Ka2=6.4x108 (107). Therefore,
the reduction of quinones by dithionite results in the formation of sulfite in solution around

neutral pH, with a pKa of 7.2.
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Figure 3.2: Mechanism of sulfite addition to quinone molecule.
H2S03(aq) == HSO3 (aq) + H30 " (aq) (3.4)

HSO3 ™ (aq) == S03°" (aq) + H30™ (aq) (3.5)

Because of this formation of sulfite as a product of dithionite reduction and the reduc-
tion of quinones by sulfite, this was investigated as a possible side reaction occurring with
the dithionite reduction of certain quinones, particularly p-benzoquinones, and the degree
of its interference in quinone quantification was investigated.

Previous studies have investigated the effects of pH and the reduction potential of the
quinone/hydroquinone system on the products of these quinones’ reactions with sulfite.
Sulfite reacts with quinones to form hydroquinone and sulfonated hydroquinones(/08)), the
ratio and degree of sulfonation depending on reaction conditions and the quinone reactivity.
At low pH, the primary product is the hydroquinone, but as pH rises above 4.5, the only
product is the hydroquinone monosulfonate. Thus, at pH 7, the reaction of p-quinone with
sulfite will form entirely hydroquinone monosulfonate. At alkaline pH, some hydroquinone
disulfite is formed. (/08). The mechanism for sulfonation of the benzoquinone is shown in
3.2

In addition to pH effects, both the products and the kinetics of the quinone and sulfite
reaction depend on the difference in their reduction potential. The redox potentials of
quinones affect the products of its reaction with sulfite according to the AE = Egyinone-

Esulﬁte: (109)
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1. Large and positive AE favor redox reactions - the formation of the hydroquinone
product.

2. Smaller AE favors 1,4-addition of the sulfite - the formation of the sulfonated hydro-
quinone product.

3. Negative differences, where the reduction potential of the quinone is less than that
of sulfite, will result in a very slow addition reaction, if it occurs at all.

The first order rate constant increases with AE for the reaction between the quinone and
sulfite, regardless of whether AE is positive or negative, meaning that larger differences in
reduction potential will result in a faster reaction regardless of whether the hydroquinone
or the sulfonated hydroquinone is forming.(/09, [10) Greater resonance stabilization due
to higher ring numbers lowers Eg of the quinone. (76)

Many reactions of quinones are reversible; however, addition reactions and side reac-
tions may result in irreversible side products that remove the quinones from the reactive
pool. The result of these reactions is that quinones with low reactivity, likely with attached
rings or electron-donating substituents, will eventually be the main quinone compounds
present in the environment.(76))

Previous studies have shown qualitatively that quinones will react with both dithionite
and sulfite (/08, [110-117), but the stoichiometry of these reactions is not well studied.
Additionally, the scope of previous studies on reaction products and kinetics is limited, so
further studies on a greater range of quinones are necessary. Previous studies on sulfite
reactions with quinones also tend to focus on the process of pulp bleaching or the reaction
of these compounds in wine.(/ /8, |//9) Due to this focus, these studies do not encompass
a wide range of substituted quinones.

Environmental studies often focus on anthraquinones and naphthoquinones.(76) An-
thraquinones are especially prevalent in natural sources, particularly fungi and lichens.

Many of these anthraquinones are methoxy derivatives.(/05) Methoxy groups are also
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abundant in CDOM precursors such as lignin.(/20,|/2 1) Anthraquinones, naphthoquinones,
and methoxy-substituted quinones are therefore the most environmentally relevant quinone
species and the most likely to be found within CDOM samples.

The exact structure of quinones found in CDOM is not well known, and therefore it is
important to understand how different structures and substitutions may affect the reactivity
of different quinones in CDOM. In addition, there is little to no data relating the reaction of
sodium dithionite with various quinones in relation to their reactivity with sulfite. There is
also limited data regarding the kinetics of these reactions for a range of quinones, which is
important if side reactions with sulfite are occurring within the experimental time frame of
the dithionite reduction, as that will affect the stoichiometry and products of the dithionite
reduction.

Model quinones were reacted with sodium dithionite, sodium sulfite, and sodium boro-
hydride to examine the differences in the reduction products of a variety of substituted
quinones with a variety of reduction potentials. The quinones studied are shown in Figure
[2.1] These quinones represent a variety of methyl-substituted quinones to examine the ef-
fect of the number of substituted ring positions and their structural arrangement on reactiv-
ity. 2,3-dimethoxy-5-methyl-p-benzoquionone was also tested and compared to trimethyl-
p-benzoquinone to demonstrate changes in reactivity due to methoxy-substitution rather
than methyl-substitution.

In addition to elucidating the stoichiometry and optical changes in quinones as a result
of reduction with dithionite, the sulfite reaction studies also carry environmental relevance.
Sulfur species in the environment can form sulfite, and if the quinones react with sulfite,
both quinone reactions and the sulfur cycle would be affected.(76l |/22)) For example, sul-
fite species in the environment which result from acid rain could react with more reactive
quinones in the environment.

A clearer understanding of the reaction of a variety of model quinones with dithionite
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and sulfite will allow a greater understanding of the reactions of the quinones within CDOM
with these compounds. This study will thus allow a greater theoretical and experimental

understanding of these results.

3.1.2 Dithionite quantification

As discussed in Chapter 1 and supplemental information[A.T] dithionite absorbs strongly
at 316 nm and this absorbance peak can be used to quantify it. However, dithionite is very
sensitive to oxygen in the system, and therefore requires very precise anaerobic techniques.
A comparison of dithionite quantification by its absorbance at 316 nm versus substoichio-
metric additions of dithionite to potassium ferricyanide is given in supplemental informa-
tion figure [I5] Substoichiometric dithionite addition to a sample of potassium ferricyanide
gives a more accurate and much more precise calculation of dithionite concentration be-
tween trials. Therefore rather than using dithionite absorbance in a sample of ultrapure
water, dithionite was quantified by ferricyanide addition. Ferricyanide has a molar extinc-
tion coefficient of 1020 M! cm™! at 420 nm. Its reduction product, ferrocyanide, does
not absorb at this wavelength, therefore ferricyanide loss can be calculated spectroscopi-
cally. Absorption spectra of ferricyanide and ferrocyanide are provided in supplemental
information figure [16]

Ferricyanide was used to quantify the dithionite added at each step, using the disap-
pearance of the absorbance for ferricyanide, its molar absorptivity of 1020 at 420 nm, and
the ratio of 1 equivalent of dithionite reduces 2 equivalents of ferricyanide (/00). The re-
duction half reaction for ferricyanide is given in equation [3.6] The action of dithionite as
a reducing agent was discussed in equations 3.1] and 3.2] An example of the absorption
change due to addition of dithionite to a ferricyanide sample is shown in figure 3.3] The

concentration of the dithionite is then the change in the absorbance divided by the molar

46



Ks[Fe(CN)s]
Reduction

0.8

Absorbance

0.4

0.2 —K3[Fe(CN)6]

—K3[Fe(CN)6] + Substoichiometric Dithionite Addition

0
250 300 350 400 450 500

Wavelength (nm)

Figure 3.3: UV-Visible spectrum of potassium ferricyanide used for dithionite quantifica-
tion.

extinction coefficient divided by 2. This calculation is shown in equation 3.7}

[Fe(CN)6]*~ +e™ «» [Fe(CN)g]* (3.6)
. o AA(ferricyanide)
f Dith = .
Concentration of Dithionite 102022 (3.7)

3.1.3 Examination of Reduction Products by HPLC

The quinone reacted can be calculated by the disappearance of the quinone absorbance
peak, however, due to the overlap of spectra and observed differences in the dithionite re-
duced spectra as compared to the borohydride reduced spectra, HPLC was used to separate

and quantify the reduction products.
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In addition to examining optical differences between the reduction of model quinones
using sodium dithionite and sodium sulfite, the stoichiometry of the dithionite reduction
was be examined using HPLC. HPLC separated injected mixtures by polarity of the com-
ponents, so the hydroquinone will elute from the column faster than the quinone. This
method was only applied to dithionite reductions on monocyclic and naphthoquinone com-
pounds because since the sulfonated hydroquinone would be ionic, it cannot be separated
by HPLC, the studied anthraquinone compounds could not be separated for the same rea-
son. Not only can HPLC separate the quinone and hydroquinone (since they are often
difficult to distinguish by UV-Vis alone), but it can also quantify them. In this way, we
can examine the stoichiometry of quinone reduced and hydroquinone formed by dithionite

reduction. This gives us insight into the stoichiometry and products of this reaction.

3.2 Materials and Methods

3.2.1 Materials

A list of model quinones, suppliers, and sample preparation is provided in section 2.2}

3.2.2 Optical Measurements

A description of UV-Vis and fluorescence measurements is given in[2.2]

HPLC

HPLC chromatagraphs were collected using a Shimadzu LC-20AT HPLC-UV, which
has a sample loop volume of 20 uL. The column is a Gemini Sy C18 110 A column mea-
suring 100x4.60 mm. The mobile phase was a 50:50 Methanol:1 mM Acetate Buffer (pH

4) in mQ water for the mono-cyclic quinones. For the naphthoquinones, a gradient elu-
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tion was used consisting of 30:70 Methanol:1 mM Acetate Buffer (pH 4) in mQ water for
the first 5 minutes, 40:60 for the next 5 minutes, and 50:50 for 10 minutes. These mobile
phases were selected because they were able to separate the quinone and hydroquinone
within a 20-minute time frame with relatively narrow peaks. Acetate buffer was used to en-
sure hydroquinones were protonated to minimize pH effects. These mobile phases yielded

the best separation of quinone and hydroquinone within a 20 minute elution time.

Optical Changes Following Dithionite Reduction

To investigate the effect of dithionite reduction on the fluorescence spectra of the quinones
and hydroquinones, three cuvettes containing the quinone stock diluted to a concentration
where the absorbance of the quinone at the excitation wavelength was ;0.1 absorbance units
were deoxygenated using N, delivered through Teflon tubing directly into the sample for
(30 minutes. Cuvettes were capped with Teflon septa and a Teflon tube inserted into the
septa used as a vent. An additional cuvette containing potassium ferricyanide was also set
up to quantify the dithionite added to each quinone sample.

The dithionite stock solution was prepared by deoxygenating a vial containing ~ 5 mg
of sodium dithionite by passing N, over the solid in the vial, deoxygenating a vial con-
taining 1 mL of 0.01 N NaOH and another vial containing 10 mL of 0. 01 N NaOH. To
obtain a sufficiently small concentration of sodium dithionite without introducing oxygen
to the system, 1 mL of the 10 mL NaOH solution was transferred using a gas-tight syringe
to the vial containing solid dithionite. Once the solid was dissolved, 10-300 uL of this
solution (determined by estimated concentration from mass of dithionite used) was trans-
ferred to the 1 mL vial of NaOH. This was then used as the dithionite stock in the quinone
reduction. An aliquot (20-300 uL) of this solution was transferred to both a quinone sam-

ple and a ferricyanide sample under anoxic conditions. If the excess dithionite peak was
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not observed, additional aliquots were added to both cuvettes until the peak was observed.
The fluorescence emission spectra at an excitation wavelength similar to that used for the

hydroquinone was collected for each cuvette.

3.2.3 Sulfite Reductions

Sulfite reduction was conducted following the observed dissimilarities between boro-
hydride and dithionite reduced spectra. This procedure was similar to that of the dithionite
reduction. Two sulfite stock solutions were prepared. One vial of 10 mL 0.100 M phos-
phate buffer and one vial of 1-1.5 mL 0.100 M phosphate buffer were deoxygenated as
above and 5 mg of sodium sulfite added to each vial. The 10 mL vial was used for substo-
ichiometric sulfite additions. The concentration was calculated from the mass of sodium
sulfite and volume of solvent. This sulfite stock was added by two aliquots 20-100 uL to
the quinone sample, deoxygenated as above, to observe substoichiometric changes in the
spectra due to substoichiometric sulfite reduction. Then, an aliquot of the excess sulfite
stock from the 1-1.5 mL vial was added to the sample to observe the spectra of the reduced

quinone.

3.2.4 Dithionite Reduction HPLC Analysis

In order to relate model quinones optical properties to those of CDOM and investi-
gate the reaction of quinones in CDOM reduction methods, model quinones were reacted
with substoichiometric dithionite and the sample separated by High Performance Liquid
Chromatography (HPLC).

Three cuvettes containing 3 mL of the quinone sample at a concentration where the
absorbance of the longest wavelength peak was within the linear range of the instrument

were deoxygenated using N, delivered through Teflon tubing directly into the sample for
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>30 minutes. Cuvettes were capped with Teflon septa and a Teflon tube inserted into the
septa used as a vent.

Three additional cuvettes containing 3 mL of a potassium ferricyanide solution in 0.5
mM phosphate buffer were deoxygenated the same way.

To obtain the untreated quinone chromatogram, 100 uL of the quinone stock 0.02-
1.2 mM (exact concentration given with spectra) was injected into the HPLC. To obtain
the hydroquinone chromatagram, <1 mg of sodium borohydride was added to the same
concentration of quinone and 100 uL of this solution was injected into the HPLC.

The UV-Visible spectra of the deoxygenated quinone and potassium ferricyanide was
measured.

The dithionite stock solution was prepared by deoxygenating a vial containing Smg of
sodium dithionite by passing N, over the solid in the vial, deoxygenating a vial containing
I mL of 0.01 N NaOH and another vial containing 10 mL of 0. 01 N NaOH. To obtain
a sufficiently small concentration of sodium dithionite without introducing oxygen to the
system, 1 mL of the 10 mL NaOH solution was transferred using a gas-tight syringe to the
vial containing solid dithionite. Once the solid was dissolved, 10-300 uL of this solution
(determined by estimated concentration from mass of dithionite used) was transferred to the
1 mL vial of NaOH. This was then used as the dithionite stock in the quinone reduction. A
small amount (10-20 uL) of this solution was transferred to both a quinone sample and a
ferricyanide sample. If there was no discernible change in the quinone absorbance spectra,
additional dithionite was added to both cuvettes until a change was observed. A 100 uL.
aliquot of the partially reduced sample was injected into the HPLC. This was repeated in
triplicate with the remaining prepared cuvettes. For one cuvette, dithionite was added the
partially reduced sample until the excess dithionite peak was observed at 316 nm. A 100

uL aliquot of the excess dithionite reduced sample was injected into the HPLC.
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3.3 Results and Discussion

3.3.1 Optics

Evidence of sulfonated hydroquinone product

The absorbance spectra of the untreated quinone, the hydroquinone, and the substo-
iciometric dithionite reduced quinone are shown in figures [3.4] and [3.5] for the methyl-
subsutitued series of quinones and 2,3-dimethoxy-5-methyl-p-benzoquinone. The spec-
tra of the substiochiometric dithionite reduction is used to avoid interference by the ab-
sorbance of dithionite itself at 316 nm. The dithionite reduced spectra, in general, did not
match the hydroquinone spectra and could not be explained as a superposition of the hy-
droquinone and quinone spectra, as would be expected in a substoichiometric reduction.
Instead, the spectra showed not only the remaining untreated quinone and the formation of
hydroquinone, but a unique shape not entirely accounted for by these two contributions. A
possible explanation for this shape is the formation of an additional product other than the
hydroquinone.

As discussed in the introduction to this chapter, dithionite reduction produces SO2,
forming sulfite ions in solution. To investigate the influence of this possible side reaction,
quinones were reacted with dissolved sodium sulfite. The spectra of the sulfite reduced
quinone is shown with the substoichiometric dithionite reduced spectra and the hydro-
quinone spectra in figures [3.4)and [3.3] Some quinones, namely trimethyl-p-benzoquinone,
duroquinone, 2,3-dimethoxy-5-methyl-p-benzoquinone, and anthraquinone-1,5-disulfonic
acid, show little to no reaction with the sulfite. In cases where a reaction with sulfite is
observed, the sulfite reduced spectra is distinct from the hydroquinone spectra, indicating
the primary product of sulfite reduction is not hydroquinone. This supports the conclusion

that the sulfite primarily undergoes the addition reaction under these conditions, forming
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the sulfonated hydroquinone product. The spectra of the sulfite-reduced quinone generally
serves to explain some of the observed differences between the hydroquinone and dithion-
ite reduced spectra, as the tentatively assigned “’sulfonated hydroquinone” peak appears to
factor into the shape of the dithionite reduced spectra. The exception to this is duroquinone,
which did not react with sulfite and the substoichiometric dithionite reduced spectra can be
attributed to the formation of a small amount of hydroquinone in addition to the remain-
ing unreacted quinone. Structurally, duroquinone does not have any positions to which the
sulfite could undergo addition, therefore since that is the primary reaction of the quinones
with sulfite under these conditions, no reaction is observed. Based on the shape of their
respective absorption spectra upon reduction with sulfite, the 2,3-dimethoxy-5-methyl-p-
benzoquinone appears more reactive than the trimethyl-p-benzoquinone, indicating the
methoxy groups increase the quinones reactivity to sulfite addition. Both compounds, how-
ever, show mild reactivity to sulfite. Although the dithionite reduced spectra for all but the
duroquinone differ somewhat from the hydroquinone and quinone spectra, they generally
suggest relatively small interference by the assigned “’sulfonated hydroquinone”. In most
cases, a small shoulder is observed in the range of the sulfonated hydroquinone peak, or
the hydroquinone peak shifts towards longer wavelength, but not as far as the sulfonated
hydroquinone peak.

For the polycyclic quinones, the spectra for the quinone, hydroquinone, substoichiomet-
ric dithionite reduced and sulfite reduced samples are given in figures [3.6]and [3.7] These
show very interesting spectral shapes under different reducing agents. Naphthoquinone re-
acted with sulfite produces long wavelength absorbance that is not observed in the untreated
or hydroquinone spectra. It appears to contribute slightly to the dithionite reduced spectra,
but the shape around 300-350 nm suggests greater contribution by the hydroquinone than
the sulfite reduced product.

For juglone, the effect of sulfite reduction more closely resembles what is seen in the
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Figure 3.4: UV-Visible Spectra for p-benzoquinone, methyl-p-benzoquinone, 2,3-
dimethyl-p-benzoquinone, and 2,5-dimethyl-p-benzoquinone. Quinone spectra is shown in
black, hydroquinone spectra is shown in blue, substoichiometric dithionite reduced spectra
is shown in red dashed line, and excess sulfite reduced spectra is shown in solid red line.
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Figure 3.6: UV-Visible Spectra for naphthoquinone, juglone, and 5,8-dihydroxy-1,4-
naphthoquinone. Quinone spectra is shown in black, hydroquinone spectra is shown in
blue, substoichiometric dithionite reduced spectra is shown in red dashed line, and excess
sulfite reduced spectra is shown in solid red line.
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monocyclic compounds - that is, a red shift of the absorbance peak as compared to the
hydroquinone. The dithionite reduced spectra resembles a mixture of the absorbance from
the quinone and hydroquinone, suggesting little impact of sulfite reactions. The spectra of
dithionite reduced 5,8-dihydroxy-1,4-naphthoquinone closely resembles that of the hydro-
quinone, although slight differences in shape, especially around 350-400 nm are observed.
This suggests that there is possibly a small contribution of sulfite side reactions, but it does
not impact the absorbance significantly.

For both anthraquinones, the observed spectra for the dithionite reduced anthraquinone
closely resembles the observed hydroquinone spectra by Ma et. al. (/2] for photochem-
ically reduced anthraquinone. This spectra is attributed as the hydroquinone spectra in
this case rather than the borohydride reduced spectra. The borohydride reduction does
not form the same spectra; rather, it reduces the intensity of the quinone spectra. Boro-
hydride reduction of anthraquinones forms anthrones rather than the hydroquinone(/04).
Anthraquinone-1,5-disulfonic acid was not observed to react with sulfite.

An investigation of the reaction of sulfite with the quinones over time is given in sup-
plemental information[A.3] In summary, although sulfite continued to reduce the quinones
over time, the majority of the reaction occurred within the first 20 minutes, within the time
frame of the dithionite reduction experiments.

Since pure dithionite itself doesn’t fluoresce, (see supplemental information [A.3)), the
quinones were reacted with excess dithionite and the fluorescence shape and intensity com-
pared to that of the hydroquinone. This spectra is given in figures [3.8]and 3.9

This comparison is not necessarily quantitative in nature, given that p-benzoquinones
were excited at 288 nm rather than the 280 nm excitation wavelength used in hydroquinone
reductions, as this made the Raman peak easier to correct given the generally lower flu-
orescence intensity in the dithionite reduced samples. The main point of interest in this

comparison is the shape of the spectra and the relative magnitude. In order to compare
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the relative magnitude of fluorescence in this samples where concentration differed, the
fluorescence is normalized to the intensity of the hydroquinone fluorescence at its peak in
QSE and, if the borohydride reduced and dithionite reduced samples differed in concen-
tration, the intensity of the dithionite reduced spectra was multiplied by the ratio of the
concentration of the borohydride reduced sample to the dithionite reduced sample.

For p-benzoquinones, the shape of the hydroquinone and dithionite reduced spectra
are very similar. The comparative magnitude differs. In 2,3-dimethyl-p-benzoquinone,
the magnitudes are very similar. For 2,5-dimethyl-p-benzoquinone, they hydroquinone
fluorescence approximately twice as intensely as the dithionite reduced sample, and for
2,6-dimethyl-p-benzoquinone this effect is reversed.

For naphthoquinone, the dithionite reduced fluorescence spectra closely resembles that
of the hydroquinone. Juglone shows a much lower fluorescence intensity in the dithionite
reduced sample, and a different shape, with a sharper peak at 370 nm and a broader, longer
wavelength fluorescence. The 5,8-dihydroxy-napthoquinone, in contrast, shows greater in-
tensity of fluorescence in the dithionite reduced spectra and a loss of long wavelength fluo-
rescence. The fluorescence spectra of these compounds suggest a greater difference in the
dithionite reduced compounds as compared to the hydroquinones produced by borohydride
reduction than their respective absorption spectra would indicate.

These optical changes as a result of different reducing agents suggest that the dithionite
reduction may form both hydroquinone and the sulfonated hydroquinone product in many
of the model quinone systems. The occurrence of this side reaction makes quantification
of quinones reacted with dithionite complicated. To investigate the degree of interference

of the sulfite side reactions, dithionite reduced quinones were investigated using HPLC.

58



2,5-dimethyl-p-benzequinone

2,6-dimethyl-p-benzoquinone

——Dithionite Reduced

b
s

Relative Fluorescence Intensity
o
(0]

0.2

290 340 390 440 430 540
Wavelength (nm)

Relative Fluorescence Intensity

o
o

=
~

0.2

290

340

1.2 2.5
1
2
= =
g 0.8 g
£ z
= =
§ ——Hydroquinone ; 15
3 3 ——Hydroquinone
g 06 ——Dithionite Reduced g y
=} = L. .
2 g 1 ——Dithionite Reduced
2 2
04 =
& &
0.5
0.2
0 0
290 340 390 440 490 540 290 340 3920 440 490 540
Wavelength (nm) Wavelength (nm)
2,3-dimethyl-p-benzoquinone trimethyl-p-benzoquinone
1.2 16
14
1
1.2
0.8
1
—Hydroquinone
——Hydroquinone 0.8

——Dithionite Reduced

390 440 420 540
Wavelength (nm)

Figure 3.8:

and trimethyl-p-benzoquinone.

59

Hydroquinone (blue) and dithionite reduced (green) spectra for 2,5-
dimethyl-p-benzoquinone, 2,6-dimethyl-p-benzoquinone, 2,3-dimethyl-p-benzoquinone,




1. 4-naphthoquinone Juglone

1.2 12 0.1
0.09
1 % 1 — Hydroguinone .08 g
3 —— Dithionite Reduced E
g g 007 §
€08 — Hydroguinone E. , §
E = 006 5
8 ~—— Dithionite Reduced ] -]
] -
E 06 2o 005
E £ z
£ 3 004 g
g £ E
304 z 0.03 2
& r 0=
= F
] 002 &
02 = o, g
0.01
0 ]
242 o2 442 492 542 592 842 342 92 442 492 542

Wavelength (nm) Wavetength (nm}

5,8-dihydroxy-1,4-naphthoquinone
1.2 6

n

—Hydraquinone

—— Dithionite Reduced

£

&
paanpay ayuoiylg AlIsuau| 80UaIS310N| 4 SMIElEY

0.e

0e

0.4

Relative Flucrescence Intensity, Hydroquinene

Wavelength [nm)

Figure 3.9: Hydroquinone (blue) and dithionite reduced (green) spectra for juglone, and
5,8-dihydroxy-1,4-naphthoquinone

60



uVv

0.855

Untreated s

Partially Dithionite Reduced

14.511

Detector Response
>
>(J 879
e
2882 ;;;5 2868

1014

Borohydride Reduced

10000+

h_
P

L L

— ————f———T—rr—Trrrrrrrrr T T
0.0 .5 5.0 75 10.0 12.5 15.0 17.5 20.0
Retention Time (min)
Hydroquinone Quinone
Appearance Disappearance

Figure 3.10: Example Chromatagraph (Duroquinone) highlighting peaks used for calcula-
tions.

3.3.2 Stoichiometry/LC

In order to distinguish the products of the dithionite reactions and investigate possi-
ble side reactions, the HPLC chromatographs of the substoichiometric dithionite reduced
quinone samples were measured and compared to that of their untreated, borohydride, and
excess dithionite reduced chromatagraphs. Sample LC chromatographs are given in sup-
porting information. [A.3|

In this way, it was possible to quantify the disappearance of the quinone and the appear-
ance of the hydroquine due to the addition of dithionite. An example of the chromatographs
for the untreated, hydroquinone, and substoichiometric dithionite reduced sample for duro-
quinone is given in figure The quinone and hydroquinone peaks are highlighted.

Using the peak areas of the chromatograph and comparing with the quinone and hydro-

quinone chromatographs, the quinone and hydroquinone in each substoichiometric dithion-
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ite reduction was quantified as the % lost and % gained, respectively. The concentration
of the quinone lost and the hydroquinone formed were divided by the concentration of
dithionite added to the sample to obtain a stoichiometry of the quinone reduced to dithion-
ite added and hydroquinone formed to dithionite added. An example calculation including

chromatographs is given in supporting information. Quinone Disappearance:

Peak area of Partially Dithionite Reduced Sample at Q retention time _
Peak Area of Untreated Sample at Q retention time

Fraction of Quinone Remaining (Qfrac) = Qfrac*Total Quinone Concentration =

Concentration of Quinone Remaining

Total Quinone Concentration — Concentration of Quinone Remaining = Quinone

Reduced

Quinone Reduced
Concentration of Dithionite added to Sample

= Stoichiometry of Quinone Reduction

based on Quinone Disappearance

(3.8)

Hydroquinone Formation:

Peak area of Partially Dithionite Reduced Sample at HQ retention time _
Peak Area of Borohydride Reduced Sample at HQ retention time

Fraction of Hydroquinone Formed (HQfrac)

HQfrac*Total Quinone Concentration= Concentration of Hydroquinone

Formed

Hydrogquinone Formed

= Stoichiometry of Quinone
Concentration of Dithionite added to Sample ry Q

Reduction based on Hydrogquinone Formation

(3.9)
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The stoichiometry of the quinone loss and hydroquinone formation for the model quinones
is given in table [3.1] Based on whether these ratios are 1) equivalent to dithionite addi-
tion and 2) equivalent to each other, we can draw conclusions about the stoichiometry of
dithionite reduction, possible side reductions by sulfite, and products.

As discussed in respect to the optical changes, duroquinone is not reactive to the sulfite
side reaction. Therefore, its stoichiometry of reduction by dithionite is approximately 1:1,
and the hydroquionone appearance matches this ratio. The juglone and 5,8-dihydroxy-1,4-
naphthoquinone were not able to be effectively separated on the HPLC chromatograph, so
only their quinone disappearance is calculated. In general, hydroquinone appearance re-
sembles the expected stoichiometry of 1 hydroquinone formed per equivalent of dithionite
added. This ratio also follows largely as expected for the quinone disappearance, except
for 2,3-dimethyl-p-benzoquinone, 2,5-dimethyl-p-benzoquinone, naphthoquinone, and ju-
glone, which are much larger than expected. It should be noted however that with the
exception of the 2,3-dimethyl-p-benzoquinone, these ratios have very high error relative to
the value, so they should not be used quantitatively. These ratios would require a deeper
investigation to explain which is outside the scope of the current work. A more in depth dis-
cussion comparing LC results for 2,3-dimethyl-p-benzoquinone and duroquinone is given
in Supplemental Information[A.3] Based on the value for most of the quinones and the high
error in the majority of diverging results, the dithionite reduction of the model quinones was
concluded to primarily produce the hydroquinone, noting that there may be some interfer-
ence by sulfite side reactions and so quantification of quinone content in CDOM based on

dithionite reduction should be treated as an estimate rather than an exact value.
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Stoichicmetry of Stoichiometry of
] Reduction based on Reduction based on
Quinone Quinone Hydroquincne
Disappearance Appearance
2,3-dimethyl-p-benzoquinone 5.60.6 1.9+0.3
2,5-dimethyl-p-benzoquinone 4.7+2.8 1.1+0.2
2,6-dimethyl-p-benzoguinone 1.6+£0.3 1.18+0.09
trimethyl-p-benzoquinone 1.6+£0.4 1.05=0.05
duroquinone 1.2+0.1 1.18+0.06
naphthoquinone 5.3x2.9 1.9+1.3
juglone 4.1£2 n/a
5,8-dihydroxy-1,4-
, 0.6+0.2 n/a
naphthoquinone

Table 3.1: Stoichiometry of quinone disappearance and hydroquinone appearance for
model quinone samples.
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3.4 Conclusions

The dithionite reduced spectra of model quinones did not produce the expected sum of
the partial quinone and hydroquinone spectra, but showed some contribution from a unique
shape which was attributed to formation of a sulfonated hydroquinone resulting from sul-
fite produced as a product of the reduction. Sulfite reduction of quinones is supported by
literature (/09, /10). This sulfite reduction has not previously been linked to the reac-
tion of quinones with dithionite. However, upon reduction by dithionite, sulfite is formed
in solution which then can react with the quinones. It is proposed that the discrepancy
between the quinone reacted by dithionite and the hydroquionone formed by dithionite
for the model quinones, except duroquinone, is due to this reaction with sulfite forming
the sulfonated hydroquinone product in addition to the hydroquinone formed by dithionite
reduction. The dithionite reduction forms the hydroquinone as expected, but the sulfite
produced in this reduction then may go on to react with additional quinones in the sam-
ple to produce sulfonated hydroquinone. In general, more reactive quinones with available
sites for the addition of SO3 were more reactive to sulfite. Duroquinone, with no available
substitution sites, does not react at all, nor does the anthraquinone, due to its stability. The
LC studies were not applied to the anthraquinones due to their ionic nature and the absense
of evidence of sulfite side reactions based on the absorption spectra.

Since hydroquinone appearance basically follows from dithionite addition, this method
was applied to CDOM samples to study the impact on fluorescence of the quinone moieties
and to approximate a quinone content, bearing in mind that we cannot quantify sulfite side

reactions.
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Chapter 4: Quinone Contribution to Optical Properties of CDOM Stan-

dards and Natural Waters

4.1 Introduction

As discussed in Chapter 1, aquatic ecosystems contain CDOM. CDOM is composed of
a range of organic molecules, including quinones. Quinones in CDOM are thought to be
redox active, photochemically active, and contribute to charge transfer interactions in the
optical properties of CDOM. (48, 52, 76)

The subject of the contribution of quinones to CDOM optical properties is a source of
controversy. (24, 83, 86, 192, 95, |125). Some studies report significant or even primary
contribution of quinones to fluorescence emission, (/23, |/24), others report minor and
reversible changes in fluorescence emission due to the reduction of quinones (24, 156, |92))

To investigate the contribution of quinones to the optical properties of CDOM, Del
Vecchio et. al. (48) compared the results of borohydride reduction of CDOM standards
to that of dithionite reduction. Borohydride irreversibly reduces ketones and aldehydes
and reversibly reduces quinones under anoxic conditions, while dithionite does not reduce
ketones and aldehydes and reversibly reduces quinones under anoxic conditions. (48).
Borohydride reduction of CDOM standards resulted in significant loss of absorption and
increase in fluorescence emission, which were largely irreversible. (48)). Dithionite reduc-
tion showed small, reversible changes in absorbance and fluorescence. Therefore, it was

tentatively concluded that ketones and aldehydes show greater impact on the optical proper-
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ties of CDOM standards than do quinones.(48). Similar spectral changes upon borohydride
reduction are observed elsewhere. (/) |/25))

CDOM optical properties have also been observed as a function of pH for CDOM
standards. (/) Increasing pH reversibly increases absorbance, suggesting the presence of
phenols and carboxylic acids in these samples. (/))

In this chapter, the CDOM standards were examined using the methods described in
Chapter 3 for dithionite reduction to compare to previous results from Del Vecchio et. al.
(48) and electrochemical results from Aeschbacher et. al.(/0/)) Natural water extracts from
the North Pacific Ocean (NPO) at varying depths and from locations in the Chesapeake
Bay and its tributaries were studied using the same methods.

CDOM standards studied were Elliot Soil Humic Acid (ESHA), Leonardite Humic
Acid (LHA), Lignin Activated Carbon (LAC), Pony Lake Fulvic Acid (PLFA), Suwanee
River Humic Acid (SRHA), Suwanee River Fulvic Acid (SRFA), and Suwanee River Nat-
ural Organic Matter. (SRNOM).

The location of the North Pacific Ocean sampling is shown in figure d.I} NPO extracts
were collected in December 2014 at Station ALOHA at 22 ° 45° N and 158° 00’ W using a
surface pumping system to collect water from 2-15 m depth and a rosette sampler to collect
deeper water samples. Samples were acidified, filtered through a 0.2 um filter, and drawn
over C18 columns. The columns were rinsed with water to remove salts and stored in the
dark at 4° C. DOM was eluted with methanol and vacuum evaporated until dry. The dried
sample was then redissolved in ultrapure water and pH adjusted to neutral pH. This extract
was then stored frozen until use. (/)

NPO extracts were previously studied under borohydride reduction and pH titration. (/)
Like the CDOM standards, borohydride reduction resulted in significant loss of absorption
and increase in fluorescence. Absorption also increased with pH for both the untreated

and reduced samples. These results are given in much greater detail in (/). A map of the
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NPO - North Pacific
Ocean

Figure 4.1: Location of NPO sample site. Figure is from Bianca 2020(32) with arrow and
label added for clarity.
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Chesapeake Bay area sample sources is shown in figure[.2} Chesapeake bay samples were
collected by the Maryland Department of Energy or off of piers in the Chesapeake bay
from August 2021-March 2022 (2) Samples were collected from the top 1 meter of water
and 0.2 um filtered. The samples were acidified to pH 2 and drawn over C18 columns.
The DOM was eluted from the columns using methanol, vacuum evaporated, redissolved
in ultrapure water, and pH adjusted back to neutral pH.

Borohydride reduction and pH titration of the Chesapeake bay samples showed ab-
sorbance loss and fluorescence increase comparable to the NPO samples, although optical
changes were more intense in the bay samples. (2) These results are discussed in much
greater detail in (2).

These previous analysis are mentioned to show that for the CDOM standards and nat-
ural water extracts examined in this study, borohydride reduction is shown to significantly
impact CDOM optical properties, indicating the presence of carbonyl groups - ketones,
aldehydes, and quinones. Therefore, results from dithionite reduction are compared to
these results to draw conclusions about the relative contribution of quinone moieties to
these observed changes.

Natural water extracts are often used to study the CDOM structure and properties of
natural water samples. The bulk water samples are typically very dilute in terms of CDOM
concentration, so direct study on these samples requires highly sensitive techniques. (2} 35)
It has been found that while the extraction methods used may preferentially extract higher
molecular weight material, in terms of the structural and optical properties the extracts were
very similar to bulk CDOM samples, and thus good representatives of the bulk samples.
(35

Since naturally occurring quinones are largely from plant sources (/05 /20, |/21), or
from anthropogenic sources(/6), it is expected that quinone content will be higher from

terrestrial sources (inland lakes and rivers) than in the ocean. Thus the Chesapeake Bay
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Figure 4.2: Chesapeake Bay area sample sites.(2))
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area samples, particularly the river tributaries, are expected to have a higher quinone con-
tent than NPO samples. The quinone content from CDOM standards will also likely be
higher, as they are from inland river and lake soil samples rather than natural water sam-

ples themselves.

4.2 Experimental

4.2.1 Absorbance Measurements and Quinone quantification

CDOM standards were received from International Humic Substances Society (IHSS).
These standards include Elliot Soil Humic Acid (ESHA), Leonardite Humic Acid (LHA),
Lignin Activated Carbon (LAC), Pony Lake Fulvic Acid (PLFA), Suwanee River Humic
Acid (SRHA), Suwanee River Fulvic Acid (SRFA), and Suwanee River Natural Organic
Matter (SRNOM). They were dissolved in ultrapure water and 0.5mM phosphate buffer to
make 100mg/L solution, then diluted as noted for dithionite reduction experiments. C18
extracts were used as received from (/) and (2). They were diluted in ultrapure water to
an absorbance within the linear range of the instrument for quinone quantification experi-
ments.

The methods from [3.2.1] were adapted to the CDOM standards and natural water sam-
ples. The untreated UV-Vis spectra for the untreated sample was collected as described in
[2.2] The absorbance spectra of the potassium ferricyanide sample was also collected prior
to dithionite reduction. As before, 1 mL of deoxygenated N/100 NaOH was transferred to
a vial of 5mg sodium dithionite to make the dithionite stock. However, for these experi-
ments, since the quinone content is expected to be very small, this stock was further diluted
by transferring 10-100 uL of this stock to another vial of 1 mL N/100 NaOH. This vial was
then used for the reduction of the CDOM sample and the ferricyanide. Ten to twenty mi-

croliters of this stock was transferred anaerobically to both the CDOM and the ferricyanide,
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then the UV-Visible spectra of both were collected. This process was repeated, increasing
the volume of the addition as needed up to 100 uL, until the dithionite absorbance was
observed in the CDOM sample, indicating that it was in excess.

Dithionite in each addition was quantified by disappearance of the ferricyanide ab-
sorbance as discussed in chapter 3. To calculate the estimated quinone content, for the
addition to the CDOM where dithionite was seen in excess, the excess dithionite was cal-
culated by the increase in absorbance at 316nm using a molar absorptivity of 8000 M-!
cm’! for the dithionite. (/00). Then, the dithionite reacted was calculated by subtracting
this excess dithionite value from the sum of the dithionite added in all additions as cal-
culated from the ferricyanide sample. This value is equivalent to the estimated quinone
content in that sample. For CDOM standards, these values were scaled to 100 mg/L of the

CDOM.

4.2.2 Fluorescence Measurements

The CDOM and natural water extracts were diluted to an absorbance ;0.1 absorbance
units at 240 nm. The fluorescence spectra was collected as a excitation-emission matrix,
using excitation wavelengths from 240-600 in 20nm increments and collecting the emis-
sion spectra from 290-800nm using Rayleigh Masking 1st and 2nd order corrections. The
wavelength ranges where Rayleigh scattering occurred were removed from final spectra.
Bandpasses were set to 4 nm. The spectra were collected for the untreated sample and the
sample with excess dithionite added as described in Ch. 3.

Fluorescence spectra are blank subtracted, and baseline corrected as necessary. The
fluorescence difference spectra are calculated as the fluorescence of the untreated sample
subtracted from the fluorescence of the reduced sample. The values are averaged between

different excitation wavelengths and the three trials to show one average change in fluores-
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Figure 4.3: [Left] Absorption spectra of CDOM standards normalized to their absorbance
at 350 nm [Right] The log of the normalized absorbances of the CDOM standards.

cence vs. wavelength.

4.3 Results and discussion

4.3.1 Influence of quinones on Optical Properties

4.3.2 CDOM Standards

The absorbance spectra of the CDOM Standards are shown in figure [#.3] Although
CDOM spectra are similar in shape, different samples show more or less absorbance in cer-
tain bands/regions due to different functional groups and degree of charge transfer. These
standards represent a range of sources of CDOM. ESHA and LHA show the greatest pro-
portional long wavelength absorption, suggesting a significant degree of charge transfer
interactions in these samples; meanwhile LAC and PLFA show the greatest proportional
short wavelength absorbance, suggesting high relative content of electron-rich phenol and

carboxylic acid species and lesser contribution by electron acceptors and charge transfer.
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To examine the relative impact of quinone moieties on this absorption, the change in
absorption due to dithionite reduction of these standards is given in figures .4} {.5] and
M.6] This data is presented as the log of the absorbance of each standard normalized to
its absorbance ate 350 nm. This is done to present data in a format that is (largely) in-
dependent of concentration, and to emphasize changes in shape at long wavelength that
would otherwise be difficult to see. ESHA and LHA show a decrease in long wavelength
absorption, though the effect is much more pronounced in ESHA, consistent with a loss of
long wavelength charge transfer interactions with the reduction of quinone moieties. The
remaining samples show little change, if anything a slight increase at longer wavelengths in
absorbance, but this is difficult to state definitively as absorbance is small in these samples.
Data points with log(Abs/Abs 350)<-2 is excluded from these plots because the fluores-
cence is indistinguishable from noise.

The fluorescence of these samples prior to and following dithionite reduction is shown
in figures .8 and.9] The fluorescence data is presented in units of Quinine Sulfite
Equivalents divided by the absorbance of the sample at 240 nm, the first excitation wave-
length in the EEMS scan. This is done to give a magnitude which is independent of con-
centration within normal limits of fluorescence (<0.1 absorbance). ESHA shows a slight
loss of fluorescence at long wavelength, consistent with the reduction of quinone moieties
decreasing charge transfer interactions within the sample. Otherwise, samples showed lit-
tle to no change that could be distinguished from noise in the measurement. If anything, a
slight increase in fluorescence at shorter wavelengths can be observed, consistent with the
formation of hydroquinone moieties from quinones, but there is no corresponding loss of
long wavelength fluorescence in these samples, suggesting what quinones may be present
have little impact on the charge transfer interactions in these samples. (48) Del Vecchio
et. al. (48) observed a significant increase in fluorescence upon dithionite reduction, which

was not observed in this study. This may be partially due to pH effects, since their studies

74



ESHA ALog of Absorbance Normalized to 350 nm

05

=
@
=}

—Untreated

KA

Log of Absorbance Normalized to 350 nm
=)
2]

Dithionite Reduced

-1.5
2 0.1
Wavelength (nm) Wavelength (nm)
LHA Alog of Absorbance Normalized to 350 nm
1

0.5

120

-0.5

——Untreated

-1.5
Dithionite Reduced

Log of Absorbance Normalized to 350 nm

4 580
25 -0.1
Wavelength (nm} Wavelength (nm)
LAC AlLogof Absorbance Normalized to 350 nm
15 0.05
1 —Untreated
0
£ . 19i 290 0 430 590 690 790
< 0.5 Dithionite Reduced
2
b 0.05
B2 0
£ 100 790
£
205 <-01
©
g !
g
5 1
E -0.15
<
5
%ﬂ e 0.2
-2
-0.25
25 Wavelength (nm)

Wavelength (nm)
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dithionite reduced ESHA, LHA, and LAC
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Figure 4.6: Log of normalized absorbance and change due to reduction for untreated and
dithionite reduced SRNOM

were run at pH 10 and in this study samples were buffered at pH 7; but further studies on
the pH effects on the fluorescence change of CDOM upon dithionite reduction would need
to be investigated to confirm this.

As compared to borohydride reduction of the CDOM standards, which showed sig-
nificant changes in both absorbance and fluorescence (48), dithionite reduction showed
little impact on the optical properties of the CDOM standards. These results suggest that
aldehydes and ketones are the primary carbonyl compounds in CDOM responsible for the

observed optical properties rather than quinone structures.

4.3.3 NPO C-18 Extracts

The absorbance of the North Pacific Ocean (NPO) samples normalised to their ab-
sorbance at 350 nm, and the natural log of the normalized absorbance, are shown in figure
M.10] Plotting the natural log of the absorbance allows more detailed comparison than is
allowed by the very similar absorption spectra. The log of the absorption normalized to

the absorption at 350 nm for the untreated and dithionite reduced NPO extracts are given
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Figure 4.7: (Right) Fluorescence in QSE scaled to absorbance at 240 nm for ESHA, LHA,
and LAC (Left) Change in Fluorescence in QSE scaled to absorbance at 240 nm due to
dithionite reduction for ESHA, LHA, and LAC. Fluorescence spectra were obtained us-
ing excitation wavelengths from 240-600 in 20nm increments and collecting the emission
spectra from 290-800nm.
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to dithionite reduction for PLFA, SRFA, and SRHA. Fluorescence spectra were obtained
using excitation wavelengths from 240-600 in 20nm increments and collecting the emission
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Figure 4.9: (Right) Fluorescence in QSE scaled to absorbance at 240 nm for SRNOM
(Left) Change in Fluorescence in QSE scaled to absorbance at 240 nm due to dithionite
reduction for SRNOM. Fluorescence spectra were obtained using excitation wavelengths
from 240-600 in 20nm increments and collecting the emission spectra from 290-800nm.

in figures @.11], B.12] and .13] To the right of these log spectra is the change between

the untreated and dithionite reduced samples. Data points below log(abs/abs350) = -2 are
excluded because they are indistinguishable from instrument noise. Aside from the ex-
cess dithionite peak observed at 316 nm, little change in the absorbance is observed due to
dithionite reduction. There is a small loss of absorbance at wavelengths <350 nm for the
surface NPO sample, so there may be some loss of charge transfer interactions in surface
waters due to reduction of quinones. This difference is much smaller than the changes
observed for borohydride reduction, (/} 2), indicating that the impact of quinones is signif-
icantly less than that of ketones and aldehydes on these interactions.

The fluorescence spectra prior to and following dithionite reduction reported in units of

QSE/Abs(240) is shown in figures . 14, [4.15] andd.16] and the change in fluorescence due

to the reduction is shown to the right of the spectra.
There is very little observed change in the fluorescence for NPO samples due to dithion-

ite reduction. For borohydride reduction of the same samples, significant increases of fluo-
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Figure 4.10: (Left) Absorbance normalized to 350 nm for NPO samples with increasing
depth (Right) Log of the normalized absorbance of NPO samples with increasing depth

rescence intensity are observed. (/) This supports the conclusion that quinones contribute
little to the optical properties of CDOM in the ocean and that ketones and aldehydes are far
more relevant to the optical properties of marine CDOM than quinones. This follows from
the earlier conclusions that the CDOM samples with the greatest quinone contribution were
sources that contained a lot of vegetation or coal (ESHA, LHA, Suwanee River standards),
and less quinone contribution was found due to microbial production (PLFA), which would

be most relevant for the ocean samples.

4.3.4 Chesapeake Bay C-18 Extracts

Absorption spectra normalized to the absorbance at 350 nm and the natural log of nor-
malized absorbance spectra for Chesapeake Bay area samples is shown in figure .17 The
natural log of the normalized absorbance spectra for the untreated and dithionite reduced

extracts are shown in figures . 18] .19 .20} .21} and[4.22] There is very little observable

change in absorbance due to dithionite reduction in the Chesapeake bay extracted samples.

81



Surface ALog of Absorbance Normalized to 350 nm

2 06
1.5 0.4
—Untreated
E 1
2 —— Dithionite Reduced
[
2 05
=
2
g 0
s 1% <
805
5
2
S
3 1
2
s
w
515
2
25 12 Wavelength
Wavelength (nm) avelength (nm)
500 m ALog of Absorbance Normalized to 350 nm
2 0.8
15 0.7
——Untreated
c 0.6
E 1
§ —— Dithionite Reduced 05
2 05
E 0.4
H
g 0
E 0.3
S 190 <
505 0.2
H
2
o
2 1 0.1
<
o 0
5-15 190 390 590 690
0.1
2
0.2
25 0.3
Wavelength (nm) 3 Wavelength (nm)
600 m Alog of Absorbance Normalized to 350 nm
15 0.5
1 0.4
——Untreated
E 0.3
2 os —— Dithionite Reduced
2 0.2
2 ——trial 3Unt
N
T 0 01
§ 190 290 490 590 690 790
= <
©
8 0
5 0.5 ——trial 3 Last Dith 180 200 4
é -0.1
5 -1
¥ 0.2
1.5 0.3
0.4
-2 Wavelength (nm)

Wavelength (nm)

Figure 4.11: (Left) Log of Absorbance normalized to 350 for untreated and dithionite
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Figure 4.12: (Left) Log of Absorbance normalized to 350 for untreated and dithionite
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Figure 4.13: (Left) Log of Absorbance normalized to 350 for untreated and dithionite
reduced NPO 800, 1000, and 1500 m samples. (Right) Change in log of absorbance nor-
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Figure 4.14: (Left) Fluorescence intensity normalized to the absorbance at 240 for the
untreated sample, shown for untreated and dithionite reduced NPO surface, 500 m, and
600 m samples. (Right) Change in this fluorescence value due to dithionite reduction for
NPO surface, 500, and 600 m samples. Fluorescence spectra were obtained using excitation
wavelengths from 240-600 in 20nm increments and collecting the emission spectra from
290-800nm.
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Figure 4.15: (Left) Fluorescence intensity normalized to the absorbance at 240 for the un-
treated sample, shown for untreated and dithionite reduced NPO 800, 1000, and 1500 m
samples. (Right) Change in this fluorescence value due to dithionite reduction for NPO
800, 1000, and 1500 m samples. Fluorescence spectra were obtained using excitation
wavelengths from 240-600 in 20nm increments and collecting the emission spectra from
290-800nm.
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Figure 4.16: (Left) Fluorescence intensity normalized to the absorbance at 240 for the
untreated sample, shown for untreated and dithionite reduced NPO 2500, 3500, and 4500
m samples. (Right) Change in this fluorescence value due to dithionite reduction for NPO
2500, 35000, and 4500 m samples. Fluorescence spectra were obtained using excitation
wavelengths from 240-600 in 20nm increments and collecting the emission spectra from
290-800nm.
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Figure 4.17: (Left) Absorbance normalized to 350 nm for Chesapeake Bay samples with

increasing depth (Right) Log of the normalized absorbance of Chesapeake Bay samples
with increasing depth

A very small loss of absorbance may be observed in the Susquehanna River, Patapso River,

Choptank River, and York River samples.

The fluorescence spectra prior to and following dithionite reduction reported in units

of QSE/Abs(240) is shown in figures [#.23] [4.24] i.25] .26 and f.27} and the change in

fluorescence due to the reduction is shown to the right of the spectra. Very little change in

the fluorescence due to dithionite reduction is observed.

Comparing the dithionite reduction spectra to that of borohydride reduction(2), much
like the ocean samples, borohydride reduction shows much greater changes to the absorp-
tion and fluorescence of these samples than does dithionite reduction, again supporting
that ketones and aldehydes are the primary contributors to the optical properties of these
samples over quinones. Much like in this work, little difference was observed between the
different samples from the Chesapeake Bay due to borohydride reduction(2)). This suggests
that the samples in the Bay area are not largely different from one another, despite coming

from different locations within the Bay or being measured at different times (2)).
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Figure 4.23: (Left) Fluorescence intensity normalized to the absorbance at 240 for the
untreated sample, shown for untreated and dithionite reduced Susquehanna River, Sas-
safras River, and Patapsco River samples. (Right) Change in this fluorescence value due to
dithionite reduction for Susquehanna River, Sassafras River, and Patapsco River samples.
Fluorescence spectra were obtained using excitation wavelengths from 240-600 in 20nm
increments and collecting the emission spectra from 290-800nm.
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Figure 4.24: (Left) Fluorescence intensity normalized to the absorbance at 240 for the un-
treated sample, shown for untreated and dithionite reduced Mid Bay, Severn River, and
South River 2020 samples. (Right) Change in this fluorescence value due to dithionite re-
duction for Mid Bay, Severn River, and South River 2020 samples. Fluorescence spectra
were obtained using excitation wavelengths from 240-600 in 20nm increments and collect-
ing the emission spectra from 290-800nm.

95



South River 2021 South River 2021

0.08
0.16 — Untreated

0.06
0.14
012 ——Dithionite Reduced 0.04

Fluorescence (QSE/Absy,,)

AFluorescence (Reduced-Untreated)

0.04
500 0.06
Wavelength (nm) Wavelength (nm)
Harris Creek Harris Creek
4 2
3.5
1.5
—Untreated

3 =)
3

= L % 1
& ——Dithionite Reduced £
F <
< =]
2 3
a8 o
2 <
bt b=
g 3
8 o
2 o
b e
E g
= o

S-05
frd
<

-1

300 400 500 600 700 15

Wavelength (nm) Wavelength (nm)
Miles River Miles River

—Untreated

~—— Dithionite Reduced

Fluorescence (QSE/Abs ;)

AFluorescence (Reduced-Untreated)

Wavelength (nm) Wavelength (nm)

Figure 4.25: (Left) Fluorescence intensity normalized to the absorbance at 240 for the
untreated sample, shown for untreated and dithionite reduced South River 2021, Harris
Creek, and Miles River samples. (Right) Change in this fluorescence value due to dithionite
reduction for South River 2021, Harris Creek, and Miles River samples. Fluorescence
spectra were obtained using excitation wavelengths from 240-600 in 20nm increments and
collecting the emission spectra from 290-800nm.
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Figure 4.26: (Left) Fluorescence intensity normalized to the absorbance at 240 for the
untreated sample, shown for untreated and dithionite reduced Tred Avon River samples
from October 2020, November 2020, and 2021. (Right) Change in this fluorescence value
due to dithionite reduction for Tred Avon River samples from October 2020, November
2020, and 2021. Fluorescence spectra were obtained using excitation wavelengths from
240-600 in 20nm increments and collecting the emission spectra from 290-800nm.
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Figure 4.27: (Left) Fluorescence intensity normalized to the absorbance at 240 for the un-
treated sample, shown for untreated and dithionite reduced Choptank River, Patuxent River,
and York River samples. (Right) Change in this fluorescence value due to dithionite reduc-
tion for Choptank River, Patuxent River, and York River samples. Fluorescence spectra
were obtained using excitation wavelengths from 240-600 in 20nm increments and collect-
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Not only does the comparison against borohydride reduction suggest little quinone con-
tribution to these samples, but comparison against model quinone data supports this conclu-
sion. Model quinones showed significant changes to fluorescence due to both borohydride
and dithionite reduction, but CDOM samples showed little change due to dithionite reduc-
tion, suggesting dissimilarity between the two and suggesting any contribution of quinones

to the optical properties of CDOM is small.

4.3.5 Estimated Quinone Content

The quinone content estimated for each CDOM standard is tabulated in table [f.1] As
compared to previous results and electrochemical results, ESHA quinone content is un-
derestimated; however it is more precisely determined than in previous work (48). LHA
is closer to electrochemical results than previous work, but no more precise. (48) PLFA is
also underestimated but more precise. SRHA is actually somewhat overestimated, although
the electrochemically determined quinone value is within error. SRFA is underestimated
as compared to electrochemical results. SRNOM and LAC have no electrochemical results
for comparison, but the quinone content of LAC is found more precisely than previously
(48), and SRNOM had not been determined in either data set.

It follows that the samples from the plains (ESHA) and from the Suwanee River contain
higher quinone content, as quinones are expected to occur from plant sources. PLFA is a
microbial source, and it shows generally less quinone content than these sources, but still
a not insignificant amount. This may indicate some quinone content in CDOM due to
microbial activity rather than simply from vegetation and anthropogenic sources. LAC
shows very little quinone content. This would indicate that wood and bark sources do not
contribute significantly to quinone content. Lastly, LHA from the mine source shows a

great deal of quinone content, indicating coal may be a significant source of quinones. The
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CDOM Standard ot petvesehioet | Aeschbacner
ESHA 64+9 94126 | 98.1+0.75
LHA 90+35 7533 86x2
PLFA 124 18+8 24.7+0.5
LAC 61 1314 -
SRHA 6315 - 48+1
SRFA 12+2 11+5 33.6+0.4
SRNOM 215 _ _

Table 4.1: Estimated quinone content in CDOM standards, compared to Del Vecchio et. al.
(48) and Aeschbacher et. al. (/01))

100



NPOSampteDepth | S o mgr LA
Surface 34+ 99
200 Unmeasurable
600 4017
800 275
1000 707
1500 54+30
2500 7147
3500 57+39
4500 4127

Table 4.2: Estimated quinone content for NPO samples, scaled to match the absorbance of
100 mg/L LAC
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estimated quinone content for the NPO samples is shown in table .2} Scaling is based
on the ratio of absorbance in the untreated sample to that of a 100mg/L sample of LAC.
Results should not be quantitatively compared to the CDOM standard results, since this is
not a quantitative comparison of concentrations.

As discussed in chapter 3, these quinone contents should be regarded as estimates rather

than exact values, as emphasized by their high errors.

4.4 Conclusions

For CDOM standards, it was observed that the utilized methodology increased preci-
sion of observed quinone content, but may not have improved accuracy as compared to
electrochemical results. In terms of observed quionone content, the greatest values were
by far LHA and ESHA, indicating that CDOM from coal/mine sources and prairie lands
contains a good deal of quinone moieties. The natural water samples both from the ocean
and the bay area were observed to have minimal contribution of quinones to their optical
properties. If sources further inland were studied, especially in areas with dense vegeta-
tion, quinone content may be higher. But because the ocean (especially surface waters)
largely lacks significant sources of quinones, they were not present in large amounts. In
the bay area, ocean and terrestrial water is mixing, and so although there is some quinone
input from terrestrial sources, it likely is diluted and quickly broken down in marine wa-
ters. If there are greater quinone concentrations found further inland, this may support that

terrestrial sources of quinones are not long lived in marine systems. (5/)
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sample Estimated Quinone Content
Scaledto 100 mg/L LAC
Susquehanna River 29+11
Sassafras River 14+12
Patapsco River 17+£0.2
Mid Bay 35+10
Severn River 67 +54
South River 2020 31+5
South River 2021 41+17
Harris Creek 3527
Miles River 34+21
Tred Avon River Oct 2020 34+6
Tred Avon River Nov 2020 31+18
Tred Avon River 2021 3b+d
Choptank River Unmeasurable
Patuxent River 66 + 38
York River 49 £ 46

Table 4.3: Estimated quinone content for Chesapeake Bay samples, scaled to match the
absorbance of 100 mg/L LAC
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Chapter 5: Conclusions and Future Work

5.1 Summary

The work presented in this thesis consists of a thorough characterization of a suite
of model quinone compounds, the reduction products of these quinones using borohy-
dride, dithionite, and sulfite, and an investigation of the contribution of quinones to the
optical properties of Chromophoric Dissolved Organic Matter. In Chapter 2, absorption
and fluorescence spectra for a suite of model quinones including p-benzoquinones with
different numbers and arrangement of methyl-substitutions, 1,4-napthoquinones, and an-
thraquinones were presented. Molar absorptivities of these quinones at their absorbance
peaks were calculated and presented. The quinones are reduced to their hydroquinone
forms by borohydride, except for anthraquinones which were reduced with dithionite, and
their absorption and fluorescence spectra presented. Molar absorptivities for the hydro-
quinone peaks were calculated and presented. Fluorescence quantum yields were calcu-
lated for both quinones and hydroquinones. P-bezoquinones showed little fluorescence,
with quantum yields indistinguishable from instrument noise. P-benzohydroquinones showed
greater fluorescence intensity and quantum yields on the order of 10"2. Naphthoquinones
and anthraquinones had slightly higher fluorescence. Juglone showed a fluorescence in-
tensity comparable to the p-benzohydroquinones, with a quantum yield of 1.4x102. The
naphthohydroquinones and anthrahydroquinones had quantum yields on the same order of

magnitude as the p-benzoquinones, with the exception of hydroxyjuglone, which had a
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quantum yield of 0.16.

In Chapter 3, model quinones were reduced with sodium dithionite and sodium sulfite to
investigate reaction products and stoichiometry. Quinone molar absorptivities from Chap-
ter 2 were used in the experiments to quantify quinone stocks, and hydroquinone spectra
were compared with dithionite and sulfite reduced spectra. HPLC was used to investi-
gate products and stoichiometry of the dithionite reductions. Slight differences between
the dithionite reduced absorption spectra and the expected combination of the quinone
and hydroquinone spectra were observed. Sulfite reduction was used to explain these dif-
ferences, although contribution of sulfonated hydroquionone byproducts was determined
to be relatively small in dithionite reduced samples. Stoichiometry of dithionite reduc-
tion determined by HPLC chromatography supported that sulfite interference was likely
small, as most quinones showed comparable quinone disappearance to hydroquinone ap-
pearance and those that did not had high degrees of uncertainty, with the sole exception of
2,3-dimethyl-p-benzoquinone. Given these results, the dithionite reduction procedure was
used to evaluate the quionone content and impact on optical properties of CDOM.

In Chapter 4, dithionite reduction was used to evaluate quinone content and contribu-
tion to the optical properties of CDOM standards and natural water extracts. Dithionite
reduction showed little impact on CDOM optical properties, especially for the natural wa-
ter extracts. Estimated quinone contents were found to be high for CDOM sources dense in
plant life or coal mining areas, whereas CDOM from bark and from microbial production
was not as high. For ocean and bay area samples, little impact of quinones on the optical
properties were observed, and small quinone contents were estimated for these samples.
Therefore, quinones are less relevant to the optical properties of CDOM than ketones and

aldehydes, especially for estuary and marine systems.
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5.2 Future Directions

5.2.1 Model Quinones

Preliminary research on the model quinone compounds showed evidence of a difference
in the products of the reaction of quinones with dithionite and sulfite. To further investigate
this difference, HPLC fractions could be analysed to identify products. Mass-spectroscopy
and Nuclear Magnetic Resonance (NMR) measurements would help elucidate the struc-
tures and masses of these products and any differences between the two reducing species.
Additional substitution groups could be investigated in the same procedures as methyl-
substitution and conjugated ring structures are in this work to investigate the effects of
different groups. This can be extended to a range of different quinone compounds, espe-
cially those most relevant to CDOM properties, although quinones are also widely relevant
in other contexts, including wine chemistry, organic chemistry reactions, and dyes. This
analysis would include expanding to methoxy-substituted p-benzoquinones and o-quinones
to further investigate effects of structure on reactivity to sulfite and products.

HPLC could be applied to the sulfite reduced model quinones to investigate quinone
disappearance and hydroquinone appearance and compare to dithionite reduced quinone
results. This comparison would help draw conclusions about the dithionite reduction prod-
ucts.

A separation method for the sulfonated hydroquinone product could be further inves-
tigated and developed, involving ion exchange in the separation method to isolate the sul-

fonated compounds.

106



5.2.2 CDOM Characterization in Lakes and Rivers

Characterization of CDOM in natural waters could be extended to include up the Susque-
hanna River, The Great Lakes, and other inland lakes and rivers. This characterization
would include dithionite and borohydride reduction of CDOM and model compounds, pH
titration of the untreated and reduced forms of these samples, and measurement of pro-
duction of reactive oxygen species due to photochemistry. This could also include mea-
surements of dissolved nitrogen, dissolved phosphorous, dissolved carbon, and iron and
metal ion species in these natural water samples, and investigating the samples’ reduction
potential.

This would ultimately allow an overview and comparison of ocean, coastal, and inland
waters’ structure and optical properties, particularly in terms of ketones, aldehydes, and

quinones.

5.2.3 Photochemical activity of Quinones in CDOM

Following the optical contribution of quinones in CDOM, the photochemical contri-
bution of quinones in CDOM can be investigated. This has been completed on model
quinone compounds (Clark, 2014). The effects of photochemistry on dithionite reduced
CDOM samples could be investigated and compared to untreated samples. The difference
between these reactions and products will show the contribution of quinones to the photo-
chemistry of CDOM, which may offer a more concrete understanding of their activity and

role in the environment.
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Appendix A: Supporting Information

A.1 Chapter 1 Supplemental

A.1.1 Beer’s Law

The Beer-Lambert law states that absorbance is proportional to concentration of the
absorbing species. (726) This relationship is given in equation [A.1}, where A(A) = the ab-
sorbance at a particular wavelength, (1) = the molar absorptivity of the absorbing species

at that wavelength, and c = the pathlength through which the absorbance is measured.

A(A)=¢€(A)xbxc (A.1)

Therefore, as long as the absorbance due to the absorbing species and the molar absorp-
tivity are known, the concentration of the absorbing species can be found, assuming all
interferences, such as other absorbing species and pH and solvent effects, are minimized
or accounted for. This concept was applied in Del Vecchio et al. to calculate the quinone
content of the HA standards.(48)

Initial work involved repetition of the experiments of Del Vecchio et. al. to deter-
mine reproducability. The methods are described above. Results of these experiments and
comparison to the work of Del Vecchio et. al. and Aeschbacher et. al. are shown in
figure [T} These results were largely consistent with Del Vecchio et. al., although quinine

content for ESHA was significantly underestimated as compared to Del Vecchio et. al.
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Figure 1: Preliminary results from replicating the work of Del Vecchio et. al.

For SRHA, SRFA, and PLFA, quinone content was slightly underestimated as compared
to Aeschbacher et. al. This may in part be due to the attribution of EAC completely to
quinone content, but for LHA and ESHA the methods compare very well. This under-

estimation prompted consideration of the possible side reactions and initiated the model

quinone study.

A.2  Chapter 2 Supplemental

A.2.1 Calibration Curve Concentrations and Representative Spectra

Wavelengths corresponding to absorbance peaks for which molar absorptivity is calcu-

lated are shown in dotted and dashed lines corresponding to the color in which the repre-
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190 240 290 340 390 440 490 540 590 0.0703mM 0.31883  0.15994

Wavelength (nm)

Figure 2: Calibration curve concentrations and representative spectra for para-
benzoquinone.

sentative spectra is shown. The table of concentrations and absorbances used to find the
molar absorptivity of that peak is shown in the corresponding color. Concentrated quinone
spectra are shown in black, dilute quinone spectra are shown in red, and hydroquinone
spectra are shown in blue. For 1,4-naphthoquinone, a dilute hydroquinone sample is shown

in green to show the peak at 242 nm.

A.3 Chapter 3 Supplemental

A.3.1 Dithionite Quantification

Dithionite stock concentration Calculated:
Using dithionite absorbance at 316 nm and a molar extinction coefficient of 8000 M
cm’! (100): 0.011 £+ 0.001 M

Using ferricyanide absorbance at 420 nm and a molar extinction coefficient of 1020
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methyl-p-benzoquinone

52mM 1.38244 11
) fo) OH 2.52m 392 0 09
24 | 2.16mM 1.14265 0.09495
| 1.80mM 0.80185 0.0755
22 | 1.44mM 0.75698 0.0632
/ : OH 1.08mM 0.55163 0.04535
18 |
16 : Q HQ ConcentrationQ  Abs(250)
w
g4 | 0.108 mM 1.86645
2 2 | —108E-03MAQ 0.090 mM 1.67317
E - : L08E04MQ 0.072mM 1.23637
) —1
1 I 0.054 mM 0.95152
——1.26€-03 MHQ
0.8 | 0.027 mM 0.49144
0.6 |
--------- 324 P —— 5(288
od | Concentration HQ  Abs(288)
| — —420 0.36mM 0.97654
0.2 : |
H e 288 0.36mM 0.90903
i _-‘-—%
o 0.36mM 1.04252
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3: Calibration curve concentrations and representative spectra for methyl-para-
benzoquinone.

2,3-dimethyl-p-benzoquinone

4 o OH
2.2 Concentration Q A 50)
3 0.607 mM 0.5714
0.506mM 0.4473
1.8 0.404mM 0.3665
0.303mM 0.27096
16 (o] OH 0.202mM 0.18486
14 . . -
£ Q HQ Concentration Q Abs(254)
S 12 0.101mM 1.73742
2 ——607EDAMQ 0.0809mM 1.35648
1 0.0607 mM 1.00604
08 —1LolEMMaQ 0.0404 mM 0.68234
- — G.926-03 M HOL 0.0202mM 0.35347
0.6
254 Concentration HQ Abs({287)
oa A/ WV S E N 150 0.303 0.75614
0.2 0.303 0.77237
e 287 0.303 0.7489
0
200 250 300 350 400 450 500 550 600

‘Wavelength {nm)

Figure 4: Calibration curve concentrations and representative spectra for 2,3-dimethyl-
para-benzoquinone.
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2,5-dimethyl-p-benzoquinone

Abs(328)

Abs(416)
0.313mM 0.08192

0.01181

24 '{ O OH 0.469mM 0.12326 0.01786
2.2 0.625mM 0.1622 0.022986
2 0.782mM 0.20341 0.02887

18 0.938mM 0.24604  0.03505
16 o] OH

8 Concentration Q Abs(256)

5 14 0.0438mM 0.80757

£ Q HQ X X

g2 ——366E04MQ 0.0625mM 1.30027

<1 —663E05MQ 0.0750mM 1.45825
08 —— 3.62E-04 M HQ, 0.0938mM 1.80988

256 0.125mM 2.41868

0.6
04 Concentration HQ Abs(288)
02 N /SN WEOoNF oy 288 0.433 1.42668
0 0.433 1.4014
200 250 300 350 400 450 500 550 600 0.433 1.38932

Wavelength (nm)

Figure 5: Calibration curve concentrations and representative spectra for 2,5-dimethyl-
para-benzoquinone.

Concentration Q

2,6-dimethyl-p-benzoquionone

0.832mM 0.2017 0.03173
2.4 ! o OH 0.749mM 026826  0.02811
25 ' 0.666 mM 023562 0.0252
’ ! 0.583mM 020992  0.02192
2 ! 0.499mM 017493  0.01822
18 !
16 : 0 OH Concentration Q
g 14 : 0.0832mM 1.71012
E 12 H Q HQ 0.0749mM 1.53285
4 " I
2 1 1 ——3832E04MQ ——832E05MQ 0.0666 mM 1.36757
S ; 0.0583mM 1.21127
08 | T 360E0SMHQ - 258 0.0499mM 1.03159
]
0.6 ]
' rors 332 — T - -
0.4 : Concentration HQ Abs(286)
02 ' e 286 0.416mM 1.12097
1 0.416mM 1.13985
0
416 mM 1.144
200 250 300 350 400 450 500 550 600 o-416m 03

Wavelength (nm)

Figure 6: Calibration curve concentrations and representative spectra for 2,6-dimethyl-
para-benzoquinone.

112



trimethyl-p-benzoquinone Concentration Q )
0.306mM 0.12412

2.4 0.276mM 0.1121
0 OH 0.245mM 0.09924
' 0.214mM 0.08655
0.184mM 0.07413
’ 0 OH 0.123mM 2.28469
" 0.0919 mM 1.85729
! Q HQ 0.0766 mM 1.54131
0.0613mM 1.22135
——30eE0aMAQ —— 306805 MQ 0.0459 mM 0.93255
0.8 0.0306 mM 0.60856
06 ——240E-04 MHQ e 260
: Concentration HQ Abs (28
0.4 v 351 e 284 0.245mM 0.64997
0.2 t 0.245mM 0.85409
: T — 0.245mM 0.64391
200 250

0
300 350 400 450 500 550 600
Wavelength (nm)
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s ™

Absorbance
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o
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Figure 7: Calibration curve concentrations and representative spectra for trimethyl-para-
benzoquinone.

duroquinone

2.4 Concentratio

0.185 mM 0.04241
2.2 0.154 mM 0.03462
0 OH 0.123mM 0.02806
0.0923mM 0.02046
0.06815mM 0.01443
- Concentration Q Abs(270)
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B 0] OH 0.923mM 0.22588
] Q HQ 0.0815mM 0.15324
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—123E-04MQ 0.0308mM 0.0732

. —6ISE05MQ
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i - 0.185mM 0.37539
- i 352 0.185mM 0.37744
284 0.185mM 0.39584
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-
w o~

[
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o
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Figure 8: Calibration curve concentrations and representative spectra for duroquinone.
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2,3-dimethoxy-5-methyl-p-benzoquinone

N
LS I -
o
I

2 O\ 0\ ntratior Al 8) )
18 0.158mM 236455 0.1203
16 0 0 0.142mM 2.15526  0.10753
0.126 mM 1.87608 0.09227
g4 o4 | o | "
b4 0.111mM 1.68489 0.082
5 1.2 Q HQ
§ 0.0947 mM 1.45579  0.07121
< 1 —— 965605 M Q
0.8 ——1.57E-04 M HQ
0.6
- 268 0.158mM 0.47359
04 NV i /Ny 208 0.158mM 0.47802
0.2 286 0.158mM 0.47673
0 S T ——

200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 9: Calibration curve concentrations and representative spectra for 2,3-dimethoxy-5-
mehtyl-para-benzoquinone.

1,4-naphthoquinone

0.177mM 0.51189
24 U 0 OH m
22 0151 mM 0.4488
i O‘ Oe 0.133mM 0.38318
0.106mM 0.33381
1.8 0 OH 0.0887 mM 0.28075
1.6 Q HQ
g 14 Concentration Abs(252)
g1 3446
- 3ase-0amQ 0.0444mM 1.00465
2 ——8487E0sMQ 0.0355mM 0.80796
< 1 — g
. 348E-04 MHQ 0.0266mM 0.60938
08 | \ ——3.28E-05 M HO 0.0177mM 0.40126
I R
o6 1| 252 0.00887 mM 0.21045
\ e 342
04\ /)
\ 202 ConcentrationHQ  Abs{242)  Abs(320)
0.2
Usk\_/_, -y e 320 0.102 098402 0.11545
0 F 0.102 0.6842 013012
200 250 300 350 400 450 500 550 600
0.102 043107  0.09158

‘Wavelength (nm)

Figure 10: Calibration curve concentrations and representative spectra for naphthoquinone.

114



juglone o OH
o4 ; O‘ OO ntration HQ A Ab 0) )
2.2 H 4.96uM 016111  0.06942  0.01711
2 1 OH © OH OH 3.97uM 0.131365  0.057015  0.013785
18 : Q He 2.97uM 0.102292  0.042972  0.010282
i 7.25uM 0.235091  0.096891  0.023011
8 16 ! —5.16E-05MQ "
=W ! 5.83uM 0.192776  0.080036  0.018486
2., H — 5.16E-05MHQ
8 U 209
a 1 1
< . 250
0.8 ! Concentration 0 Abs(278)  Abs(334)
0.6 1 == 429
. ; 0.11mM 0.23095  0.12446
0.4 H 260 0.11mM 0.24078  0.14476
o2 i N& N e 334
- 0.11mM 0.24272  0.14931
0 S ;
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 11: Calibration curve concentrations and representative spectra for juglone

5,8-dihydroxy-1,4-naphthoquinone

2.4 Concentration Q (265)
9.5uM 0.05031
22 OH O OH OH
9.5pM 0.04862
2 O‘ OO 9.5uM 0.05054
18 9.5uM 0.05048
OH O OH OH 9.5uM 0.05012
16 Q HQ 9.5uM 0.04892
w14
g —— 48BE-05MQ
-}
£12
E —— 4.54E-05 HQ 6.1uM 0.02052
< 1 5.08uM 0.01851
--------- 265 4.24uM 0.01527
08 Y
3.53uM 0.01326
o6 | } ¢+ i 514 2.94uM 0.01006
1.96uM 0.00725
0.4 —364
0.2 / ConcentrationQ  Abs(364)
0 S'C:: \ 9.52uM 0.02272
190 240 290 340 390 440 490 540 590 9.52uM 0.01939
Wavelength (nm) 9.52uM 0.019312

Figure 12: Calibration curve concentrations and representative spectra for 5,8-dihydroxy-
napthoquinone
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5,8-dihydroxy-1,4-naphthoquincne

2.4 ,
9.5uM 0.05031
22 OH O OH OH .
9.5uM 0.04862
2 O‘ OO 9.5uM 0.05054
18 9.5uM 0.05048
OH O OH OH 9.5uM 0.05012
16 Q HQ 9.5uM 0.04892
14
g —— 488E-05MQ
)
212
E —— 4.54E-05 HQ 6.1pM 0.02052
< 1 5.08uM 0.01851
......... 265 4.24uM 0.01527
0.8 s
3.53uM 0.01326
o6 | i i T 514 2.94uM 0.01008
1.96pM 0.00725
0.4 — 364 s
* f ConcentrationQ  Abs(364)
0 BC: \ 9.52 M 0.02272
190 240 290 340 390 440 490 540 590 9.52uM 0.01939
Wavelength (nm)

9.52uM 0.019312

Figure 13: Calibration curve concentrations and representative spectra for anthraquinone-
1,5-disulfonic acid.

anthraquinone-2,6-disulfonic acid 08
0.423mM 2.18998

1 . 0.254mM 1.3368

A o OH 0.282mM 1.4839

0.9 303' 303' 0.211mM 1.11821

O‘O OOO 0.352mM 1.85368

0.8 0,8 0,8 0.423mM 2.19454

0 OH 0.0423mM 0.21774

0.7 Q HQ 0.0338mM 0.17422

0.0376mM 0.19325

o 06 0.0308 mM 0.15832

é 0.0282mM 0.14453
£05 ——2.20E-05MQ . .

g ConcentrationQ )

<04 —— 4.90E-04 M HQ 0.0423mM 1.3016

0.0338 mM 1.05317

o3 | [l AN v 257 0.0376mM 1.16539

0.0308 mM 0.95704

o2/ ¢ (Vv 77 328 0.0282mM 0.87684

0.1 - 265 Concentration HQ Abs{257)

\ 0.0423mM 1.95017

0 i 0.0338mM 1.58117

200 250 300 350 400 450 500 550 600 0.0376 mM 1.74808

Wavelength (nm) 0.0308 mM 1.43451

0.0282mM 1.31553

Figure 14: Calibration curve concentrations and representative spectra for anthraquinone-
2,6-disulfonic acid.
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Dithionite Absorbance

Substoichiometric Dithionite Additions to Potassium Ferricyanide
25

—— FeCN_2_N_180uldith

—— FeCN_2_N_180uldith_20uLdith

—— FeCN_2_N_180uldith_20uLdith_20uldith
——mQ 1 N 50uLdith

—— FeCN_2_N_180uldith_20uldith_20uldich_20uldith
—— FeCN_3_N_90uLdith_36uldith
mQ_1.2 N 20uLdith

—— FeCN_3_N_S0uLdith_96uldith_20uLdith
——mQ 12 N 20uldith 20uLcith

FeCH_3_N_30uLdith_S6uldith_20uLdith_20ulaith
——mQ 1.2 N 20uLdith 20uLdith 20ulcit
o —— FeCN_3_N_SDuLdith_36uldith_20uldith_20uldith_20ul.

\ dich
——mQ 2 N 20uLdith

| ——Fecha N tzouldicn
\
——mQ 2 N_20uLdith 20uldith

—— FeCN_%_N_180uldith_20uLdith
——mQ 2 N_20uldith 20uldith Z0uldith

M —— Fecn s N _180uLdith_20uLdith_20uLdith
\

——— FeCH_4_N_180uldith_20uldith_20uldich_20uLdith

300

0
350

250 250 300 350 400
Wavelength (nm)

430 500
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550 €00

Figure 15: Absorption spectra for (Left) dithionite additions to a mQ blank and (Right)
dithionite additions to a sample of potassium ferricyanide.

M1 em™ (100): 0.0131 +/- 0.0006 M
A.3.2 HPLC Chromatographs

A.3.3 Comparison of 2,3-dimethyl-p-benzoquinone and duroquinone LC

chromatographs

Duroquinone shows no difference between end of dithionite titration chromatogram and
borohydride reduced chromatogram, consistent with hydroquinone formation from dithion-
ite reduction. In comparison, 2,3-dimethyl-p-benzoquinone shows an additional small peak
under excess dithionite reduction as compared to the hydroquinone chromatogram, and the

end of dithionite titration chromatogram has additional small shoulders around this peak.
This supports the conclusion that a small amount of additional products may be forming in

the dithionite reduction, especially over time and multiple additions. These interferences

remain small compared to the observed hydroquinone peak, however.
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25

Ferricyanide

15

Ferrocyanide

Absorbance
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Figure 16: Absorption spectra of ferricyanide and ferrocyanide produced by dithionite re-
duction of ferricyanide. A line is placed at 420 nm to emphasize that only the ferricyanide

absorbs at this wavelength.
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Dithionite Fluorescence
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Figure 17: Blank subtracted dithionite fluorescence intensity presented as obtained.
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2,3-dimethyl-p-benzoquinone, A, = 310nm
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Figure 18: HPLC chromatographs of 2,3-dimethyl-p-benzoquinone, 2,3-dimethyl-p-
benzohydroquinone, and dithionite reduced 2,3-dimethyl-p-benzoquinone. Quinone peak
is highlighted by black box. Hydroquinone peak is highlighted by red box.
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2. 5-dimethyl-p-benzoequinona, Ag, =210nm
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Figure 19: HPLC chromatographs of 2,5-dimethyl-p-benzoquinone, 2,5-dimethyl-p-
benzohydroquinone, and dithionite reduced 2,5-dimethyl-p-benzoquinone. Quinone peak
is highlighted by black box. Hydroquinone peak is highlighted by red box.
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2,6-dimethyl-p-benzoquinone, Ay = 310nm

uV
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Figure 20: HPLC chromatographs of 2,6-dimethyl-p-benzoquinone, 2,6-dimethyl-p-
benzohydroquinone, and dithionite reduced 2,6-dimethyl-p-benzoquinone. Quinone peak
is highlighted by black box. Hydroquinone peak is highlighted by red box.
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trimethyl-p-benzoquinone, Age: = 313nm
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Figure 21: HPLC chromatographs of trimethyl-p-benzoquinone, trimethyl-p-

benzohydroquinone, and dithionite reduced trimethyl-p-benzoquinone. Quinone peak is
highlighted by black box. Hydroquinone peak is highlighted by red box.
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duroquinone, Age=302nm
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Figure 22: HPLC chromatographs of duroquinone, durohydrquinone, and dithionite re-
duced duroquinone. Quinone peak is highlighted by black box. Hydroquinone peak is
highlighted by red box.
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1,4-naphthoquinone, Ay =322nm
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Figure 23: HPLC chromatographs of 1,4-naphtoquinone, naphthohydroquinone, and

dithionite reduced 1,4-naphthoquinone. Quinone peak is highlighted by black box. Hy-
droquinone peak is highlighted by red box.

125



juglone, Age. =280nmM
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Figure 24: HPLC chromatographs of juglone, hydroxyjuglone, and dithionite reduced ju-

glone. Quinone peak is highlighted by black box. Hydroquinone peak is highlighted by red
box.
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5,8-dihydroxy-1,4-naphthoquinone, Ase = 287nm
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Figure 25: HPLC chromatographs of 5,8-dihydroxy-1,4-naphthoquinone, naphthalene-

1,4,5,8-tetraol, and dithionite reduced 5,8-dihydroxy-1,4-naphthoquinone. Quinone peak
is highlighted by black box. Hydroquinone peak is highlighted by red box.
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Detector Response

2,3-dimethyl-p-benzoguinone untreated

uV
o] B
o |
& f% = “li =2 > g
ol_a= R 2\ e e = 5%5\0”
00 25 5.0 75 100 125 150 175 20,0
1 DetA Ch1/28Inm Retention Time (min) e
2 AD2/
Peak# Ret. Time Area Height | Area% | Height%
1 0.819 38974 5609 2.56 4.047
2 2.239 35573 4535 2.278 3.272
3 2.45 6284 956 0.403 0.71%
4 2.639 | 144973 16993 9.286 12.261
5 3.111 7616 427 0.488 0.308
6 3.938 | 1308244 | 109218 | 83.784 78.804
7 7.117 4721 288 0.302 0.208
8 7.583 6950 273 0.445 0.197
] 10.607 2984 105 0.191 0.076
10 14.451 3544 150 0.263 0.108
Total 1561264 | 1385384 100 100

Figure 26: HPLC Chromatagraph of 2,3-dimethyl-p-benzoquinone
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Detector Response

2,3-dimethyl-p-benzohydroguinone {borohydride reduced 2,3-dimethyl-p-benzaguinone)

uV
1000000 "1
500000 |
g || $ 282 233 3 3 = | ieacn
( e A i " = — - 2AD?2
00 25 50 75 100 125 15.0 175 200
I DetA Chl/28Inm Retention Time (min) e
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Peak# Ret. Time | Area Height Area % Height %
1 1.035 | 424561 | 82420| 5.142 7.324
2 1.467 2222 448 0.027 0.04
3 2.226 | 7677463 | 1033630 | 92.975 91.852
4 2.868 4628 644 | 0.056 0.057
5 3.556 1635 102 0.02 0.008
6 3.987 4049 377 | 0.048 0.034
7 4.362 1384 148 | 0.017 0.013
8 5.485 | 16035 1107 | o0.184 0.098
9 5.841 94458 5140 1.144 0.457
10 6.446 4367 345 | 0.058 0.031
11 6.758 1155 103| o0.014 0.008
12 7.604 3893 230 0.047 0.02
13| 10.498 3392 163 | 0.041 0.014
14| 18906 | 17816 64| 0.218 0.041
Total 8257530 | 1125318 100 100

Figure 27: HPLC Chromatagraph of 2,3-dimethyl-p-benzohydroquinone
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2,3-dimethyl-p-benzoquinone, excess dithionite reduced
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5 1.654 1691 224 0.067 0.072
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7 2.634 | 195279 16189 7.694 5.205
g 3.702 37773 2365 1.485 0.76
9 3.812 23699 1317 0.934 0.423
10 4.607 3675 278 0.145 0.089
11 5.041 75082 3816 2.958 1.227
12 5.482 35461 1041 1.387 0.335
13 6.579 13484 513 0.531 0.165
14 7.224 40881 1687 1.611 0.546

Figure 28: HPLC Chromatagraph of 2,3-dimethyl-p-benzoquinone reduced with excess
dithionite
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2,3-dimethyl-p-benzoguinone untreated (for dithionite titration)
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Peak# Ret. Time | Area Height Area % Height %
1 1.061 | 136586 25885 19.613 33.965
2 2.22 | 21887 2716 3.14 3.553
3 2.439 4731 727 0.679 0.851
4 2.628 | 103530 11882 14.865 15.674
5 2.8933 19052 1539 2.741 2.014
G 3.57 | 13616 1020 1.955 1,334
7 3.926 | 343278 28493 | 49.289 37.271
8 4.369 | 44642 3628 6.41 4,746
g 7.089 2088 116 0.301 0,152
10 7.634 3416 148 0.491 0.194
11 15.638 3589 112 0.515 0.146
Total 686456 76447 100 100

Figure 29: HPLC Chromatagraph of 2,3-dimethyl-p-benzoquinone for dithionite titration
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2,3-dimethyl-p-benzoquinone, end of dithionite titration
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I DetA Chl/281nm Retention Time (min)
2 AD2/
Peak# Ret. Time | Area Height | Area% | Height%
1 1.06 | 132642 22295 | 12516 16.075
2 1.273 4472 714 0.422 0.515
3 1.43% 10373 817 0.979 0.661
4 1.621 5152 516 0.486 0.372
5 2185 | 621711 87648 | 58.662 63.197
6 2.434 60256 9581 5.685 6.915
7 2.584 87665 1113% 8.215 8.031
] 2.885 17073 1777 1.611 1.281
8 3.083 7558 531 0.713 0.426
10 3.5618 21521 1569 2.068 1.131
11 3.883 11809 674 1.114 0.486
12 5.476 6644 393 0.627 0.283
13 7.447 4139 246 0.3%1 0.178
14 12.833 50540 447 4.768 0.322
15 18.485 7864 174 0.742 0.126
Total 1059818 | 138631 100 100

Figure 30: HPLC Chromatagraph of 2,3-dimethyl-p-benzoquinone following dithionite
titration
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Duroguinone untreated, pre-borohydride reduction

Detector Response

uVv
100000 B
) “ : & /i ‘g Det.A Ch
— r forac
00 25 50 75 100 125 150 175 200
Retention Time (min) min
1 DetA Chl/28Inm
2 AD2/
Peak# Ret. Time Area Height Area % Height %
1 1.015 671733 129802 31.598 76.28
2 1.33 22039 511 1.037 0.3
3 7.208 1150 50 0.054 0.02%
4 14.879 1104735 30548 51.865 17.938
5 15.671 326245 9284 15.346 5.452
Total 2125901 170295 100 100

Figure 31: HPLC Chromatagraph of duroquinone
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Durchydroguincne (borchydride reduced duroguinone)

uv
% 50000~
g ]
I
A I I 2
2 A ,n\ e IDeA Cut
0 25  so 15 w0 125 " 150
Retention Time (min) min
1 DetA Chl/281nm
2 AD2/
Peak# Ret. Time Area Height Area% | Height %
1 1.004 | 165351 18462 | 18.83% 22.36
2 2.864 | 578400 63838 | 65.898 73.344
3 14.597 | 133968 3739 | 15.263 4.296
Total 877720 87040 100 100

Figure 32: HPLC Chromatagraph of durohydroquinone

Duroquinone untreated (for dithionite titration)
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14.499 | 1741787 45807 8548 | 72.671

3| 15.668| 231131 6427 | 11.343 | 10.187
Total 2037664 63032 100 100

Figure 33: HPLC Chromatagraph of duroquinone for dithionite titration
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Duroquinone, end of dithionite titration

Detector Response
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1 DetA Chl/281nm Retention Time (min) i
2 AD2/
Peak# Ret. Time Area Height Area % | Height%
1 1.06 | 71452 11870 9.927 13.951
2 1.567 1761 136 0.245 0.158
3 1.899 2638 144 0.367 0.168
4 2.092 1145 134 0.159 0.156
5 2.222 1351 138 0.188 0.161
6 2.408 1020 86 0.142 0.1
7 2,861 | 505563 61373 | 70.235 71526
8 3.097 | 71073 10003 9.874 11.658
9 14.498 | 63773 1820 8.86 2.121
Total 718776 85805 100 100

Figure 34: HPLC Chromatagraph of duroquinone following dithionite titration
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A.3.4 Quinone-Sulfite Reactions Over Time

Dithionite reactions were immediate upon addition to sample, while sulfite continued
to react over time. Supporting information includes spectra of quinones over time after
addition of sulfite. @ Duroquinone, while it shows no immediate reaction with sul-
fite, does appear to very slowly be reduced by sulfite, as the absorbance around the peak
of the hydroquinone increases slightly over time. Based on the shape changes over time,
2,3-dimethyl and 2,5-dimethyl-p-benzoquinone appear to initially form the sulfonated hy-
droquinone, but over time produce more hydroquinone in solution. In contrast, the 2,6-
dimethylp-benzoquinone appears to form more sulfonated product over time, as the ab-
sorbance increases at the wavelength corresponding to the excess sulfite reduced sample
rather than the hydroquinone (borohydride reduced sample). Trimethyl-p-benzoquinone
appears to very slowly form more of the sulfonated product, but not to a great extent after
the initial reaction. Naphthoquinone and juglone show greater formation of the assumed
sulfonated product over time. Anthraquinone-1,5-disulfonic acid does not react with sulfite

at all.

A.3.5 Sulfite Reduction Stoichiometry

A.3.6 p-benzoquinone and methyl-p-benzoquinone

P-benzoquinone and methyl-p-benzoquinone show optical changes on their own within
the time frame of experimentation, so dithionite reduction and LC analysis could not be
performed; however, the fluorescence of the quinone and hydroquinone forms was collected
and the fluorescence quantum yields calculated in chapter 2. Both compounds are very

photo-reactive.(/27,|128)
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Figure 35: 2,3 and 2,5-dimethylp-benzoquinone over time with substoichiometric sulfite
addition. Quinone, hydroquinone, and excess sulfite spectra are shown for reference as
dotted lines.

137



sraennens .2 b Qwinone
e Hydroquinane {0 Barohydride Reduced)

0.3 ' X s 0 5ulfite Reduced

26dmpb0_S - RawData

26dmpbQ_5_N_20ul503 - RawData

=
m
M

26dmpb0l_5_N- RawDsta

26dmpb0_S_N_20ul503_t12 - RawData

26dmpb0_S_N_20ul503_t30 - RawData

Absorbance

=
=

26dmpb0_5_N_20ul503_t40 - RewData

26dmpb0_S_M_20ul503_t&0 - RawData

0.2 26dmpb0_S_N_20ul503_t80 - RawData

FH T

240 290 340 Wavelength [nEg0 440 430

tmpbQ

seanaenns (L3 M Quinone

Hydrogquinone (0 Borohydride Reduced)
O Sulfite Reduced

tmpbd_4 MN_20uldith - Rewlata
tmpbd_2 - Rawlzta

tmpbQ_2_Nfast - RewData
tmpbQ_2_MNfast_20ul503- RawData
tmpbd_2_Mfast_20ul503_5 - RawData
tmpbQd_2_Mfzst_20ul503_10 - RawData
tmpb0_2_Mfzst_20ul503 15 - RawDatz
tmpbd_2_Mfast_20ul503_30 - RawData
tmpbd_2_Mfast_20ul503_45 - RawData
tmpbQd_2_Mfzst_20ul503_g0 - RawData
tmpb0_2_Mfzst_20ulS03 135 - RawData

0.8

=
o
*

Absorbance

=
Y
-

02

224 274

Figure 36: 2,6 and trimethylp-benzoquinone over time with substoichiometric sulfite addi-
tion. Quinone, hydroquinone, and excess sulfite spectra are shown for reference as dotted
lines.
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Figure 37: Duroquinone and napthoquinone over time with substoichiometric sulfite addi-
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lines.
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Figure 38: Juglone and anthraquinone-1,5-disulfonic acid over time with substoichiometric
sulfite addition. Quinone, hydroquinone, and excess sulfite spectra are shown for reference
as dotted lines.
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Stoichiometry of S0,

Quinone Reduction (Q:R)

2,3-dimethyl-p-benzoquinone
{23dmpbQ)

1.6:1

2,5-dimethyl-p-benzoquinone
(25dmpbQ)

1.0:1

2,6-dimethyl-p-benzoquinone
{(26dmpbQ)

0.89:1

Trimethyl-p-benzoguinone
(tmpbQ)

Duroquinone
(dQ)
2,3-dimethoxy-5-methyl-p-
benzoquinone (23dmo5mpbQ)

0.3-0.6:1

Mo reaction

1:1

Table A.1: Stoichiometry of reduction of quinones by sulfite, based on disappearance of
quinone absorbance peak and sulfite concentration calculated from mass and volume.

A.4  General Supplemental

A.4.1 Ketone and Aldehyde Dithionite Reduction Controls

To show that ketones and aldehydes are not reduced by dithionite, dithionite was added
to 2-acetylnaphthone and 4-hydroxybenzadehyde under anoxic conditions as described in
Chapter 3. In figure [39] the spectra of dithionite added to the ketone produces simply the
addition spectra of dithionite and the ketone. In figure 40} 4-hydroxybenzadehyde does not
produce the simple addition spectra, but its pKa is 7.61 (/29), so this may be attributed
to pH effects. The difference in shape is not explained by the aldehyde being reduced, as
conversion of the spectra to that of 4-hydroxybenzyl alcohol (figure 40| orange line) does
not produce the dithionite addition spectra shape. Either a small amount of aldehyde is

reduced, or more likely, this difference is simply due to pH effects as the sample moves
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Figure 39: Absorption spectra of 2-acetylnaphthone with dithionite

from neutral pH to high pH (~10) with dithionite reduction.
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Figure 40: Absorption spectra of 4-hydroxybenzaldehyde with dithionite
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