
Michigan Technological University Michigan Technological University 

Digital Commons @ Michigan Tech Digital Commons @ Michigan Tech 

Michigan Tech Publications 

4-4-2023 

Synthesis and Characterization of Humic/Melanin-like Synthesis and Characterization of Humic/Melanin-like 

Compounds by Oxidative Polymerization of Simple Aromatic Compounds by Oxidative Polymerization of Simple Aromatic 

Precursors Precursors 

Nastaran Khademimoshgenani 
Michigan Technological University, nkhademi@mtu.edu 

Sarah A. Green 
Michigan Technological University, sgreen@mtu.edu 

Follow this and additional works at: https://digitalcommons.mtu.edu/michigantech-p 

 Part of the Chemistry Commons 

Recommended Citation Recommended Citation 
Khademimoshgenani, N., & Green, S. (2023). Synthesis and Characterization of Humic/Melanin-like 
Compounds by Oxidative Polymerization of Simple Aromatic Precursors. Water (Switzerland), 15(7). 
http://doi.org/10.3390/w15071400 
Retrieved from: https://digitalcommons.mtu.edu/michigantech-p/17070 

Follow this and additional works at: https://digitalcommons.mtu.edu/michigantech-p 

 Part of the Chemistry Commons 

http://www.mtu.edu/
http://www.mtu.edu/
https://digitalcommons.mtu.edu/
https://digitalcommons.mtu.edu/michigantech-p
https://digitalcommons.mtu.edu/michigantech-p?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F17070&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F17070&utm_medium=PDF&utm_campaign=PDFCoverPages
http://doi.org/10.3390/w15071400
https://digitalcommons.mtu.edu/michigantech-p?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F17070&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F17070&utm_medium=PDF&utm_campaign=PDFCoverPages


Citation: Khademimoshgenani, N.;

Green, S.A. Synthesis and

Characterization of

Humic/Melanin-like Compounds by

Oxidative Polymerization of Simple

Aromatic Precursors. Water 2023, 15,

1400. https://doi.org/10.3390/

w15071400

Academic Editor: Bruno Charrière

Received: 3 March 2023

Revised: 26 March 2023

Accepted: 1 April 2023

Published: 4 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Synthesis and Characterization of Humic/Melanin-like
Compounds by Oxidative Polymerization of Simple
Aromatic Precursors
Nastaran Khademimoshgenani * and Sarah A. Green *

Department of Chemistry, Michigan Technological University, 1400 Townsend Drive, Houghton, MI 49931, USA
* Correspondence: nkhademi@mtu.edu (N.K.); sgreen@mtu.edu (S.A.G.)

Abstract: Dissolved organic matter (DOM) is a complex mixture of naturally occurring organic
molecules originating from multiple marine and terrestrial sources. DOM plays a significant role in
water quality by affecting the photochemistry, trace metal transport, and acidity in aquatic systems.
Understanding the chemical composition of DOM helps interpret the links between its optical
properties and molecular structures. Currently, the molecular origins of the optical properties of DOM
are not well-defined. In this study, we oxidize and initiate the polymerization of melanin precursors
1,8-dihydroxy naphthalene and 5,6-dihydroxy indole by the addition of hydrogen peroxide and/or
with ultraviolet irradiation. Our goal is to evaluate the possibility of reproducing the optical signatures
of DOM from simple aromatic precursors. Optical characterization shows an extreme shift of the
absorbance to a featureless trend and broad fluorescence peaks (350–500 nm) like DOM. Electrospray
ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) mass spectrometry show
evidence of oligomers with varying degrees of oxidation. The combination of our results shows that
about 1–4 units of melanin oligomers with varying degrees of oxidation mimic the optical properties
of DOM. Overall, our results strongly support the idea that simple precursors form oligomeric
chromophores mimicking DOMs optical properties through simple oxidative steps.

Keywords: dissolved organic matter; fungal melanin; oxidation; oligomers

1. Introduction

The chemistry of soil organic matter (SOM) and the origins of its optical properties have
been of great interest for decades [1,2]. SOM is the largest pool of organic carbon and a major
contributor to carbon cycling [3–5]. As one of the main links between terrestrial and aquatic
environments, the dissolved fractions of organic matter (DOM) contributes to nutrient
balance in soils [6], as well as mobilizing metal ions [7,8], and controls the optical field in
aquatic ecosystems [9]. One contributor to SOM, and potentially DOM, is fungal melanin,
which produces dark-colored pigments in soil [10] with analogous optical properties to
humic materials. As the largest pool of organic carbon in terrestrial environments, SOM
consists of many different compounds sourced from plants and microbial organisms [11].
A part of SOM is or becomes soluble as dissolved organic matter (DOM), which is likewise
a heterogeneous complex mixture with a range of molecular weights and functional groups.
DOM is one of the largest dynamic pools of organic compounds in aquatic ecosystems [12].
Chromophoric dissolved organic matter (CDOM) is defined as the colored fraction of DOM
that causes the brown color in streams and plays a significant role in optical dynamics and
nutrient cycling of aquatic environments; therefore, understanding the characteristics of
CDOM is crucial to water quality assessments and monitoring aquatic ecosystems [13–15].
Links between soil humic material and fungal melanin were suggested in the 1980s by Bell
and Wheeler [16], and, indeed, the idea was raised as early as 1940 [17]. Fungal melanin is
a heterogeneous group of dark-colored oligomers, which may contribute to dark-colored
humic fractions of soil [11,16,18]. Although the distribution of fungal melanin in soil and
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its impacts on carbon cycling of terrestrial environments have been studied recently [10,19],
the potential of fungal melanin to contribute to humic fractions of soil or to DOM, and
especially their optical properties, are not well constrained.

Fungal melanin and humic fractions of DOM show similarities in their optical prop-
erties (absorbance and fluorescence spectra), dark brown/black color, and categories of
building units (aromatic structures). Both fungal melanin and HA are presumably associ-
ated with various phenols, amino acids, proteins, carbohydrates, and lipids [16,20]. Because
of their similarities and the contributions of fungal melanin to humic substances, Bell and
Wheeler suggested in 1986 that soluble fractions of fungal melanin could contribute to the
dark brown color of the HA fraction of DOM [16]. Molecular formulas and mass ranges
of the soluble fractions of typical melanin structures and humic substances show some
similarities [21,22]. The main building block of eumelanin is dihydroxy indole (5,6-DHI),
and 1,8-dihydroxy naphthalene (1,8-DHN) is the precursor for fungal melanin (allomelanin)
(Scheme 1) [20]. Isolation, purification, and structural characterization of melanin polymers
have encountered challenges such as insolubility, resistance to chemical treatments, and
“molecular disorder” of the oligomeric units of melanin [20,23]. Similarly, defining the
molecular properties of HA has been challenging due to their innate heterogeneity as well
as their dynamic nature as they undergo photochemical and microbial degradations [24,25].
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UV-visible spectroscopy is a versatile analytical technique that has been used to char-
acterize both DOM and melanin. Absorption of DOM and its humic fractions is attributed
to charge transfer (CT) resulting from electronic interactions between electron-donating
and accepting groups [26]. Compared to well-defined absorption patterns of individual
molecules, electron donor-acceptor CT complexes in humic substances result in a feature-
less spectrum with a broad appearance [27]. Similarly, the broad absorption spectrum of
melanin is attributed to aggregation and intramolecular stacking of chromophores [28].
Computational studies have reproduced observed DOM absorption spectra from calculated
spectra of model compounds to demonstrate that the superposition of chromophores, with
or without CT interactions, can reproduce observed absorption spectra [29]. Compounds
such as coumarin, flavone, and other quinone and phenol-based structures were used
to model the absorption spectrum of DOM, with the assumption that DOMs absorption
spectrum represents the sum of the absorption spectra of its components [29]. Modeling
the intermolecular CT interactions within DOM molecules shows similarities in structural
properties to melanin pigments [29]. As a computational modeling approach to understand
the behavior and optical properties of eumelanin, Wang generated a virtual library of
several hundred dimers of DHI and its oxidation products. This study found that some
oxidized DHI dimers can give absorption bands >600 nm [30].

As a complementary approach to UV-visible spectroscopy, fluorescence spectroscopy
monitors the emission of photons when electronically excited species return to their ground
state. For CDOM, the excited charge-transfer complexes show a broad emission spectrum,
which shifts to the red with increasing excitation wavelengths, and an average quantum
yield of approximately 1% [27]. Melanin shows similar fluorescent characteristics, though
with a smaller quantum yield of ≈0.1%, and because of its extremely low quantum yield,
melanin has often been described as non-fluorescent [31–33]. These features of melanin have
been attributed to a “stacked oligomer” structure [34], which means that the oligomeric
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units of melanin with different sizes act as emitting species interacting with each other upon
excitation and generating fluorescence signals [31,34]. The optical trends of melanin, such
as broad (“enveloping”) fluorescence, are also explainable by the “superposition model”
proposed for CDOM, suggesting that the sum of multiple chromophoric moieties results in
broad emission maxima [35].

Reduction treatments have been used to reveal the significant role of quinone and
aldehyde/ketone fractions of CDOM, explained by the CT model [35,36]. Borohydride
is known to reduce both aldehyde/ketones and quinone fractions, whereas dithionite
selectively reduces quinones [37]. Borohydride reductions help gain insights into the
carbonyl-containing portions of CDOM, while dithionite treatments reveal information
about the quinone/hydroquinone contents of CDOM specifically [36,37]. The common
responses to reduction include a significant loss of absorbance and a fluorescence gain with
a blue shift. Del Vecchio et al. found that using dithionite for selective reduction of quinones
resulted in a negligible change of absorbance and little to no changes in fluorescence for
the SRFA standard; however, for the standard Elliot soil humic acid (ESHA), a significant
fluorescence gain in the visible region with a blue shift was shown [36]. The ESHA response
could be suitable for comparison to our model fungal melanin products [10]. In the
present work, the applicability of the CT model was investigated by using borohydride and
dithionite treatments and investigating the responses of our aged 1,8-DHN and 5,6-DHI
samples. Perhaps, based on the contribution of fungal melanin to SOM [10], it could be
expected that our aged products of oxidized 1,8-DHN and 5,6-DHI show similar changes
to the ESHA standard.

To elucidate the origins of the optical properties of CDOM, experimental modeling
approaches have used aromatic structures to mimic the optical properties of humic fractions
of CDOM. McKay demonstrated that autoxidized hydroquinone compounds reproduce
similar absorbance and fluorescence spectral trends of CDOM [35]. McKay also investigated
the effects of borohydride treatments and compared the absorbance and fluorescence
patterns to standard CDOM isolates such as SRFA, which revealed similar patterns of
absorption loss and blue-shifted enhanced fluorescence. This supported the CT model and
the significant role of aromatic compounds contributing to the optical characteristics of
CDOM, although no molecular characterization (e.g., mass spectrometry) was carried out to
investigate the molecular trends of oxidized humic-like products from hydroquinone and
CDOM [35]. Yakimov et al. showed that a heterogeneous mixture of aromatic compounds
such as dihydroxy benzoic acid (DHB) and tryptophan (Trp) reproduces humic optical
properties through oxidation [38]. In this study, photo-oxidation and ozonation of Trp
and DHB generated oxidized products with similar UV-visible absorbance, spectral slope,
and fluorescence trends compared to SRHA. Reduction treatments resulted in an overall
loss of absorption and fluorescence gain, indicating the consistency of humic-like optical
properties with the CT model; however, some discrepancies were observed in absorption
trends of reduced DHB, showing distinct absorption maxima instead of a humic absorption
trend [38]. In the present study, fungal melanin precursors are used to model humic
optical properties of CDOM through oxidative polymerization and study the optical and
molecular trends of the model fungal melanin compounds. The present study will address
the following: (1) Providing further evidence that humic optical trends of CDOM can be
mimicked by simple aromatic structures and developing comparable molecular trends to
HA. (2) Linking fungal melanin compounds to humic fractions of CDOM, considering the
contributions of melanized fungal communities in soil to organic matter and potentially its
colored soluble fractions (CDOM).

Mass spectrometry has proven to be a powerful analytical approach to identify molec-
ular signatures and molecular formulas of natural organic matter [39–41]. Mass spectrom-
etry of both DOM and melanin compounds has employed ionization techniques such
as electrospray ionization (ESI) [42,43] and matrix-assisted laser desorption ionization
(MALDI) [44,45]. Common mass spectra of DOM are composed of thousands (5000–10,000)
of m/z peaks detected in a mass range of 100–1000 Da, with most peaks below 600 Da [39].
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Likewise, ESI mass spectrometry shows masses for fungal DHN-melanin in the range of
300–500 Da [43], while for DHI-melanin, the scan range has been expanded from 100 to
2500 Da to include higher numbers of monomeric units [46]. For both DOM and melanin,
complementary analytical techniques such as elemental analysis alongside ESI and MALDI-
MS are needed for the prediction of molecular formulas and possible structures [39,43].
Mass spectrometry of melanin helps us understand chemical events during or after poly-
merization; however, it has been extremely challenging to assign any molecular formula
to these compounds as a consistently defined formula. One of the complications is that
the average mass of fungal melanin, depending on the fungal species and the number
of oligomeric units (4–8 units), may vary [47,48]. Therefore, for both DOM and melanin,
comparing ranges of the most common molecular formulas and their molar ratios is a
useful approach [41,49,50]. Graphical tools such as van Krevelen diagrams and Kendrick
mass defect (KMD) plots have been used to help visualize the molecular characteristics of
complex melanin polymers and humic fractions of DOM [39,49,51].

Here we employ optical measurements and mass spectrometry to probe similarities
and differences between DOM and lab-produced mixtures generated from the oxidation of
melanin precursors (Scheme 1). In this study, we hypothesize that oxidative polymerization
of simple melanin precursors such as 1,8-DHN and 5,6-DHI produces oxidized oligomers
that can mimic the humic-like optical properties of the colored fraction of DOM (CDOM).
In this work, we compare the optical and molecular properties of these model compounds
to those of humic fractions of CDOM. For this strategy, we selected simple molecular
precursors, typically used to synthesize model melanin compounds, to undergo photo-
oxidation and oxidative polymerization to develop humic-like properties. UV-visible and
fluorescence spectroscopy are used in combination with ESI and MALDI mass spectrometry
to characterize the products of the oxidative polymerization and aging process for 1,8-DHN
and 5,6-DHI precursors. In addition, the responses of the oxidized and aged products of
1,8-DHN and 5,6-DHI to reduction treatments are tested to investigate the applicability of
the CT model to explain the reproduced humic optical trends.

2. Materials and Methods

All chemicals, including 1,8-dihydroxy naphthalene (1,8-DHN), 5,6-dihydroxyindole
(5,6-DHI), sodium borohydride, sodium dithionite, acetonitrile, and hydrogen peroxide
30% (9.8 M) were purchased from Sigma Aldrich (St. Louis, MI, USA). Deionized water was
from a Barnstead™ E-Pure™ Ultrapure Water Purification System. Stock solutions of both
1,8-DHN (DHN) and 5,6-DHI were prepared by dissolving the precursor in acetonitrile
(ACN). 1,8-DHN samples were prepared by dissolving 0.056 g of solid 1,8-DHN in 15 mL
ACN (0.023 M). 5,6-DHI samples for the UV irradiation experiments were prepared by
dissolving 0.013 g of solid 5,6-DHI in 11 mL of ACN (0.008 M). The 10% ACN was a
compromise to maintain the solubility of both 1,8-DHN and 5,6-DHI precursors while
achieving 90% aqueous solutions. ACN is considered photochemically inert and relatively
resistant to radical reactions; therefore, ACN was not expected to alter the composition of
the samples. Stocks were diluted in water by a 1:10 ratio for irradiation in the UV reactor
(Table 1). The concentrations of the samples prepared for UV irradiation are included in
Table 1. For optical measurements of each sample, 50 µL of the original solution was diluted
with water to 10 mL. The pH values of the prepared samples are 1,8-DHN: pH = 6.0 and
5,6-DHI: pH = 6.5.

Table 1. Composition of samples, concentration, duration of UV exposure, and storage in the dark.

Compound Concentration in
1:10 ACN: Water Mixture H2O2 UV Irradiation Time Storage in the Dark

1,8-DHN 0.0023 M ___ 3 h 10 days

5,6-DHI 0.0008 M ___ 3 h 4 days

1,8-DHN 0.0023 M 5% v/v 3 h 10 days

5,6-DHI 0.0008 M 5% v/v 3 h 4 days
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2.1. Photochemical Oxidation in Ultraviolet (UV) Reactor

Samples were irradiated in a Rayonet UV reactor model RMR-600 with an RMR 3500A
lamp (350 nm) (Branford, CT, USA). 1,8-DHN and 5,6-DHI samples were prepared as above
with or without the addition of 5% hydrogen peroxide; H2O2 was added to accelerate
oxidation. Four replicate experiments were carried out to determine the amount of H2O2
to accelerate oxidation with little to no alterations to the optical trends while being able
to investigate the effects of aging of the samples over time. All samples were exposed to
UV irradiation for 3 h only to initiate the oxidative polymerization, with a measurable
change of UV-visible absorption. Afterward, samples were stored in a dark cell at room
temperature for 4–10 days, and absorbance and fluorescence spectra were collected at
regular intervals. The optical measurement intervals for 1,8-DHN were continued to the
point when an approximately featureless optical trend was achieved, and no significant
changes were observed from day 10 up to ~6 months. The 10-day aged samples were
used for optical and mass spectrometry characterization to avoid challenges of insoluble
precipitates formed over longer periods. The optical measurements for aging 5,6-DHI
ended earlier than expected (~4 days) due to the formation of insoluble precipitates.

Mass spectrometry analysis was done for untreated 1,8-DHN and 5,6-DHI and the aged
UV-irradiated samples stored in the dark. Parameters for the UV irradiation experiments
for 1,8-DHN and 5,6-DHI samples are shown in Table 1.

2.2. Ultraviolet (UV)-Visible Spectroscopy

Absorbance spectra were collected by Shimadzu UV-3600 plus UV-VIS-NIR spec-
trophotometer (Tokyo, Japan) in a Starna cell Spectrosil Far UV quartz with a useable range
of 170 to 2700 nm. The wavelength range was 260–600 nm. The sampling interval was
0.5 nm with a slit width of 2 nm.

Specific UV absorbance (SUVA) estimates were made on the oxidized and aged 1,8-
DHN (~6 months old). The absorbance values were normalized based on the estimated
dissolved organic carbon (DOC) per mg/L, assuming no remineralization. This measure-
ment was not carried out for aged 5,6-DHI samples due to the formation of dark insoluble
precipitates rather quickly (~4 days of aging).

2.3. Fluorescence Spectroscopy

Excitation and emission spectra were measured by a Horiba fluoromax-4 spectroflu-
orometer (Piscataway, NJ, USA). For emission spectra, three spectra were collected for
1,8-DHN consecutively at excitation wavelengths of 302 nm, 318 nm, and 332 nm. Similarly,
the emission spectra for 5,6-DHI samples were collected at the excitation wavelength of
298 nm. Excitation-emission matrix (EEM) spectra were collected over the excitation range
of 300 to 450 nm to demonstrate emission spectra and fluorescence intensities over a broad
range of excitation wavelengths. To increase the consistency of our comparison, the original
three-dimensional contour plots of EEM were flattened into a two-dimensional plot. All
measurements were recorded with a 1 nm slit and an integration time of 0.1 s.

2.4. Reduction Treatments

The aged 1,8-DHN and 5,6-DHI (~6 months old) were reduced by adding sodium
borohydride and sodium dithionite. Prior to borohydride treatments, pH adjustments were
considered by using NaOH to reach pH 7.0; however, pH levels of both aged 1,8-DHN
and 5,6-DHI were 7.0. Absorbance and fluorescence were recorded prior to reduction. For
reduction treatments, according to [52], 5 mg of sodium borohydride was added to 5 mL
of each 1,8-DHN and 5,6-DHI sample. Similarly, 5 mg of sodium dithionite was added to
5 mL of each 1,8-DHN and 5,6-DHI sample. After 48 h, the absorbance and fluorescence
of the samples were collected. The same procedure was repeated by three replicates. The
absorbance and fluorescence spectra were collected according to Sections 2.2 and 2.3.
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2.5. Mass Spectrometry

Mass spectra were collected with a Thermo Scientific Orbitrap Elite Mass Spectrometer
(Waltham, MA, USA) with a resolution of 240,000 and a mass range of 100–800 Da. One
hundred µL of analyte were injected for each analysis, and 150 scans were combined
for each sample. ESI in negative mode was selected as the ionization technique. In
addition, MALDI-MS analyses were conducted on Bruker Microflex LRF (Billerica, MA,
USA) instrument. For MALDI-MS, the selected matrix was 2,5-dihydroxybenzoic acid
(DHB), and the MALDI target was MSP 96 polished Steel.

Mass Spectrometry Analyses and Formula Assignments:

The software package MFassignR was employed for molecular formula assignment [53].
The molecular formulas are assigned to the ion m/z values by using the main elements C,
H, and O, while the user is also able to include heteroatoms such as N. Common formula
extensions, such as CO2 and H2O, are available to help reduce the number of ambiguous
formulas, by including surrounding peaks and their mass differences with the selected ion,
resulting in selecting only the most likely molecular formulas [53]. This software includes
noise estimation, recalibration for mass measurements, and molecular formula assignment
with necessary extensions. As a part of data analysis, the reconstructed mass spectra
alongside Kendrick Mass Defect (KMD) plots and van Krevelen diagrams were plotted for
each sample. KMD plots indicate a noise estimation with low-signal noise coming from the
instrument and higher signals representing the analyte itself, and van Krevelen diagrams
show the molar ratios of hydrogen-to-carbon (H/C) versus oxygen-to-carbon (O/C) for the
most common molecular formulas [53].

3. Results
3.1. Optical Properties
3.1.1. Absorbance Spectra

Figure 1 shows the absorbance spectra for 1,8-DHN and 5,6-DHI samples with and
without 5% H2O2. The spectra were collected before UV irradiation, after 3 h of irradiation,
and after aging in the dark for 4 days or 10 days for 1,8-DHN and 5,6-DHI, respectively. 1,8-
DHN initially shows three distinct absorption peaks at 302, 318, and 332 nm. Immediately
after UV irradiation and for days 1–6 of the aging process, all absorption peaks were still
present; however, they continuously decreased in intensity. Gradually, the distinct peaks
disappeared and turned into a featureless and broad absorbance spectrum (after day 7).
5,6-DHI samples showed a primary absorbance peak at 298 nm, which decreases during
the process of oxidation and aging. Eventually, its absorbance spectrum also becomes
featureless. For 5,6-DHI samples, the absorbance measurements were stopped after 4 days
because of the formation of insoluble dark-colored precipitates. A concomitant increase
in absorbance was observed for all samples in the range of 350–500 nm. In both cases,
oxidized materials show absorbance exponentially decreasing toward longer wavelengths,
resembling the spectra of humic substances. Figure 1 insets show the spectral slopes for
aged 1,8-DHN and 5,6-DHI, which can be compared to Suwannee River HA (SRHA) as the
standard sample (Figure S3). Aged 1,8-DHN samples with no H2O2 showed a log-linear
decrease of absorption with a similar absorption slope (−0.011) to aged 5,6-DHI samples
with no H2O2 (−0.010), whereas the spectral slope of SRHA is slightly steeper (−0.017)
(Figure S3). The spectral slope of aged 5,6-DHI with 5% H2O2 was −0.013, the closest
value to standard SRHA among all four samples. Changes in absorbance at 350 nm and
400 nm plotted over time show an overall increase of absorbance at 350 and 400 nm for
both samples (Figure S1). Comparing the samples with and without 5% H2O2 shows that
adding H2O2 significantly increased the absorption gain at 350 and 400 nm over time for
both 1,8-DHN and 5,6-DHI samples (Figure S1). Figure S2 shows the absorbance spectra
over time, noting: (1) The optical measurement intervals ended after reaching a featureless
spectrum (humic-like), while no significant changes in absorption trends were observed
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after 10 days up to 6 months of aging. (2) The optical measurements for aging 5,6-DHI
ended earlier than expected (~4 days) due to the formation of insoluble precipitates.
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log-linear absorption trends for each sample, and the dashed lines represent the best fitted line ac-
cording to the calculated equations demonstrated on each linear plot. Original 1,8-DHN solution: 
pH = 6.0, original 5,6-DHI solution: pH = 6.5, aged 1,8-DHN: pH = 7.0, aged 5,6-DHI: pH = 7.0. 

Figure 1. Absorbance spectra 1,8-DHN (a) and 1,8-DHN with 5% H2O2 (b), 5,6-DHI (c), and 5,6-DHI
with 5% H2O2 (d). (Blue): initial 1,8-DHN or 5,6-DHI. (Brown line): After UV irradiation and 10 days
aging for 1,8-DHN and 4 days aging for 5,6-DHI. All samples were diluted in water by 1:20. Insets:
Log-linear plots of absorbance for oxidized/aged 1,8-DHN (a) with a spectral slope of −0.011, and
1,8-DHN with 5% H2O2 (b) with a spectral slope of −0.0095, 5,6-DHI (c) with a spectral slope of
−0.010, and 5,6-DHI with 5% H2O2 (d) with a spectral slope of −0.013. The solid lines represent
the log-linear absorption trends for each sample, and the dashed lines represent the best fitted line
according to the calculated equations demonstrated on each linear plot. Original 1,8-DHN solution:
pH = 6.0, original 5,6-DHI solution: pH = 6.5, aged 1,8-DHN: pH = 7.0, aged 5,6-DHI: pH = 7.0.

As a further comparison with humic substances, specific absorbance (absorbance per
mg carbon) was estimated for the irradiated aged 1,8-DHN, as described in Section 2.2.
Figure S4 shows the specific absorbance for aged 1,8-DHN samples in the wavelength range
of 200 to 600 nm. The specific UV absorbance at 254 nm (SUVA) for 1,8-DHN samples was
7.70 L mg−1 m−1. SUVA was not measured for aged 5,6-DHI samples due to the overall
insolubility of the dark precipitates formed during the oxidation and aging process.

3.1.2. Fluorescence Spectra

Figure 2 shows the emission plots for 1,8-DHN and 5,6-DHI samples with/without 5%
H2O2. Figure S5 shows the flattened emission spectra for the Suwannee River HA sample,
compared to the emission spectra for 5,6-DHI and 1,8-DHN samples. For all samples, the
fluorescence intensity decreases after UV irradiation, and it continues to decrease during
10 days of storage in the dark. The number of days for fluorescence measurements of 5,6-
DHI samples was shortened due to the formation of insoluble black precipitates. Figure 2
shows that for samples without H2O2, the peak shapes remained the same (compared to
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normalized lines), but their intensities decreased substantially. 1,8-DHN samples with 5%
H2O2 showed new broad, red-shifted peaks (Figure 2). The emission spectrum for 5,6-DHI
with a 5% H2O2 sample similarly shows a shift towards red wavelengths. These emission
trends resemble the humic emission spectra (Figure S5).
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Figure 2. Emission spectra of 1,8-DHN (a) and 1,8-DHN with 5% H2O2 (b), 5,6-DHI (c), and 5,6-DHI
with 5% H2O2 (d), (Blue): untreated; (Brown): after UV irradiation and 4 or 10 days of storage
for 5,6-DHI and 1,8-DHN, respectively. (Light orange) normalized intensity for aged samples to
compare peak shapes (normalized version of brown-colored spectra, marked by the black arrows).
All samples were diluted in water by 1:20. For 1,8-DHN λex = 302 nm, for 5,6-DHI λex = 298 nm.
Original 1,8-DHN solution: pH = 6.0, original 5,6-DHI solution: pH = 6.5, aged 1,8-DHN: pH = 7.0,
aged 5,6-DHI: pH = 7.0.

Figure S5 shows emission spectra for a range of excitation wavelengths (300–550 nm)
for 1,8-DHN and 5,6-DHI samples to demonstrate the red-shifted peaks like Figure 2 over a
broad range of excitation wavelengths. The fluorescence emission spectra for aged 5,6-DHI
shows two broad peaks at 420 nm and 525 nm that are shifting to longer wavelengths. For
aged 1,8-DHN samples, the maximum peaks shift from 450 nm at the excitation wavelength
of 300 nm to 525 nm. This plot shows a similar trend compared to the Suwannee River HA
emission spectra in Figure S5.

3.2. Mass Spectrometry Results
3.2.1. ESI-MS Results

The negative-mode ESI mass spectrometry results for 1,8-DHN samples are shown in
Figures 3 and 4. These mass spectrometry results show evidence of 1,8-DHN molecules
being dominant in oxidized samples. Figure 3 shows the highest abundance peaks with
m/z: 159.04 for negatively charged 1,8-DHN ions and m/z: 148.04 for negatively charged
5,6-DHI ions. The formation of ions with higher masses compared to the original precursors
is demonstrated in all mass spectra; however, 1,8-DHN with 5% H2O2 shows four distinct
clusters in its mass spectra as evidence of oligomerization (tetramers) (Figure 3e). Negative
ESI results for 1,8-DHN samples with H2O2 show evidence of tetramers formed as new
clusters in KMD plots (Figure S6). The van Krevelen diagrams (Figure 4) show that the
original 1,8-DHN precursor has O/C = 0.2 and H/C = 0.8, and the 5,6-DHI precursor has



Water 2023, 15, 1400 9 of 19

O/C = 0.25 and H/C = 0.875. Figure 4 shows several data points for both samples with
higher O/C indicating evidence of oxidation. Oxidized samples have increased O/C (or
decreased H/C) (Figure 4). Figure S6 shows the formation of higher ion masses compared
to the original masses of the precursors, 160.17 g/mole for 1,8-DHN and 149.14 g/mole for
5,6-DHI in KMD plots. Figure 3 shows the mass spectra with higher m/z for the detected
ions, compared to the original 5,6-DHI with m/z of 149.14. In addition, Figure 4 shows
evidence of high degrees of oxidation since the original O/C ratio for 5,6-DHI is equal
to 0.25, and we can see higher ratios of O/C values that are mostly detected within the
range of 0.5 to 1.5. Tables S1 and S2 summarize the molecular formula assignments for the
marked m/z peaks in the mass spectra of aged 1,8-DHN and 5,6-DHI.
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indicated in each mass spectrum.
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Figure 4. van Krevelen diagrams for 1,8-DHN (a) and 1,8-DHN with 5% H2O2 (b), 5,6-DHI (c),
and 5,6-DHI with 5% H2O2 (d), in (-) ESI mode. All samples were diluted in water by 1:20. Red-
colored regions show the average molar ratios for DHN/DHI-melanin. Purple circles show molar
ratios for standard SRHA/SRFA. Black-colored diamond shapes show the original precursor’s
molar ratios for each precursor. The colored arrows represent suggested reaction pathways, black:
oxidation/reduction, orange: hydrogenation/dehydrogenation, blue: methylation/demethylation
(possibly polymerization), and grey: hydration/condensation [51]. The black star in each diagram
marks the molar ratios for dimers, H/C: 0.635, O/C: 25 for 5,6-DHI dimer, H/C: 0.6, O/C: 0.2 for
1,8-DHN dimer. The orange hexagon shows the molar ratio ranges for the most abundant assigned
formulas in Tables S1 and S2. The brown triangles mark the molar ratios for the molecular formulas
of higher masses assigned by MALDI-MS. Original 1,8-DHN solution: pH = 6.0, original 5,6-DHI
solution: pH = 6.5, aged 1,8-DHN: pH = 7.0, aged 5,6-DHI: pH = 7.0.

3.2.2. MALDI-MS Results

Figure S7 shows the MALDI-MS mass spectra for oxidized and aged 5,6-DHI and
1,8-DHN samples with dark insoluble precipitates. For the MALDI-MS method, the dark-
colored aged samples (~6 months old) were spotted onto the matrix (DHB). Figure S7
shows evidence of oxidation and potential oligomers (m/z: 296.2 for 5,6-DHI and m/z:
636.9 for 1,8-DHN) compared to the original masses of 149.1 Da for 5,6-DHI and 160.2 Da
for 1,8-DHN. Aged 1,8-DHN samples showed ions with higher masses, 428.4 and 636.9,
suggesting trimers and tetramers for 1,8-DHN. These results support the formation of
oxidizing and aging 1,8-DHN or 5,6-DHI oligomers, like ESI-MS results.

3.3. Reduction Treatment Results

The responses of aged 1,8-DHN and 5,6-DHI samples to sodium dithionite and sodium
borohydride treatments are shown in Figures S8 and S9. The reduced humic fractions of
DOM are typically expected to show a significant loss of absorption (UVB and visible region)
alongside significant fluorescence gain and a blue shift toward shorter wavelengths (Ma,
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Del Vecchio et al., 2010). Figure S8 shows that all reduced 1,8-DHN and 5,6-DHI samples
show an absorption loss in the UVB region and a decrease of absorption up to 500 nm for
both borohydride-reduced 1,8-DHN and 5,6-DHI samples. However, dithionite-reduced
5,6-DHI only shows a noticeable absorption loss between 300–500 nm.

Figure S9 shows a fluorescence gain for all samples, up to ~2× fluorescence gain for
aged 1,8-DHN reduced by sodium borohydride and up to ~4× fluorescence gain for aged
1,8-DHN reduced by sodium dithionite. Fluorescence gain due to reductions seems to be
the least significant for aged 5,6-DHI reduced by borohydride, and about 30% for 5,6-DHI
reduced by dithionite. Reduced 1,8-DHN samples show a blue shift of fluorescence (toward
shorter wavelengths) in their normalized spectra compared to the pre-reduction samples.

4. Discussion

In this study, we demonstrate that humic optical properties can be reproduced by
the oxidation of simple precursors. The crucial role of CDOM in the photochemistry
of aquatic environments and nutrient balance in soils has led to increasing attempts to
elucidate the molecular origins of DOMs absorbance and fluorescence properties. This
study is an attempt to link the optical and molecular properties of DOM by transforming
simple molecular structures through photo-oxidation and polymerization to develop humic
properties. To mimic the optical properties of DOM, we selected two aromatic precursors
that are analogous to common melanin precursors in natural environments to undergo
oxidative polymerization [43]. The main objective is to evaluate how closely the substances
generated by this process resemble DOMs optical properties. Optical measurements and
mass spectrometry analysis were used to monitor and analyze the changes due to oxidation
and polymerization of 1,8-DHN and 5,6-DHI. The interest in these aromatic precursors
comes from the fact that 1,8-DHN and 5,6-DHI are both fungal melanin precursors [43].
Bell and Wheeler suggested that the complex dark-colored pigments from fungal melanin
contribute to CDOM and its humic fractions of soils [16]. McKay found that once auto-
oxidized, simple precursors such as hydroquinone can mimic humic-like optical properties
detected in aquatic and terrestrial ecosystems [35]. The oxidized hydroquinone showed
similar responses to treatments such as borohydride reduction, compared to DOM, which
supports the role of charge-transfer interactions in the optical properties of DOM [35,54].
Leresche’s computational approach to modeling the optical properties of DOM showed
that using aromatic model chromophores and the superposition of their absorption spectra
can reproduce DOMs featureless absorption trends [29].

Two views of the origins of humic optical properties include: (1) The optical properties
of humic substances result from individual chromophore fractions adding up together [14,27].
In other words, the absorbance and fluorescence spectra of CDOM are formed because
of the superposition of multiple individual chromophores [14,27,29]. (2) The newer view
says that only a few chromophores are necessary to interact electronically (through charge-
transfer interactions) and form the unique optical properties of CDOM [35,55,56]. Here,
we investigate how simple chromophore precursors can evolve through oxidation and
aging to mimic these optical properties. Our strategy supports both views, indicating:
(1) The optical properties of humic substances can originate from multiple chromophoric
compounds (oligomers with varying degrees of oxidation), and the sum of their absorbance
and fluorescence results in humic-like optical properties. (2) The products of oxidative
polymerization and aging process of fungal melanin model compounds (1–4 oligomeric
units) could behave like charge transfer (CT) complexes in CDOM and produce humic
absorbance and fluorescence trends. The applicability of the CT model was investigated by
reduction treatments, showing similar responses associated with CT complexes in CDOM,
which include loss of absorption, fluorescence gain, and a blue shift of fluorescence maxima.

For humic fractions of CDOM, the absorbance spectra show increasing values to-
wards shorter wavelengths exponentially with no sharp peaks [56]. This characteristic
is interpreted as the absorbance from the sum of the charge-transfer interactions of the
chromophoric fractions to form the broad spectrum [27]. 1,8-DHN and 5,6-DHI showed
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similar absorbance spectra after the oxidative polymerization and aging process (Figure 1).
Continued oxidation and aging of 1,8-DHN precursors show an increase of absorption at
300–400 nm and the disappearance of 1,8-DHN’s absorbance peaks at 302, 318, and 332 nm
(Figure 1). A similar trend of absorbance changes occurred for 5,6-DHI samples over a
shorter period (Figure 1). 5,6-DHI samples were aged for a shorter time compared to 1,8-
DHN samples because dark-colored insoluble products were formed in 5,6-DHI samples
in ~4 days. During the oxidative polymerization of 5,6-DHI, the oxidized oligomers are
presumed to assemble and form large aggregates, developing dark-colored chromophores
made of DHI species [57]. Both absorbance spectra show significant and continuous loss of
distinct absorption peaks in the range of 28–340 nm and an increase in UVC absorptions
(below 280 nm) after UV irradiation and during storage in the dark (Figures 1 and S2). The
formation of oligomeric products of oxidative polymerization created new broad absorption
trends decreasing with longer wavelengths, roughly exponentially. Figure 1 insets show
the spectral slopes for aged 1,8-DHN and 5,6-DHI, which can be compared to Suwannee
River HA (SRHA) as the standard sample (Figure S3). Aged 1,8-DHN samples with no
H2O2 showed a log-linear decrease of absorption with a similar absorption slope (−0.011)
to aged 5,6-DHI samples with no H2O2 (−0.010), whereas the spectral slope of SRHA is
slightly steeper (−0.017) (Figure S3). The spectral slope of aged 5,6-DHI with 5% H2O2
was −0.013, close to SRHA. The spectral slopes between (−0.017)–(−0.010) are all within
the same range as freshwater samples [58] and standard SRFA/SRHA samples [59], except
for 1,8-DHN with 5% H2O2 that had the shallowest linear absorption trend with the slope
of −0.0095.

For humic fractions of CDOM, absorption spectral slope has been used as a parameter
to compare samples from different sources based on differences in molecular weight (MW)
and natural processes such as photodegradation (photobleaching) [60,61]. Typically, the
absorption slope shows negative correlations with the molecular weight of CDOM, which
means higher molecular weights of CDOM show smaller values of absorption slopes [58,61].
The differences in spectral slopes for aged 1,8-DHN and 5,6-DHI with 5% H2O2 compared
to SRHA confirms the negative correlation between spectral slope and molecular weight.
MALDI-MS results in Figure S7 show the higher masses formed in aged 1,8-DHN with
5% H2O2 compared to aged 5,6-DHI with 5% H2O2. The spectral slope for aged 1,8-DHN
with 5% H2O2 is shallower (−0.0095) compared to aged 5,6-DHI with 5% H2O2 (−0.0135)
(Figure 1) and standard SRHA (−0.017), which is consistent with the formation of 1,8-DHN
oligomers with higher molecular weights compared to aged 5,6-DHI samples. MALDI-
MS results in Figure S7 show ions with higher masses (up to tetramers) in the range of
282.3–787.4 Da for aged 1,8-DHN with 5% H2O2, compared to 296.2–548.6 Da for aged 5,6-
DHI with 5% H2O2. Overall, the spectral slopes were negatively correlated with molecular
weight for aged 1,8-DHN and 5,6-DHI with 5% H2O2, consistent with higher masses in
MALDI-MS results (Figure S7) and previously found correlations of CDOMs molecular
weight and spectral slopes [58,61].

Reduction treatment of CDOM and its humic fractions is a useful approach to probe the
molecular characteristics of the chromophoric fractions responsible for CDOMs absorbance
and fluorescence properties [36,37,55]. Evidence of the presence of electron-donor and
electron-acceptor moieties interacting electronically (CT model) has been confirmed by
several studies on reduction treatments of CDOM [36,37,55]. Sodium borohydride is
known to reduce aromatic aldehyde/ketone and quinones of CDOM and its humic isolates
with irreversible loss of absorbance and gain in fluorescence intensities alongside a blue
shift, while sodium dithionite is expected to selectively reduce quinones, causing loss of
visible absorption and little changes to fluorescence, partially or completely reversible
upon air exposure [35,36]. In the present work, to further evaluate the links between fungal
melanin models and humic fractions of CDOM, the aged 1,8-DHN and 5,6-DHI samples
were reduced by borohydride and dithionite, and absorbance and fluorescence spectra
were collected. Like CDOM, a loss of absorbance because of reduction was observed in
Figure S8. For 5,6-DHI reduced by dithionite, the loss of absorption was only evident
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between 300–550 nm. Figure S9 highlights the fluorescence gain for reduced aged 1,8-DHN
and 5,6-DHI samples, as well as a blue shift toward shorter wavelengths for both reduced
1,8-DHN samples. Del Vecchio and Schendorf found that dithionite reduction did not result
in any significant changes of fluorescence for the standard lignin model compounds and
SRFA; however, Elliot soil humic acid (ESHA) standard responded to reduction treatments
by showing fluorescence gain and a blue shift [36]. Figure S9 shows that borohydride and
dithionite-reduced 1,8-DHN showed a significant fluorescence gain and a blue shift, like the
responses of reduced ESHA. Borohydride and dithionite-reduced 5,6-DHI samples showed
fluorescence gains with no noticeable blue shift. Considering the aromatic nature of our
precursors and the oxidative polymerization approach, the similar responses of our aged
fungal melanin models support the significant contribution of aromatic moieties of CDOM
to its optical characteristics, especially to its fluorescence, by resulting in fluorescence
gain and a blue shift of the emission trends [37]. These findings are consistent with the
CT model explaining the origins of the optical properties of CDOM and its standard
isolates, providing further evidence that fungal melanin models could mimic humic optical
properties, fitting into both superposition and CT models. The resemblance of the responses
to reduction between ESHA [36] and aged 1,8-DHN could also be interpreted as evidence
indicating the contribution of fungal melanin with 1,8-DHN building units to ESHA and
its humic optical trends.

Specific UV absorbance (SUVA) at 254 nm is a common metric used to characterize
humic fractions of CDOM. SUVA is calculated by dividing the absorbance values by the
estimated concentration of dissolved organic carbon (DOC) in the samples [62]. SUVA
measurements at 254 nm are often correlated with the degree of aromaticity for marine
CDOM samples [62]. SUVA values at 254 nm show the absorbance of DOM per unit of
carbon, assuming aromatic fractions of DOM contribute strongly to this signal. Therefore,
SUVA values at 254 can be used as “surrogate” measurements for the contents of aromatic
carbon in both terrestrial and marine DOC fractions of DOM [63]. As DOM becomes
more processed, moving through the atmosphere and marine environments, SUVA values
increase [64]. Typically, high SUVA values are interpreted as high inputs from terrestrial
environments and increased microbial degradation [64]. The SUVA value for the 1,8-
DHN sample at 254 nm was estimated as 7.75 L/mg·m (Figure S4). This SUVA value
is higher than freshwater and seawater samples [58]. Marine DOM shows SUVA in the
range of 0–4.5, whereas SUVA values for terrestrial DOM can average up to 6.0 [64].
SUVA value of 7.75 L/mg·m for aged 1,8-DHN, higher than average SUVA of marine and
terrestrial DOM [64], is consistent with a higher degree of aromaticity in aged 1,8-DHN.
This observation is expected because natural humic substances also have aliphatic portions,
which are non-absorbing in optical measurements [65].

For humic fractions of CDOM, the fluorescence measurements show broad peaks
within the range of 400–500 nm, which shift towards longer wavelengths with varying
excitation wavelengths (300–600 nm) [56]. The emission spectra of 1,8-DHN and 5,6-
DHI samples were collected for untreated, oxidized, and aged samples throughout the
storage period. Figure 2 shows that for all 1,8-DHN samples, the fluorescence intensity
decreases after UV irradiation, and it continues to decrease during 10 days of storage in the
dark. The fluorescence intensities decreased by ~4× for aged 1,8-DHN and 5,6-DHI and
~9× for aged 1,8-DHN and 5,6-DHI with 5% H2O2, for 1,8-DHN samples with 5% H2O2,
new broad peaks that were shifted toward longer wavelengths were detected (Figure 2).
Figure 2 shows that the emission spectrum for 5,6-DHI samples also shifted towards longer
wavelengths (redshift) like 1.8-DHN samples. Overall, the emission spectral trends for
aged 1,8-DHN and 5,6-DHI samples resemble the humic emission spectra (Figure S5). To
compare the emission peaks within a broad range of excitation wavelengths, emission
spectra were plotted for the same aged 1,8-DHN and 5,6-DHI samples. Figure S5 shows
redshifts towards longer excitation wavelengths for both samples; however, 5,6-DHI also
shows lower-intensity emission peaks that are different from humic samples. Overall, the
emission spectra for aged 1,8-DHN samples were more like Suwannee River HA, which
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is consistent with the “superposition model”, where the sum of multiple chromophoric
structures such as oligomers with varying degrees of oxidation show broad humic-like
absorbance and fluorescence trends.

Negative-mode ESI results for 1,8-DHN samples with H2O2 show evidence of ions
with higher masses compared to the original precursor for all samples in both KMD
plots and the mass spectra (Figure 3 and Figure S6). Specifically, tetramers were formed
as new clusters in the mass spectra and KMD plots for aged 1,8-DHN with 5% H2O2
(Figures 3 and S6). As it was expected, KMD plots for our oxidized and aged samples
helped visualize the evidence for oligomerization by showing four distinct repeat units
for aged 1,8-DHN with 5% H2O2 (Figure S6). These results for aged 1,8-DHN samples
can be coupled with its optical characterization to support our initial hypothesis that
oxidative polymerization of a simple fungal melanin precursor forming only up to four
units can mimic humic properties. One mechanism for the formation of humic substances
is the formation of phenolic radicals and their oxidative polymerization in soil [66,67].
The oxidative polymerization products could be produced by enzymatic reactions (e.g.,
peroxidase) [68] and degradations by the fungi in soil (e.g., white rot) [69,70]. Our focus
in this study was to use mass spectrometry analysis to find evidence of oxidized and
aged oligomers of 1,8-DHN and 5,6-DHI precursors mimicking humic optical properties.
Therefore, our mass spectrometry results were naturally less complex, with lower mass
ranges and fewer m/z peaks in Figure 3, compared to aquatic or terrestrial CDOM and
its humic fractions [39]. All negative-mode ESI mass spectra for aged 1,8-DHN show the
base peak m/z: 159.04, which shows the detection of negatively charged ions of 1,8-DHN
molecules with an original molar mass of 160.17 g/mole. Other than the 1,8-DHN formula
being the most common (C10H8O2) with m/z: 159.04 for negative-mode ESI, the second
most abundant peaks have m/z: 325.18 with C20H22O4, a dimer of 1,8-DHN. Ions with
m/z: 317.08, 333.07, and 347.05 with assigned formulas of C20H14O4 and C20H14O5, and
C20H12O6 show more evidence of potential dimers of 1,8-DHN and its oxidized forms.
One of the highest masses formed is m/z: 523.10 with a molecular formula of C30H20O9,
as a possible oxidized trimer of 1,8-DHN. Figure 3 shows the formation of clusters with
higher masses for aged 5,6-DHI, compared to the original 5,6-DHI with m/z of 149.04 and
the original formula of C8H7NO2. The most abundant molecular formula of aged 5,6-DHI
is C16H14N2O4 with m/z: 297.08, as a potential dimer of 5,6-DHI. Ion with m/z: 200.07
(C8H13NO2 with m/z: 155 Da) shows hydrogenation of 5,6-DHI and addition of CO2 (m/z:
155 Da + m/z of CO2: 44 Da), consistent with some of the higher H/C and O/C values in
Figure 4. Ions with m/z: 293.05 (C16H10N2O4) and 329.04 (C16H14N2O6) show evidence of
oxidized dimers of 5,6-DHI. One of the highest masses formed, m/z: 414.21 (C24H21N3O4),
could be part of a 5,6-DHI trimer ion. Tables S1 and S2 summarize the most abundant
molecular formulas assigned to aged 1,8-DHN and 5,6-DHI.

Considering the chemical variability and complexity of the mass spectrometry data
for DOM and its standard references, a useful approach is to compare ranges of molar
ratios representing their most common molecular formulas. Kim studied the molecular
characteristics of SRFA and SRHA [41] and found the following ranges of molar ratios: O/C:
0.20–0.75 and H/C: 0.5–1.5. SRFA and SRHA are commonly analyzed isolates of DOM,
differentiated by their solubility at different pH levels. Figure 4 shows that these ranges
encompass most of the common molecular formulas (purple circles) in the van Krevelen di-
agram for aged 1,8-DHN and 5,6-DHI. The number of molecular formulas assigned to aged
5,6-DHI and 1,8-DHN were 1187 and 400. The purple SRHA/SRFA region encompasses
over 90% of those formulas, with some formulas having higher O/C for both 1,8-DHN and
5,6-DHI and some having lower H/C and O/C for aged 5,6-DHI, falling outside of the
SRFA/SRHA regions. These differences could be linked to the presence of H2O2 in the sam-
ples, resulting in higher O/C values and higher aromaticity of aged 5,6-DHI, showing lower
H/C and O/C compared to the SRFA/SRHA region. All samples show a shift towards
higher O/C (following the black arrow), which is consistent with the expected oxidation;
however, this shift toward higher O/C appears more frequently in the right-side plots,
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consistent with the addition of H2O2. For 5,6-DHI samples, some hydrogenation (higher
H/C, orange upward arrow) is suggested, alongside the diagonal grey arrow suggesting
hydration. The blue arrow could be indicating the oxidative polymerization of original
precursors following the diagonal line, while H/C decreases (loss of hydrogen due to the
presence of hydroxyl radicals) and O/C increases (oxidation). Mass spectrometry studies of
oxidative polymerization and formation of 1,8-DHN oligomers show that in negative-mode
ESI, loss of hydrogen is expected after ionization, alongside the expected C-C and C-O
bond formations by oligomers [43]. These reaction pathways are merely qualitative to
investigate possible transformations of natural organic matter [51]. The red marked areas
show the molar ratios for synthetic melanin and humic-like substances with 5,6-DHI and
1,8-DHN building blocks, with O/C = 0.25 and H/C = 0.78–0.79 [49,50], encompassing
many of assigned molecular formulas in Figure 4. The black diamond shapes mark the
molar ratios for the original precursors, confirming the presence of original 1,8-DHN and
5,6-DHI molecules in several points in Figure 4. The black star represents the molar ratios
of dimers, showing that the formation of dimers is confirmed by molecular formula assign-
ments, and the orange hexagons show the ranges of molar ratios for the most abundant
molecular formulas summarized in Tables S1 and S2. The brown triangles mark the molar
ratios for higher masses in MALDI-MS results, highlighted for comparison, noting that
MALDI-MS samples were aged for ~6 months, containing precipitates with higher masses.
Therefore, some of the MALDI-MS molar ratios do not overlap with assigned ESI-MS
formulas to the samples aged for ~10 days (Figure 4).

MALDI-MS was selected to couple with ESI-MS results to improve the detection of
larger oxidized oligomers in the aged samples. MALDI-MS results also showed evidence
of oligomers formed with higher masses (Figure S7). For aged 5,6-DHI, m/z: 296.2 is likely
to be representing the formula of C16H12N2O4, and m/z 302.3 and 366.4 could be assigned
to C16H18N2O4 and C16H6N4O7, which show evidence of oxidation and dimers of 5,6-DHI.
The highest mass for 5,6-DHI in the MALDI-MS mass spectrum is m/z:548.6, potentially
showing a tetramer of 5,6-DHI (C32H12N4O8). One of the major m/z peaks of the 1,8-
DHN’s MALDI mass spectrum is 549.1, which could be assigned to C30H24O6 as the trimer
of 1,8-DHN. Ions with m/z: 282.3, 366.5, 636.5 are likely to be C19H10O2 (dimer with loss of
CO2/H2O), C20H28O6 and C40H38O8 as potential trimers and tetramers of 1,8-DHN. Based
on the general definition of fungal melanin consisting of 4–8 monomer units [71], MALDI
mass spectrometry of our aged 1,8-DHN and 5,6-DHI samples shows evidence of oxidized
melanin oligomers up to 4 units (tetramers with m/z: 636.9). Typical examples of the
assigned molecular formulas to standard HA by high-resolution mass spectrometry include
C16H13O12, C18H21O10, and C20H22NO8 [72,73], comparable to the suggested molecular
formulas for our aged samples. Overall, the mass spectrometry results showed evidence
of oxidative polymerization of 1,8-DHN and 5,6-DHI, where up to 4 oligomeric units
(tetramers) were formed for 1,8-DHN with 5% H2O2. For 5,6-DHI samples, the results
showed some ions with higher masses (dimers) and varying degrees of oxidation, but
the results were not as straightforward because of the insolubility of 5,6-DHI’s oxidative
polymerization products. The growth of small 5,6-DHI oligomers (e.g., dimers, trimers, etc.)
starts slowly, but then these small oligomers grow into larger aggregates, which assemble
(i.e., self-assembly) and form dark insoluble precipitates over several days [57,74].

5. Conclusions

Our findings show that oxidative polymerization of 1,8-DHN and 5,6-DHI as fungal
melanin precursors reproduces optical characteristics of humic fractions of CDOM. In this
study, 1,8-DHN samples were successfully oxidized and polymerized after UV irradiation
and aging. 5,6-DHI samples initially showed a similar trend to 1,8-DHN, but the aging
process resulted in the formation of dark insoluble precipitates. Absorbance spectra of
1,8-DHN and 5,6-DHI showed significant loss of absorbance, the disappearance of orig-
inal absorbance peaks, and an overall shift towards a broad and featureless humic-like
absorbance spectrum. Fluorescence spectra likewise showed shifts towards longer wave-
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lengths (redshifts), turning into broad peaks from 400–500 nm, which is another attribute
of the humic substances. Humic-like optical properties of CDOM reproduced by the aged
1,8-DHN and 5,6-DHI can be explained by the superposition model, the sum of oligomers
with varying degrees of oxidation forming humic optical trends, and the CT model, possible
CT interactions revealed by reduction treatments resulting in broad absorption and fluo-
rescence trends. Mass spectrometry results showed evidence of 1,8-DHN dimers, trimers,
and tetramers being formed. Adding H2O2 as an oxidizing agent resulted in accelerated
oxidative polymerization, as observed in negative-mode ESI mass spectra. However, mass
spectrometry results of aged 5,6-DHI samples were more complex due to the formation
of dark-colored insoluble precipitates during the experiments. Overall, absorbance and
fluorescence spectra of oxidized 1,8-DHN and 5,6-DHI over time showed similarities in
their trends compared to the absorbance and fluorescence spectra of humic fractions of
CDOM. In conclusion, the results of optical and molecular characterization of oxidative
polymerization of 1,8-DHN and 5,6-DHI show that only about 1–4 units of oligomers with
varying degrees of oxidation mimicked the optical properties of humic fractions of CDOM.
This supports our hypothesis that we could mimic humic properties by oxidizing and aging
simple melanin precursors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15071400/s1, Figure S1: Absorption changes (∆(Abs)) for aged
1,8-DHN and 5,6-DHI at 350 nm and 400 nm over time; Figure S2: Absorbance spectra of 1,8-DHN
and 5,6-DHI, no H2O2, and with 5% H2O2; Figure S3: Absorbance spectrum and log-linear absorption
plot of Suwannee River humic acid (SRHA); Figure S4: Specific absorbance of the aged 1,8-DHN
sample (~6 months) per estimated DOC (mg/L); Figure S5: Flattened excitation-emission matrix
(EEM) plots for aged 1,8-DHN, aged 5,6-DHI, and SRHA; Figure S6: KMD plots for post-irradiation
samples of 1,8-DHN and 5,6-DHI, with or without 5% H2O2; Figure S7: Mass spectra of oxidized
and aged 5,6-DHI and 1,8-DHN (MALDI); Table S1: Molecular formulas assigned to ESI-MS results
for aged 5,6-DHI + 5% H2O2; Table S2: Molecular formulas assigned to ESI-MS results for aged
1,8-DHN + 5% H2O2; Figure S8: Absorbance spectra of aged 1,8-DHN and 5,6-DHI, treated with
sodium borohydride and sodium dithionite; Figure S9: Fluorescence spectra of aged 1,8-DHN and
5,6-DHI, treated with sodium borohydride and sodium dithionite.
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