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Dissolved coumarinsare rapidly degraded at alkaline pH

ABSTRACT: Coumarins are exuded into the soil environment by
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plant roots in response to iron (Fe) deficiency. Previous studies
have shown that coumarins can increase the Fe solubility upon

interaction with sparsely soluble Fe(IIl) (hydr)oxide. However,

the chemical mechanisms of Fe(IIl) (hydr)oxide dissolution by

coumarins remain unclear. The high redox instability of dissolved wavelength

coumarins and the interference of coumarins in determining the Fe =~ feomerneomsiexprotecsthecomarin spsintdegradation  Ferorine e comermeompions -+
redox state hinder the quantitative and mechanistic investigation of /

coumarin-induced Fe mobilization. In this study, we investigated \iﬁ ‘ N

the oxidative stability of three coumarins that have been found in

root exudates, esculetin, scopoletin, and fraxetin, over a broad pH ~

range under oxic and anoxic conditions. Our results show that the vavelenglh vavelengh

oxidation of coumarins is irreversible under oxic conditions and

that oxidative degradation rates increased with increasing pH under both oxic and anoxic conditions. However, the complexation of
Fe protects coumarins from degradation in the circumneutral pH range even under oxic conditions. Furthermore, we observed that
Ferrozine, which is commonly used for establishing Fe redox speciation, can facilitate the reduction of Fe(III) complexed by
coumarins, even at circumneutral pH. Reduction rates increased with decreasing pH and were larger for fraxetin than for scopoletin
and esculetin. Based on these observations, we optimized the Ferrozine method for determining the redox state of Fe complexed by
coumarins. Understanding the stability of dissolved coumarins and using a precise analytical method to determine the redox state of
Fe in the presence of coumarins are critical for investigating the mechanisms by which coumarins enhance the availability of Fe in
the rhizosphere.
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B INTRODUCTION

esculetin and fraxetin as well as di- and trimers)."” Potentially,
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Coumarin and its derivatives (collectively referred to as
coumarins) are secondary plant metabolites that are widely
distributed in soil environments."” Recent studies have
reported that nongraminaceous species such as Arabidopsis
thaliana exude hydroxylated coumarins into their rhizosphere
in response to iron deficiency.””'> Fe deficiency typically
occurs in well-aerated alkaline and calcareous soils where the
bioavailability of iron (Fe) is constrained by the low solubility
of ferric hydroxide minerals.”” Due to their reducing and
ligating properties, coumarins may increase Fe solubility in the
soil via two chemical mechanisms: reduction of ferric iron
(Fe(II)) to the much more soluble ferrous iron (Fe(Il)) and
formation of soluble complexes with Fe(III) and Fe(II).*'"'*

Root exudates of Fe deficient plants exuding coumarins
typically contain mixtures of hydroxylated coumarin derivatives
such as scopoletin, esculetin, and fraxetin.¥1151¢ Results from
our recent study suggest that redox reactions at Fe(IIl)
(hydr)oxide mineral surfaces can induce the transformation of
one coumarin (e.g., scopoletin) into a variety of others (e.g,
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each of these coumarins may play an important role in
biological Fe acquisition. Despite their potential importance,
the reactivity of coumarins and the chemical mechanisms by
which they enhance Fe availability have scarcely been studied,
in part due to methodological and experimental challenges.
For instance, the limited water solubility of coumarins over
most of the environmentally relevant pH range and the redox
instability of their dissolved species hamper the quantitative
and mechanistic investigation of coumarin-induced Fe
mobilization, even in laboratory-based experiments. Already,
for the preparation of coumarin stock solutions, these features
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can lead to complications like incomplete dissolution and
contamination of the stock with oxidation products. Up until
now, three methods have been reported to dissolve coumarins:
dissolution in (1) a methanol—water mixture (30—80% v/v
methanol),”'® (2) boiling water," and (3) a slightly alkaline
aqueous solution.”” Coumarins readily dissolve in methanol
due to their hydrophobic aromatic ring structure. Dissolving
hydrophobic organic compounds in a methanol—water mixture
is the most widely used method for preparing stock solutions.”!
However, methanol can impact the reactivity of coumarins,
particularly at the mineral surfaces. For example, methanol in
mixed solvents (methanol + water) can significantly influence
the surface charge of (oxyhydr)oxide minerals like goethite (a-
FeOOH) and hematite (a-Fe,0;), thus affectinzg adsorption of
organic and inorganic ions onto such surfaces. 423 Therefore,
the application of methanol mixed solvents complicates a
quantitative analysis and interpretation of chemical reactions
between coumarins and Fe(III) (hydr)oxide minerals. In
boiling water, coumarin dissolution was reported to be fast and
complete,'” yet while cooling the solutions to 25 °C,
amorphous coumarin reprecipitated, making this method
unsuitable for preparing stock solutions to be used at room
temperature.

Alternatively, solid coumarins can be dissolved in moder-
ately alkaline solutions (pH 7.5—8.5), in which the coumarin’s
phenolic OH groups (partially) deprotonate, resulting in
enhanced water solubility.”* However, in the presence of
oxygen, dissolved coumarins can undergo oxidative degrada-
tion, e.g., via hydroxylation, quinone formation, and/or
dimerization reactions. Such reactions can be accelerated
under alkaline conditions."” At present, dissolution under
alkaline conditions appears to be the only potentially suitable
method for preparing coumarin stock solutions in experiments
examining coumarin reactivity with environmental surfaces.
Hence, an understanding of the chemical stability of dissolved
coumarins as a function of pH is essential for controlling the
quality of coumarin stocks but also for avoiding aging of
experimental samples. Therefore, in this study, the degradation
of three coumarins commonly found in plant exudates, fraxetin,
scopoletin, and esculetin, is examined over a broad pH range
(pH 4—12.5) under oxic and anoxic conditions.

Another experimental challenge concerns establishing the
redox speciation of mobilized Fe. As coumarins can reduce and
chelate Fe in the rhizosphere, both soluble Fe(Il) and Fe(1II)—
coumarin complexes may form. To investigate the prevalent
mechanism of Fe mobilization by coumarins, a method is
needed for quantifying the concentrations of both Fe redox
species in the presence of coumarins. It is key that the net Fe
redox state remain unaffected throughout the analytical
procedure. Ferrozine-based colorimetric assays have been
widely used for determining Fe(I) concentrations over the
last century. It has been demonstrated that sample properties
like pH,” temperature,” and ionic strength”” and the presence
of competitive ligands™® and organic matter’”*" can affect the
accuracy of the analysis. For the analysis of Fe redox speciation
in coumarin solutions, there are three specific concerns. First,
solutions of coumarins and their Fe(Ill) complexes absorb
photons over a broad range of the UV—vis spectrum. This may
include the wavelength commonly used for the Ferrozine assay
(ie, 563 nm),”>*’ potentially leading to interference and an
overestimation of the Fe(II) concentration. Second, both
coumarins and Ferrozine can reduce Fe(III).”"* It is presently
unknown if the addition of Ferrozine to solutions with a

circumneutral pH containing Fe(III) and coumarins may shift
the redox equilibrium to an extent that Fe(IIl) is reduced to
Fe(II), also leading to an overestimation of the Fe(II)
concentration. Third, although an excess of Ferrozine has
been shown to recover Fe(Il) from an array of environmental
samples, there are no reports on the efficiency and kinetics of
the ligand exchange reaction for Fe(Il) from coumarins to
Ferrozine. Therefore, it is unclear if the exchange reaction will
be complete and if equilibrium is reached on a practical time
scale.

Hence, in this study, we have investigated whether the
classical Ferrozine assay is suitable for analyzing Fe redox
speciation in coumarin solutions at circumneutral pH or if
adaptations are required. Specifically, we examined if the ligand
exchange reactions from Fe(Il)—coumarin to Fe(II)—Ferro-
zine complexes are complete, if spectral interferences from
Fe(III)—coumarin complexes may compromise quantification
of Fe(II) concentrations by the Ferrozine assay, and if Fe(III)
reduction occurred due to addition of Ferrozine to solutions
containing Fe(III) and coumarins. Based on our findings, we
suggest modification of the Ferrozine assay to improve the
accuracy and precision in quantifying Fe(II) concentrations in
samples containing coumarins or their Fe(III) chelate
complexes.

B MATERIALS AND METHODS

Materials. Esculetin (6,7-dihydroxycoumarin, CyHO,,
>98%, Alfa Aesar), scopoletin (6-methylesculetin, C,,HgO,,
>99%, Sigma-Aldrich), fraxetin (7,8-dihydroxy-6-methoxycou-
marin, C;HgO;, >98%, Sigma-Aldrich), iron(II) chloride
tetrahydrate (FeCl,-4H,0, >99%, Sigma-Aldrich), iron(III)
chloride hexahydrate (FeCl;:6H,0, >99%, Merck), Ferrozine
(CyoH3N,NaO¢S,-xH,0, >98%, ACROS organics), ammo-
nium acetate (CH;COONH,, >98%, Merck), sodium
hydroxide (NaOH, >99%, Merck), hydrochloric acid (HC],
30% supra pure grade, Merck), and sodium chloride (NaCl,
>99.5%, Merck) were used as received without further
purification. Piperazine-1,4-bis(propane-sulfonic acid)
(PIPPS, C,;H,,N,0¢S,, pK,, = 3.73, pK, = 7.96, >97%
pure, Merck), 2-morpholinoethanesulfonic acid monohydrate
(MES, C¢H,,N,H,0, pK, = 6.06, >99%, Merck), 3-(N-
morpholino)propanesulfonic acid (MOPS, C,H;{NO,S, pK, =
7.20, >99%, Carl Roth GmbH + Co), 1,4-dimethylpiperazine
(DEPP, C(H\4N,, pK,; = 4.48, pK,, = 8.58, >98% Sigma-
Aldrich), and N,N,N’,N’-tetramethylethylenediamine (TEEN,
(CH,),NCH,CH,N(CHS,),, pK,, = 6.58, pK,, = 9.88, >99.5%,
Sigma-Aldrich) were used as pH buffers. All experimental and
analytical solutions were prepared with ultrapure water
(resistivity > 18.2 MQ-cm, TOC < 2 ppb, Milli-Q, Millipore).

Preparation of Stock Solutions of Coumarins. To
prevent oxidative degradation of the coumarins, stock solutions
for fraxetin, scopoletin, and esculetin were prepared in an
anaerobic chamber (mBRAUN, unilab 7185) under a N,
atmosphere at room temperature (20 + 1 °C). A O,
concentration in the gas phase of less than 1 ppm was
monitored and controlled. Water was preboiled for more than
1 h and was purged with N, while cooling to 60 °C before
introduction into the anaerobic chamber. For the introduction
of N,-purged water and solid materials into the anaerobic
chamber, the atmosphere in the antechamber was exchanged
with N, gas at least 10 times. The water and solid materials
were stored overnight in the chamber prior to usage. 2.5 mM
coumarin stock solutions were prepared by adding water to the
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solid coumarins and gradually increasing the solution pH to
8.1—8.3 through addition of 10—20 yL aliquots of 0.1 or 0.5 M
NaOH solutions until a clear bright yellow solution was
obtained. The pH of the solutions was carefully monitored
with a pH meter (Orion 3 star, Thermo) throughout the
dissolution process in order to prevent increasing the solution
pH further than necessary for complete dissolution. The stock
solutions were kept in aluminum foil wrapped 50 mL
CELLSTAR Polypropylene Tubes (Cat. No.: 210261,
Greiner) in the anaerobic chamber.

Spectrophotometric Analysis of the Stability of
Dissolved Coumarins and Fe—Coumarin Complexes.
The chemical stability of coumarins and Fe—coumarin
complexes was examined as a function of time at 20 + 1 °C
by UV—vis spectrophotometry (Varian Cary 50). Absorbance
spectra were measured over a wavelength range from 200 to
800 nm. We focused our interpretation on the absorbance peak
in the high UV—low vis range (maximum absorbance (4,,,)
between 340 and 430 nm).*”* We specifically monitored the
absorbance at A, of the original coumarin compound (i.e.,
Amax at t = 0), which was coumarin and treatment specific.
Changes over time in peak height and A,,,, were interpreted as
indicators for the degradation of the original coumarin
compound. Identification of degradation products and
determination of their specific absorbance fell outside the
scope of this study. It should, however, be noted that
degradation products may also absorb light in the afore-
mentioned wavelength range. Therefore, interpretation of the
remaining absorbance at A, of the original coumarin as a
measure for its concentration may result in an overestimation;
in fact, it represents the maximum possible remaining
concentration (in case there is no interference from
degradation products), corresponding to a lower limit for
degradation.

pH-Dependent Stability of Dissolved Coumarins. The
effect of pH on the chemical stability was examined under oxic
conditions (pO,: 0.2 atm) for the pH range of 4 to 12.5.
Reactors (Polystyrene, Greiner) with experimental coumarin
solutions containing 42 uM fraxetin, scopoletin, or esculetin
and 0.01 M NaCl as background electrolyte were prepared
under anaerobic conditions and taken from the anaerobic
chamber just before starting the experiments. The pH was set
by adding NaOH solution and buffered with S mM PIPPS (pH
4 and 8.5), MES (pH 6), MOPS (pH 7), DEPP (pH 9.5), or
TEEN (pH 10.5). These buffers do not absorb light at
wavelengths lalzger than 240 nm and do not complex trace
metals like Fe.”*** For the treatments at pH 11.5 and 12.5, no
buffer was applied. The pH of the coumarin solutions was
monitored and maintained throughout the experiments (ApH
= +0.05), using small aliquots of 0.01 and 0.05 M NaOH if
necessary. In order to transfer oxygen efficiently, the reactors
were purged with air by using a peristaltic pump (40 rpm). 0.1
um PVDEF filters (0.1 gm, Millipore, catalog no. SLVV033RS)
were attached to the tubes connected to the pump to prevent
dust particles from entering into the reactors. t = 0 corresponds
to the moment of starting the air pump. Samples were drawn
periodically during 24 h and were analyzed immediately.

Additionally, anaerobic control experiments were done at
pH 10.5 and 12.5 in the anaerobic chamber (pO, < 1 ppm
(ie., 107 atm), corresponding with an equilibrium O, solution
concentration of <13 nM; hence, coumarin oxidation by O,
can be assumed negligible under these conditions). The pH of
the coumarin solutions was set directly before sampling started

(t = 0). Samples were taken out of the anaerobic chamber
immediately and analyzed on a UV—vis spectrophotometer
within 1 min. The cuvette containing the sample was capped,
and the headspace was minimized to minimize exposure to
atmospheric oxygen during the measurement.

In order to examine the effect of temporarily overshooting
the pH under oxic conditions on the stability of dissolved
coumarins, experiments were conducted in which the pH of
coumarin solutions was increased to 10.5 or 12.5 by adding
NaOH, maintained at that pH for 2 h, and then decreased to
pH 8.5 by adding HCl and PIPPS buffer. For these
experiments, t = 0 corresponds to the moment when the pH
was decreased to 8.5.

Stability of Fe—Coumarin Complexes. The stability of
Fe(Il)— and Fe(Ill)—coumarin complexes was examined
spectrophotometrically at circumneutral pH (pH 6 (MES),
pH 7 (MOPS), and pH 8.5 (PIPPS)) under oxic and anoxic
conditions. By mass spectroscopy, it is shown that Fe and
coumarins form complexes in a 1:2 ratio at pH 6.5 and in a 1:3
ratio at pH 8.5 conditions (Figure S1). To ensure a
stoichiometric excess of coumarins over Fe, they were mixed
in a molar ratio larger than 3. Fe—coumarin solutions
containing 42 or 83 uM fraxetin, scopoletin, or esculetin, 10
uM Fe(II) or Fe(III), 0.01 M NaCl, and S mM pH buffer were
prepared under anaerobic conditions. For oxic treatments, the
Fe—coumarin solutions were taken from the anaerobic
chamber just before the experiments. For anoxic treatments,
t = 0 corresponded to the moment of fixing the pH of the
experimental solution, and for oxic treatments, it corresponded
to the moment of starting the air pump (see previous section
for aeration procedure). Samples from the Fe—coumarin
solutions were taken periodically over 24 h and were
immediately analyzed.

Ferrozine Assay for Determining Fe(ll) Concentra-
tions in Solutions Containing Coumarins. Potential
spectral interferences of Fe—coumarin complexes with the
Ferrozine assay for determining Fe(II) concentrations were
examined by adding Ferrozine to solutions containing Fe(II),
Fe(III), Fe(Il)—coumarin complexes, Fe(III)—coumarin com-
plexes, and a mixture of both Fe(II)— and Fe(Ill)—coumarin
complexes. For treatments involving Fe—coumarin complexes,
Fe and coumarin stock solutions were mixed first in order to
allow Fe—coumarin complexes to form (2 h), before addition
of Ferrozine. The analyzed samples contained reactants in the
following concentrations: 10 yM Fe(II), 10 yM Fe(III), 83
UM coumarin, 3 mM Ferrozine, 0.01 M NaCl, and 5 mM of
the pH buffers (pH 6, 7, and 8.5). All experimental solutions
and samples were prepared under anaerobic conditions.
Samples were taken out of the anaerobic chamber just before
analysis. The spectra of the samples were analyzed by UV—vis
spectrophotometry over the wavelength range of 200 to 800
nm. Total Fe concentrations were measured by inductively
coupled plasma mass spectrometry (ICP—MS, Agilent-7700;
limit of quantification: 0.8 ug L™" Fe (0.014 uM)).

Changes in Fe redox speciation due to reduction of Fe(III)
in Fe(III)—coumarin complexes by Ferrozine were investigated
under anoxic conditions at pH 6, 7, and 8.5. Absorbance was
measured repeatedly for the wavelength range from 400 to 800
nm, and Fe(II) concentrations were determined using the
Ferrozine assay (563 nm; & = 2.86 X 10° M™' cm™).
Reduction rates were calculated from the slopes of linear
regression lines of the Fe(Il) concentration as a function of
time; the time interval used for the regression was from 0 to 4
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Figure 1. Change in UV—visible absorbance (abs) spectra over time under oxic conditions at pH 12.5 is shown for (a) fraxetin (frax), (c)
scopoletin (scop), and (e) esculetin (esc) (initial concentration: 42 4M). The decreasing absorbance at the initial A,,,, around 390 nm as a function
of time at various pH values under oxic conditions is shown in (b) frax (4,,,,: 393 nm), (d) scop (A 389 nm), and (f) esc (A 396 nm) (full

spectra can be seen in Figures S2, S3, and S4).

h (for treatments in which more than 50% of the Fe(III) was
reduced within 4) or from 0 to 24 h (for treatments in which
less than 50% of the Fe(IlI) was reduced within 24 h) (Figure
$26).

Spectrophotometric Analysis Dissolved Coumarins in
Methanol-Water Mixed Solvent. The effects of solvents
on the spectra of the dissolved coumarins were examined by
dissolving coumarins in water and in methanol—water mixed
solvent (5%/95% methanol—water mixture) under anoxic
conditions at pH 6, 7, and 8.5. The coumarin solutions in
methanol—water mixed solvent were prepared by dissolving
coumarins in 99.8% methanol and adding water to make a final
methanol concentration of 5%. The absorbances of coumarins
in 5% methanol were measured 2 h after the mixing in the
anaerobic chamber. The samples were taken out of the
chamber just before analysis. The absorbances of the dissolved
coumarins in methanol—water mixed solvent were measured
by UV—vis spectrophotometry over the wavelength range from
200 to 800 nm and compared with the absorbances of the
dissolved coumarins in water.

B RESULTS

Stability of Hydroxylated Coumarins as a Function of
pH. UV—vis absorbance spectra were measured in solutions
with 42 M coumarin under atmospheric conditions over a pH
range from 4 to 12.5 (Figure S2a for fraxetin, Figure S3a for

scopoletin, and Figure S4a for esculetin). The precipitation of
oxidation products was not observed during the experiments
for any of the examined coumarins. The spectra for the three
coumarins had similar features: with increasing wavelength,
absorbance first declined, reaching a local minimum in the
range of 260 to 325 nm, followed by a characteristic
absorbance band extending into the visible wavelengths with
a local maximum between 330 and 400 nm (4,,,,). This band
corresponds with the keto group in the a-pyrone ring.36
Depending on pH and coumarin, molar extinction coefficients
(&) for this band at A, ranged from 330 to 400 nm (Table
S1); & was consistently the smallest for fraxetin. Additional
smaller, pH-dependent features for fraxetin (pH 7—12.5; A,,,, =
265—275 nm), scopoletin (pH 4—7; 4,,,, = 285—295 nm), and
esculetin (pH 4—7; A, = 305 nm; pH 4—7; 4,.., = 250 nm)
were also observed. The spectra of the three coumarins showed
a bathochromic shift of 40 to 60 nm for the largest local
absorbance maximum, occurring over the pH range from 6 to
8.5, presumably corresponding to deprotonation of the first
phenolic OH group (pK,: 7.6 for esculetin,®” 7.9 for fraxetin,’
and 8.3 for scopoletin®). For scopoletin and esculetin, the
shift in A, coincided with an increase in & by a factor of
approximately 1.5. Between pH 10.5 and 12.5, a second shift
and a broadening of the absorbance band toward larger
wavelengths occurred. For fraxetin and esculetin, this may be
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related to deprotonation of the second phenolic OH group; for
scopoletin, oxidative demethylation might occur.

Among the three coumarins, fraxetin had the poorest
stability under alkaline pH conditions. As shown in Figure
la, the fraxetin spectra are characterized by two absorbance
bands between 200 and 600 nm; one representing the keto
group in the a-pyrone ring (A, = 390 nm) and one
representing deprotonated 7- and 8-OH groups in the catechol
structure (An, = 286 nm).”® Upon oxidation, the band
intensity at both wavelengths decreased. The absorbance peak
at 286 nm rapidly disappeared within 0.08 h, while the local
maximum absorbance peak around 390 nm decreased more
gradually over 24 h, with A, shifting toward smaller
wavelengths. This implies that at pH 12.5 the keto group in
the a-pyrone ring is relatively stable against oxidation in
comparison to the catechol hydroxyl groups.

The rate of fraxetin degradation, represented by the decline
in absorbance at the initial 1., = 390 nm, was strongly pH
dependent (Figure 1b). At pH 11.5 and 12.5, two stages were
distinguished: a fast initial degradation of 45—50% during the
first 0.5 h and a slower decline afterward. Our data can neither
provide insight into the oxidation mechanism nor elucidate the
observed two stages. Possibly, keto groups containing
oxidation products formed during the first 0.5 h have a higher
redox potential preventing further oxidation, or oxidation
products may contain newly formed moieties that absorb light
at wavelengths near 390 nm. For the pH range of 8.5—10.5,
initial degradation progressed much slower, at a comparable
rate for this complete pH range (Table S2), and was
approximately linear with time up until 4 h. For the pH
range of 4—7, no significant spectral changes (ie. no
indications for degradation) were observed during 8 h, which
is consistent with our previous observations.'”

Scopoletin proved considerably less susceptible to oxidative
degradation than fraxetin; no significant spectral changes were
observed during 24 h for pH values up to 10.5 (Figures 1d and
S$3), and initially, changes in absorbance at A, developed
more slowly for the pH range 11.5—12.5 (Figure lc,d). At pH
12.5, the scopoletin spectra showed a single band in the
wavelength range from 200 to 600 nm, corresponding with the
keto group in its a-pyrone ring (Figure lc). During the first
0.08 h of exposing scopoletin to oxygen, 4, shifted from 386
to 413 nm, which is consistent with observations on scopoletin
oxidation by Horseradish peroxidase.”” Between 0.02 and 1 h,
a new absorbance peak appeared near 250 nm, suggesting the
formation of a catechol structure via oxidative demethylation
and generation of a 6-OH group on the benzene ring.'”*’
However, upon further oxidation, absorbance at 250 nm
declined and the peak transformed into a shoulder at around
250—270 nm. Furthermore, after 2 h, a broad new absorbance
band emerged between 250 and 500 nm (4, ~ 350 nm)
replacing the band with A, = 413 nm.

For evaluating the degradation of scopoletin at pH 12.5,
absorbance at the initial 4,,,, = 386 nm was assessed. As Figure
1d shows, absorbance declined in 2 stages: a fast initial stage
up to 0.08 h related to the aforementioned peak shift, followed
by a gradual linear decline over time. This linear decline was
somewhat faster at pH 11.5 than that at pH 12.5. It cannot be
excluded that, already after the initial peak shift, no scopoletin
was left.

Esculetin showed a susceptibility to oxidative degradation
similar to that of scopoletin with no significant spectral
changes for pH values up to 10.5 and a gradual decline in

absorbance at 4, for pH 11.5—12.5. At pH 12.5, the esculetin
spectrum had one absorbance band (1., = 395 nm)
corresponding to the keto group and one shoulder (~260
nm). Similar to scopoletin, a shift in A,,, was observed, from
395 to 413 nm between 0.08 and 0.5 h. Throughout the
experiment, the shoulder at around 260 nm disappeared and a
new absorbance peak at 270 nm appeared.

For evaluating the degradation of esculetin at pH 12.5,
absorbance at the initial 1,,,, = 395 nm was assessed. As shown
in Figure 1f, the absorbance gradually decreased over time, at a
comparable rate for pH 11.5 and 12.5, somewhat faster than
for scopoletin.

In general, the observed increased susceptibility to oxidation
with increasing pH results at least in part from the
simultaneous decrease in the reduction potential of the
examined coumarins, which is directly related to the pH-
induced deprotonation of hydroxyl groups. Furthermore, the
substitution of a hydroxyl group by a methoxy group decreases
the rate of oxidation.

In a previous study, we had observed by cyclic voltammetry
that fraxetin was more prone to oxidize already at lower pH
values than scopoletin and esculetin,'” in line with our current
findings.

Results from an additional experiment with higher coumarin
concentrations (2.5 mM) indicate that the rate at which the
spectrum changes increases with the concentration of the
coumarin solution (Figure S5). This suggests that degradation
may be enhanced at higher concentrations, possibly because
dimerization/oligomerization reactions with a reaction order
larger than 1 are facilitated.

Reversibility and the Role of Oxygen in pH-Induced
Structural Changes in Coumarins. The results from the
experiment on pH-dependent stability of coumarins raised two
further questions: “Are changes in the coumarin structure due
to (temporarily) elevated pH values (>10) reversible?” and
“Does pH-induced decomposition of coumarins occur even in
the absence of oxygen?” In a practical context, answering the
first question is of particular importance for deciding whether
or not to continue or start anew when preparing a coumarin
stock solution and accidentally excessively raising the pH; can
a pure stock solution still be obtained by lowering the pH
again, or will the impurities produced at elevated pH persist?
Answering the second question will provide insight into what
extent coumarin degradation can be prevented by preparing
and preserving stock solution under anaerobic conditions.

In order to answer the first question, the pH of 42 uM and
2.5 mM coumarin solutions was raised to 10.5 and 12.5,
maintained at that level for 2 h, and then lowered to pH 8.5 in
a setup shown in Figure S6, all under oxic conditions. The
reversibility of changes to the coumarin structures induced at
high pH and the stability of coumarin solutions after lowering
the pH to 8.5 were assessed by (changes in) the UV—vis
spectra, starting from the moment the pH was set to 8.5. For
esculetin solutions for which the pH had been raised to 12.5,
results are presented in Figure 2. Corresponding results for
fraxetin and scopoletin are presented in Figure S7.

After the pH was adjusted to 8.5, following the temporary
rise to 12.5, absorbance at the initial 4,,,, = 384 nm remained
considerably lower than for a control at pH 8.5 that had not
undergone the pH shift. This implies that degradation
reactions at higher pH were irreversible. For the 42 uM
treatment that had undergone the pH shift, the decline in
absorbance after 0.25 h at pH 8.5 relative to the control (42%)
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Figure 2. Changes in UV—visible absorbance (abs) spectra of esc over
time at pH 8.5 under oxic conditions (initial esc concentration: (a) 42
uM and (b) 2.5 mM). For the red spectra, the solution pH had first
been increased to 12.5 and had been maintained at this level for 2 h
before setting it to 8.5, all under oxic conditions; t = 0 corresponds to
the moment the pH was set to 8.5 (first measurement time after 0.25
h). The results of control treatments (pH had not been increased) for
pH 8.5 are presented as black spectra. For the 2.5 mM esc treatment
(b), samples were diluted 60 times in order to examine the
absorbance (<1) between 200 and 600 nm.

(Figure 2a) was comparable to the decline in absorbance after
2 h at pH 12.5 (47%) (Figure 1f). Interestingly, after the
solution pH was lowered to 8.5, the absorbance at A,
continued to decline, suggesting that degradation of esculetin

proceeded at a pH value where no apparent degradation
occurred when starting with a “fresh” solution (Figure S3). For
the more concentrated 2.5 mM esculetin solution (Figure 2b),
degradation at pH 12.5 was faster, up to 83%, and did not
continue once the pH was set to 8.5; as suggested, possibly, the
faster degradation is because the dimerization/oligomerization
rate increased with concentration. Also, fraxetin and scopoletin
degradation at pH 12.5 proved to be irreversible (Figure S7).
Contrary to esculetin and scopoletin, for fraxetin, the
absorbance at 4., in the 42 uM treatment did not further
decrease after the pH was set to 8.5. For the treatments in
which the pH had been temporarily raised to 10.5, a decline in
absorbance at A, &~ 390 nm relative to the control was
observed for all coumarins after the pH was lowered to 8.5
(Figure S8). Especially for scopoletin and esculetin, this is
surprising, as in the constant pH treatments neither at pH 10.5
nor at pH 8.5, changes in the spectra this pronounced had
been observed (Figures S3 and S4). Possibly, the coumarins
underwent changes at pH 10.5 that are not visible in the UV—
vis spectra, but that triggered a further reaction when the pH is
lowered to 8.5 that does lead to changes in the spectrum.
Also under anoxic conditions, a decline in absorbance at 4,
~ 390 nm was observed at pH 12.5 in 42 M solutions of all
three coumarins (Figure 3a—c). This implies that the presence
of oxygen is not required for coumarins to degrade.
Degradation at pH 12.5 did, however, go slower under anoxic
conditions (Figure 3d) than under oxic conditions (Figure
1b,d,f). Contrary to that under oxic conditions, the bath-
ochromic shift within the first 0.5 h was not observed for
scopoletin and esculetin at pH 12.5 under anoxic conditions.
This implies that degradation reactions followed different
pathways under oxic and anoxic conditions and that the shift
occurred due to oxidation. Because of the lack of the
bathochromic shift, the fast initial decline in absorbance at
Amex Observed for esculetin and scopoletin under oxic
conditions was also missing. Small changes in absorbance at

(a) frax
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Figure 3. Change in UV—visible absorbance (abs) spectra over time at pH 12.5 under anoxic conditions of (a) frax, (b) scop, and (c) esc (initial
concentration: 42 yM). (d) Decrease in absorbance at the initial 4, around 390 nm of the coumarins as a function of time at pH 10.5 (spectra in

Figure S9) and 12.5 under anoxic conditions.
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Figure 4. UV—visible absorbance (abs) spectra of fraxetin (frax, initial concentration: 42 ¢M) in the presence and absence of 10 uM Fe(1I) or
Fe(III) at (a) pH 8.5, (b) pH 7.0, and (c) pH 6.0 under anoxic conditions (¢ = 0 h: samples were analyzed immediately after taking the sample out

of the glovebox).

Amax were also observed at pH 10.5 (Figure S9), but the
decrease in absorbance at 4,,,, did not exceed 10% (Figure 3d).
For scopoletin and esculetin, these changes were comparable
to the changes under oxic conditions (Figure 1d,f); for fraxetin,
changes under oxic conditions were much larger (Figure 1b).
Also for anoxic conditions, the reversibility of spectral changes
induced at pH 12.5 in 2.5 mM coumarin solutions was
examined after lowering the pH to 8.5. Under anoxic
conditions, changes proved almost entirely reversible: the
spectra for the coumarin solutions 1 h after the pH had been
lowered to 8.5 was almost identical with the spectrum (>240
nm) of “fresh” coumarin solution at pH 8.5 (Figure S10).

Additionally, spectra were compared for coumarins dissolved
in methanol, which was subsequently blended with water to a
5%/95% methanol—water mixture, and coumarins dissolved in
water (Figure S11). The coumarin spectra for both solvents are
similarly shaped with the methanol—water spectra having a 3—
15% larger absorbance at A, for the keto group, depending on
the coumarin and the solution pH. Because, during dissolution
in water under anoxic conditions, the pH had been increased
only to 8.3, well below the threshold above which spectral
changes had been observed for scopoletin and esculetin,
solvent effects seem a more likely cause for differences between
the spectra than degradation during preparation.

Fe—Coumarin Spectra. The effect of Fe(II) and Fe(III)
addition to coumarin solutions on the UV—vis absorbance
spectra was examined for the pH range of 6—8.5. The
coumarin and Fe concentrations were set to 42 and 10 uM,
respectively. To prevent precipitation of Fe(hydr)oxide
minerals, the Fe to ligand ratio was smaller than 1:3, providing
an excess of free ligand over the entire examined pH range
(Figures 4, S13, and 14). The spectra were measured
immediately after taking the sample out of the glovebox
(within 2 h after Fe addition (¢t = 0)).

At pH 6, Fe(III) addition to fraxetin caused a bathochromic
shift in the peak related to the keto group, the emergence of a
new peak at around 265 nm, and the development of a broad

peak in the 450—800 nm range (Figure 4c). The first two
effects were also observed in relation to an increase in pH from
6 to 8.5 and are presumably (partly) resulting from
deprotonation of the catechol groups due to complexation of
Fe(III). The broad peak in the visible wavelength range upon
formation of Fe(IIl) complexes represents the ligand-to-metal
charge transfer band, typically observed for coumarins and
other Fe—catecholate complexes.”*>** Fe(II) addition had
similar effects on the spectrum as Fe(IIl) addition was less
pronounced; the bathochromic shift was smaller and the broad
peak less high, suggesting fraxetin was complexed to Fe(II) to a
smaller extent than to Fe(III). At higher pH values (7—8.5),
the spectra for Fe(II) and Fe(Ill) fraxetin solutions were
almost identical, implying that very similar complexes had
formed (Figure 4a,b). With the exception of the broad peak/
tailing (450—800 nm), at pH 8.5, the spectra of the fraxetin
solutions with and without Fe addition were very similar, as
deprotonation also occurred in the absence of Fe.

For scopoletin and esculetin, our findings were similar to
those of fraxetin (Figures S13 and S14); the peak at 265—275
nm was, however, less pronounced (esculetin) or missing
(scopoletin), and at pH 6, the spectra of the free ligand and the
ligand with Fe(II) were almost identical. Our data suggest that
at pH 6 Fe(Il) forms complexes with coumarins to a much
lesser extent than Fe(Ill), probably because Fe(III) more
effectively competes with protons for binding to the
catecholate group due to its larger charge-to-radius ratio.

Although the formation of Fe scopoletin complexes appears
counterintuitive because scopoletin lacks a catechol group, 1:2
and 1:3 complexes have been found by mass spectroscopy.”'”
A direct comparison between our UV—vis absorbance spectra
of Fe coumarin complexes and those reported in Schmidt et
al.® is not possible, since they were recorded in acetonitrile as
solvent with added trimethylamine.

Stability of Coumarins in the Presence of Fe.
Formation of organometal complexes can prevent degradation
of ligands, potentially prolonging their residence time in the
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Figure 5. UV—visible absorbance (abs) spectra of fraxetin (initial concentration: 42 M) in the presence and absence of 10 uM Fe(II) or Fe(III) at
pH 8.5 under oxic conditions as a function of time. Full spectra between 250 and 800 nm (a) and absorption at the absorption maximum at t = 0

(390 nm) (b).
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Figure 6. UV—visible absorption (abs) spectra of Ferrozine-only and Ferrozine in the presence of Fe(II) and/or Fe(III) and/or esc at pH 7 under
anoxic conditions (10 uM Fe(II), 10 uM Fe(III), 83 uM esc, and 3 mM Ferrozine). Fe and coumarin were mixed for 20 min before Ferrozine was
added. After the addition of Ferrozine, the spectra were analyzed immediately. In the legend, treatments with spectra that strongly overlapped in the
440—800 nm range have been combined in a box. The individual overlapped spectra are presented in Figure S21.

environment and can stabilize the redox state of the complexed
metals.**** In order to assess such effects for coumarins, we
investigated coumarin degradation in the presence of Fe(II) or
Fe(IlI) at pH 6—8.5 under oxic and anoxic conditions by
examining the change in absorbance spectra of the Fe
coumarin complexes (vide supra) over time.

In Figure S, results are presented for fraxetin at pH 8.5 under
oxic conditions; fraxetin is of particular interest as the free
ligand was shown to degrade under oxic conditions at
(environmentally relevant) circumneutral pH (>7; Figure
S2). Results for all three coumarins with Fe(Il) and Fe(III)
at pH 6, 7, and 8.5 are presented in Figures S15—S20.

The fraxetin degradation rate, as assessed by the decline in
absorbance at A, =~ 390 nm, was considerably smaller in
solutions to which Fe had been added (up to 5% after 8 h)
than in the solution to which no Fe had been added (70% after
8 h) (Figure Sb). The resistance against degradation resulting
from the complexation of Fe(Il) and Fe(IIl) is comparable.
The degradation rate is not linearly related to the excess (i.e.,
non-Fe-complexed) ligand concentration: the treatment with
only free ligand had ~4 times more free ligand, but the
degradation rate was 14 times faster. Possibly, this is related to
the nonlinear effect of the free coumarin ligand concentration
on the rate of degradation reactions mentioned before.

In the presence of Fe(Il), the degradation of coumarins
under oxic conditions (Figures S15—S17) was comparable to
or smaller than for the ligand-only at pH 7 and 8.5 (Figures
S2—S4). At pH 6, particularly for scopoletin and esculetin, the

spectra showed a gradual emergence of the shoulder in the
450—800 nm range observed for Fe(III) complexes. A gradual
oxidation of uncomplexed Fe(II) to Fe(III) and subsequent
formation of Fe(Ill) complexes seems the most probably
explanation. Yet, slow formation of Fe(II) complexes with a
very similar spectrum as Fe(III) complexes (as shown for pH
8.5, Figures 4, S13, and 14) cannot be excluded.

In the presence of Fe(III), at pH 8.5, the coumarin spectra
hardly changed over time, with the exception of fraxetin under
oxic conditions. For esculetin and fraxetin, contrary to
scopoletin, changes were observed at lower pH, typically
more pronounced under oxic conditions: the tailing
diminished, and the absorbance band related to the keto
group underwent a hypsochromic shift (Figures S18 and $20).
This suggests Fe(III) complex dissociation, leading to
formation of the free ligand.

The Ferrozine Assay: Fe(ll) Recovery and Spectral
Interference by Fe(lll)—Coumarin Complexes. In order to
investigate if Ferrozine can effectively scavenge all Fe(1I) from
Fe(1)—coumarin complexes and if the spectra of Fe(IIl)—
coumarin and Fe(Il)—Ferrozine complexes interfere at the
wavelength used for quantification of the Fe(Il) concentration,
we compared the spectra of solutions containing Ferrozine-
only and Ferrozine in the presence of Fe(Il) and/or Fe(III)
and/or coumarins at pH 6—8.5. For esculetin at pH 7, spectra
(440—800 nm) are presented in Figure 6; extended spectra
(200—800 nm) and spectra for the remaining combinations of
coumarins and pH values are presented in Figure S21.
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Figure 7. Changes in Fe redox speciation as a function of time in solutions containing (a—c) Fe(IIl)—frax, (d—f) Fe(III)—scop, and (g—i)
Fe(III)—esc (10 uM Fe(IIl) and 83 uM coumarin) and 3 mM Ferrozine at pH 6, 7, and 8.5 under anoxic conditions.

At pH 7, Ferrozine-only showed no absorbance between 440
and 800 nm (including 563 nm used in the Ferrozine assay),
and the presence of Fe(Ill) has no effect on the spectrum
(Figure 6). The spectra for Fe(Il)+Ferrozine and Fe-
(II)+esculetin+Ferrozine were similar to a broad absorbance
band at 440—700 nm and the characteristic 4,,,, = 563 nm for
Fe(II)—Ferrozine complexes while the spectra for Fe(Il)—
esculetin complexes showed the characteristic 4,,,, = 367 nm
(Figure S21) and tailing up to 800 nm. This indicates that
esculetin in Fe(II)—esculetin complexes was rapidly and
completely displaced by Ferrozine to form Fe(Il)—Ferrozine
complexes. For other pH values and other coumarins, the
addition of Ferrozine also resulted in the quantitative
complexation of Fe(Il) (Figure S21). This implies that
Ferrozine is an effective scavenger for Fe(II) complexed by
coumarins. At pH 7, the spectra for Fe(III)—esculetin in the
presence and absence of Ferrozine were identical, with the
typical tailing from 440 to 800 nm (Figure 6). This implies
that, under these conditions, Ferrozine had not reacted with
Fe(III) from Fe(III)—esculetin and indicates that Fe(III) had
not been reduced during complexation. However, the reactivity
of Ferrozine with Fe(IIl)—coumarin complexes proved
strongly dependent on the coumarin and the pH (Figures
S21 and 7) and will be discussed in more detail in the
following section on Ferrozine-induced reduction of Fe(Ill) in
Fe(III)—coumarin complexes.

The spectrum of the Fe(Ill)+Fe(Il)+esculetin+Ferrozine
treatment corresponds to the summation of the spectra for
Fe(III)—esculetin and Fe(II)—Ferrozine. For the examined pH
range of 6—8.5, all Fe(Ill)—coumarin complexes have
absorbance at 563 nm (Figure S21). Therefore, in mixtures
of Fe(Il)— and Fe(Ill)—coumarin complexes to which
Ferrozine is applied, the absorbance at 563 nm is not directly
proportional to the Fe(Il) concentration. The spectral
interference of Fe(Ill)—coumarin complexes inhibits a direct
quantification of Fe(II) concentrations by means of the
Ferrozine assay as reported.zg’32 For a stoichiometric excess
of coumarin ligand, absorbance and hence the extent of
interference increase linearly with the complexed Fe(III)
concentration (Figure S22).

Because, upon Ferrozine addition, all Fe(Il) will form
Fe(Il)—Ferrozine complexes and Fe(III) does not form
complexes with Ferrozine, absorbance at 563 nm in solutions
containing Fe(II), Fe(III), an excess of coumarin ligand, and
Ferrozine can be described by

absSéS = 8Fe(H)—FerrozinelCFe(H) + 8Fe(IH)—coumarinlCFe(HI)

(1)
where absgg; is the measured absorbance at 563 nm,
EFe(il)—Ferrozine ANd  Epe(in)—coumarin are the molar absorptivity
coefficients for Fe(Il)—Ferrozine and Fe(III)—coumarin,
respectively, [ is the optic path length (1 cm), and Cg,y) and
Cre(m) are the Fe(II) and Fe(III) concentrations, respectively.
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Molar absorptivity coefficients at 563 nm of all Fe(Ill)—
coumarin complexes and Fe(II)—Ferrozine were determined
for pH 6—8.5 (Table 1). Furthermore, the total Fe solution

Table 1. Molar Absorption Coefficients (M™' cm™") of
Fe(II)—Ferrozine and Fe(II1)—Coumarin Complexes at 563
nm

Fe(II)— Fe(III)—
Ferrozine ( Fe(III) —frax scop, Fe(III)—esc
M cm™) M em™) M em™ M em™)
pH 6 28 600 4590 5950 6290
pH7 28 600 4700 6300 6560
pH 8.5 28 600 6320 6730 6900

concentration (Cge(tor)), measured by ICP-MS, equals the sum
of the Fe(II) and Fe(III) concentrations (Cpe(y and Cge(um)
respectively):

CFe(tot) = CFe(H) + CFe(IH) (2)

Combining egs 1 and 2 provides the following expression for
the Fe(III) concentration as a function of the absorbance at
563 nm and the total Fe concentration:

abSSGS - eFe(II)—Ferrozine X 1'% CFe(tot)

C =
et I'x (eFe(III)—coumarin - gFe(II)—Ferrozine) (3)
Cre(ny can be calculated by filling Cg.qpy into eq 2. In this
approach, it is assumed that Fe does not form complexes with
coumarin oxidation products.

Ferrozine-Induced Reduction of Fe(lll) in Fe(lll)—
Coumarin Complexes. The procedure for determining the
Fe(II) and Fe(III) concentrations described above does not
take into account that Ferrozine may potentially affect the
redox speciation by reducing Fe(Ill), leading to an over-
estimation of the Fe(Il) concentration. The rate of Fe(III)
reduction by Ferrozine may constrain both if and how the
Ferrozine assay can be applied for determining Fe redox
speciation in solution containing Fe—coumarin complexes: Fe
redox speciation needs to be established before Ferrozine-
induced Fe(III) reduction has a significant impact on it.

To examine for which coumarins and under what conditions
the Ferrozine assay can be applied, we investigated the
reduction rates of Fe(IIl) in Fe(IIl)—coumarin complexes in
the presence of Ferrozine under anoxic conditions for pH 6—
8.5. The initial concentrations of Fe(IIl), the coumarin, and
Ferrozine were set to 10 M, 83 uM, and 3 mM, respectively.
In Figure 7, the Fe(II) and Fe(III) concentrations, calculated
using eqs 2 and 3, are presented as a function of time; the
underlying absorbance spectra are included in Figure $23, and
the calculated initial Fe(III) reduction rates are presented in
Table S3. Our results show that, in the absence of Ferrozine,
Fe(III)—coumarin complexes are stable up to 8 h at pH 6 and
up to 24 h at pH 7 and 8.5 (Figures S18—520).

The Ferrozine-induced Fe(IlI) reduction rate strongly
depended on the coumarin (fraxetin > esculetin > scopoletin)
and increased with decreasing solution pH (6 > 7 > 8.5 for
fraxetin and 6 > 7 =~ 8.5 for scopoletin and esculetin) (Figure
6). The Fe(III) reduction rate corresponded to the stability of
the coumarins against oxidation (Figures S2—S4). At pH 6,
reduction of Fe(IIl) in Fe(III)—fraxetin was nearly complete
almost instantaneously, and hence, no exact reduction rate
could be determined. Instead, a minimum rate was estimated
based on the change in Fe(Ill) concentration and the time

between Ferrozine addition and analysis (1 min). For fraxetin,
the Fe(III) reduction rate increased by more than 3 orders of
magnitude between pH 6 and 8.5 (Table S3). At pH 6, the
Ferrozine-induced Fe(III) reduction rates for Fe(III)—
scopoletin (0.14 yM h™') and Fe(III)—esculetin (0.68 uM
h™") were over 3 orders of magnitude smaller than for fraxetin.
At pH 7 and 8.5, Fe(Illl) reduction for both Fe(IIl)—
scopoletin and Fe(Ill)—esculetin during 24 h was small to
negligible (<0.03 uM h™'). This aligns with the lack of
reactivity of Ferrozine toward solid Fe(III) phases like
lepidocrocite®® and ferrihydrite*” at circumneutral pH
conditions.

Including Fe(II) in the Fe(Ill)—coumarin + Ferrozine
mixture appeared to somewhat lower Ferrozine-induced
Fe(IlI) reduction rates (Figure S24 and Table S3).
Remarkably, at pH 8.5 for fraxetin and scopoletin, the Fe(III)
concentrations gradually increased over 24 h. This suggests the
oxidation of Fe(II) from Fe(Il)—Ferrozine complexes,
resulting in the formation of Fe(III)—coumarin complexes. It
is unclear what the oxidant is as the experiment was carried out
under anaerobic conditions. As the oxidation reaction was not
observed for esculetin, possibly the methoxy group in
scopoletin and fraxetin was involved.

The results presented above confirm that Ferrozine addition
does affect Fe redox speciation in solutions containing
coumarins. To accurately quantify the redox speciation, it is
advisable to analyze samples shortly after Ferrozine addition,
especially for fraxetin and for pH values below pH 7. Our
results suggest that, for most combinations of coumarins and
pH, spectroscopic analysis within 3 min after Ferrozine
addition should not lead to changes in Fe(IIl) concentration
larger than 1%. However, for Fe(Ill)—fraxetin at pH 6,
Ferrozine-induced Fe(III) reduction was so fast that it is
practically not feasible to accurately establish Fe redox
speciation.

B DISCUSSION

Relation between the Stability against Degradation
of Hydroxylated Coumarins and Their Structure. The
stability of dissolved coumarins strongly depends on the
substituents on their aromatic rings. Both the number and type
of moieties (e.g, catechol and methoxy groups) and their
position on the aromatic ring may affect the redox stability of
the coumarin. The comparatively poor stability of fraxetin (7,8-
OH, 6-OCH,;) relative to scopoletin (7-OH, 6-OCH;) and
esculetin (6,7-OH) may be related to the larger number of
substituents on its aromatic ring or to specific interactive
effects between the methoxy and the catechol group. In our
recent study, we identified four main pathways for coumarin
oxidation, leading to formation of dimers, quinones, demethy-
lated coumarins, and (further) hydroxylated coumarins.'’
Among the examined coumarins, only fraxetin is directly
susceptible to all four pathways. The redox reactivity and
oxidation pathways of catechol groups’®*®* and the
accelerating effect of strongly alkaline media®® have been
extensively studied. A recent study reported that a methoxy
group in phenolic structures like fraxetin and scopoletin can
enhance the molecules redox reactivity by increasing the
electron donation ability of the molecule.”’ Upon oxidative
demethylation, which is accelerated under alkaline condi-
tions,'” the methoxy group is readily replaced by a hydroxyl
group. For scopoletin, this oxidation reaction” can lead to a
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partial transformation to esculetin, as supported by electro-
chemistry-mass spectrometry (EC-MS) measurements.

Interactions between Iron and Coumarins. Although
our results suggest that the stability and redox reactivity of Fe—
coumarin complexes strongly depend on the solution pH and
the type of coumarin, the thermodynamic data to support this
are not yet available. Further investigations into the role of
coumarins in Fe acquisition strategies would greatly benefit
from equilibrium constants for the formation of metal
coumarin complexes, especially for Fe(II) and Fe(III).

Complexation of Fe protected fraxetin against oxidative
degradation. As shown in Figure S28, Fe(Ill) complexation
leads to a shift in oxidation potential of fraxetin to a higher
potential, at both pH S and 8.5, implying that it becomes
harder to oxidize the coumarin once it is complexed to Fe. In
turn, formation of stable Fe—coumarin complexes prevented
Fe from precipitating as Fe(III) hydroxide minerals. The
complexation of Fe by catechol-bearing ligands and the redox
stability of the resulting complexes have been widely
studied.>*>*

Catecholate ligands like fraxetin and esculetin are known to
form stable complexes with Fe(III).”> Previously, it was
suggested that the catechol moiety in coumarins may also form
transient complexes with Fe(II), but only as a precursor
reaction for the oxidation of Fe(II) to Fe(IIl) in order to form
a stable Fe(III) complex, even under anoxic conditions.'* The
results from our spectroscopic analysis and Ferrozine assays,
however, demonstrate that esculetin and fraxetin can form
Fe(II) complexes, at pH 7 and 8.5 and to a lesser degree at pH
6, and that this Fe(II) could be quantitatively recovered with
Ferrozine. For the results demonstrated in Figures 6 and S21,
the time between preparation of Fe(II)—coumarins complexes
and Ferrozine addition was relatively short (ca. 1 min).
However, when Ferrozine was added 1 day after the
preparation of Fe(II)/Fe(Ill)—esculetin complex solutions
that had been kept under anaerobic conditions, the recovered
Fe(Il) concentrations for the freshly prepared and the 1 day
old solutions differed only by up to 5% (Figure S27). Also,
scopoletin formed stable Fe complexes, in agreement with
earlier observations,®'” despite the fact that it does not have a
catechol moiety. 1:2 and 1:3 Fe(II)—scopoletin complexes
were identified after interaction of scopoletin with Fe(III)-
(hydr)oxide minerals."” Also, partial oxidative demethylation
of scopoletin to esculetin was observed in this study. It is
unclear if this process occurred in our purely aqueous systems,
yet if it did, it was fast and only to a limited extent: at pH 7 and
8.5, the spectra for Fe—scopoletin did not change over time
but did distinctly differ from the Fe—esculetin spectra (Figures
$16—S17 and S19—S20). How exactly scopoletin is coordi-
nated to Fe is still unclear.

Interestingly, at pH 7 and 8.5 for all three coumarins, the
spectra for Fe(II) and Fe(IlI) complexes were nearly identical
(Figures 4,513, and 14), suggesting a very similar coordination
environment and redox state of the complexed Fe; Ferrozine
was only reactive toward the Fe(II)—coumarin complexes.
This implies that no net reduction of Fe(III) had occurred as a
result of complexation and that the net redox state of the
applied Fe had been preserved. As catecholate ligands tend to
form very stable complexes with Fe(III),** possibly, an
electron from Fe(II) was delocalized over the unsaturated
rings of the coumarins participating in the coordination
complex, creating a similar coordination environment for the
Fe(II) and Fe(Il) complexes.

Effect of Ferrozine on the Fe Redox State in Solution
Containing Fe—Coumarin Complexes. When applied to
Fe—coumarin solutions, Ferrozine can, depending on pH and
coumarin, strongly affect the redox state of the Fe. Particularly,
below neutral pH, Ferrozine induced Fe(IIl) reduction. Our
MS analyses of Fe(Ill)—esculetin solutions indicate 1:3
complexes at pH 8.5 but 1:2 complexes at pH 6.5 (Figure
S1). For 1:2 complexes, only four of six positions in the
primary coordination sphere of Fe are occupied by esculetin,
potentially making complexed Fe(III) more susceptible to
reduction. Possibly, Ferrozine addition leads to the formation
of Ferrozine—Fe(III)—coumarin complexes, facilitating Fe(III)
reduction to Fe(1I) and displacement of complexed coumarins
through ligand exchange. Furthermore, Fe(III) reduction rates
were smaller for Fe(IIl)—esculetin and Fe(III)—scopoletin
than for Fe(III)—fraxetin, which has a lower redox potential.

B CONCLUSIONS

Because of the high redox reactivity of coumarins, it is critical
to avoid experimental and analytical artifacts, while striving to
elucidate the mechanisms by which exuded coumarins support
plant growth, e.g., by enhancing the bioavailability of Fe in the
rhizosphere. In this study, we particularly focused on coumarin
degradation and the assessment of the redox state of Fe in
solutions containing coumarins.

To prevent degradation while preparing coumarin (stock)
solution by increasing the pH, care should be taken not to
increase the pH further than necessary. The pH value at which
degradation starts to occur depends on the coumarin: under
oxic conditions, fraxetin proved susceptible to degradation
already at lower pH values (>7) than scopoletin and esculetin
(>10.5). The degradation rate increased more than propor-
tionally with the coumarin concentration, implying an overall
reaction order larger than one. Degradation under oxic
conditions, e.g., as a result of a temporary excessive increase
in pH, proved irreversible. It is strongly preferable to prepare
coumarin solutions under anoxic conditions, especially for
fraxetin, as degradation progresses much more slowly in
absence of oxygen; for low coumarin concentrations (42 M),
degradation at pH 10.5 was limited, yet at pH 12.5, at least
40—75% of the coumarin degraded within 24 h, even under
anoxic conditions. Based on how the spectra evolved over time
under oxic and anoxic conditions, the degradation pathways
appear to be different. The complexation of metals can protect
coumarin ligands from degradation under oxic conditions in
the soil pH range, as was illustrated for fraxetin complexed to
Fe. In turn, coumarins formed soluble complexes with both
Fe(II) and Fe(III), preserving the net redox state of the Fe and
keeping it in solution under oxic conditions at circumneutral
pH, where it would otherwise precipitate as Fe(IIl) hydroxide
minerals.

The Ferrozine assay can be used to establish the redox
speciation of Fe mobilized by coumarins but not for all
coumarins under all conditions, and spectral interferences need
to be accounted for. For the circumneutral pH range of 6—8.5,
where soil Fe availability is limited and coumarin exudation is
upregulated, Fe(Il) in coumarin solutions could be quantita-
tively recovered. Fe(Ill)—coumarin complexes have absorb-
ance at 563 nm, the wavelength used for establishing the
Fe(Il) concentration in the Ferrozine assay. Therefore, this
interference needs to be corrected for the correct determi-
nation of the Fe(II) concentration. Ferrozine can affect the
redox speciation of Fe in solutions with coumarins, e.g., by
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facilitating reduction of complexed Fe(IIl). Reduction rates
increased with decreasing pH and were larger for fraxetin than
for scopoletin and esculetin. Hence, to accurately determine Fe
redox speciation, it is essential to measure absorbance within
minutes after Ferrozine addition; for fraxetin at pH 6,
reduction was so fast that determining the redox speciation
through the Ferrozine assay proved not to be feasible. Under
anoxic conditions, Fe redox speciation hardly changed over 24
h. Until it is verified if this also applies for oxic conditions, it is
advisable to carry out the Ferrozine assay directly after
sampling. For environmental samples containing Fe—coumarin
complexes, the influence of other (redox-active) solutes like
DOC on the accuracy of the Ferrozine assay needs to be
further explored. Yet, for model systems, our study validates
the Ferrozine assay as a valuable tool for unraveling the Fe
dissolution mechanisms involved with coumarin-mediated Fe
acquisition.
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