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ABSTRACT: Sorbic acid (2,4-hexadienoic acid; HDA) isomerization is
frequently used to probe triplet-state dissolved organic matter (3CDOM*)
reactivity, but there remain open questions about the reaction kinetics of
3
CDOM* with HDA due to the diﬃculties of directly measuring 3CDOM*
quenching rate constants. Using our recently developed approach based on
observing the radical cation of N,N,N′,N′-tetramethyl-p-phenylenediamine
(TMPD) formed through oxidation of TMPD by 3CDOM*, we studied
3
CDOM* quenching kinetics with HDA monitored via transient absorption
spectroscopy. A competition kinetics-based approach utilizing formation yields of
TMPD•+ was developed, validated with model sensitizers, and used to determine
bimolecular rate constants between 3CDOM* oxidants and HDA for diverse
DOM isolates and natural waters samples, yielding values in the range of (2.4−
7.7) × 108 M−1 s−1. The unquenchable fraction of TMPD-oxidizing triplets showed that, on average, 41% of 3CDOM* oxidants
cannot be quenched by HDA. Conversely, cycloheptatriene quenched nearly all TMPD•+-forming triplets in CDOM, suggesting
that most 3CDOM* oxidants possess energies greater than 150 kJ mol−1. Comparing results with our companion study, we
found slight, but noticeable diﬀerences in the 3CDOM* quenching rate constants by HDA and unquenchable triplet fractions
determined by oxidation of TMPD and energy transfer to O2 (1O2 formation) methods.

■

(>1.80 VSHE).17 2,4,6-Trimethylphenol (TMP, 1.22 VSHE) is
often used as a steady-state probe for oxidizing triplets18 and,
based on reduction potentials, should capture the majority of
3
CDOM* oxidants. Quenching rate constants of 3CDOM* by
TMP were found to be ca. 9 × 108 M−1 s−1,19 which is below
the diﬀusion-controlled limit, possibly indicating that there is a
pool of triplets in CDOM that have potentials below 1.22
VSHE. Such triplets should only be captured by easily oxidized
compounds. N,N,N′,N′-Tetramethyl-p-phenylenediamine
(TMPD, 0.25 VSHE) is one such oxidant and central to the
present work.20
Energy transfer probes capitalize on the 3CDOM*-photosensitized isomerization of dienes as a result of energy transfer
from CDOM triplets with higher triplet energy (ET) than that
of the diene (Figure 1a). By following the formation of
isomerized products, pentadiene,21 2,4-hexadien-1-ol,22,23
sorbic acid (2,4-hexadienoic acid; HDA)22−24 and 2,4hexadien-1-amine22 have been used as 3CDOM* probes.
Similarly, the diene isoprene has been used as a quencher of
triplet states.25 These dienes capture a pool of high energy

INTRODUCTION
Photochemically produced reactive intermediates (PPRI) are
central for natural element cycling processes, atmospheric
chemistry, and the degradation of environmental contaminants.1−8 Among the PPRI, triplet state chromophoric
dissolved organic matter (3CDOM*) is notably important,
both because of its role as an oxidant, but also as a precursor to
other reactive intermediates. It is formed from the excited
singlet state of CDOM by intersystem crossing and is known
or suspected to be the precursor of other downstream PPRI
like singlet oxygen (1O2) and reactive halogen species.9,10 It is
not a single, well-deﬁned species such as 1O2 or •OH, but a
complex mixture of excited-state chromophores, which vary in
their photophysical and chemical properties.11
Several probes have been developed for 3CDOM* and,
based on their photophysical and redox properties, diﬀerent
pools of triplets are captured. Generally, they can be separated
into two classes: electron and energy transfer probes. Electron
transfer probes utilize the fact that 3CDOM* oxidizes diﬀerent
classes of organic molecules, especially those with phenol and
aniline moieties,11 which is largely driven by the free energy of
the reaction12 and thus the reduction potential of 3CDOM*.
Previous estimates have placed the reduction potential of
3
CDOM* oxidants between 1.3 and 1.8 VSHE13−16 with a small
3
CDOM* pool capable of oxidizing aromatic carboxylates
© 2019 American Chemical Society
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Figure 1. A: Scheme of the competition kinetics approach with direct observation of the radical cation of N,N,N′,N′-tetramethyl-pphenylenediamine (TMPD•+) to determine bimolecular rate constants kq of 3CDOM* with an energy transfer quencher such as sorbate (HDA)
and the unquenchable fraction α for this quencher of low energy triplets. B: Log(kq) determined directly from triplet decay of model sensitizers
depending on its triplet energy for CHT (black) and HDA (red, values from the companion study26). A table of the used sensitizer and resulting
rate constant can be found in SI Table S1. C: Triplet 2-acetonaphthone (32AN) decay (averaged ΔA of 430−450 nm) in the presence of 60 μM
TMPD and increasing concentration of HDA: 0 μM (red), 75 μM (blue), 250 μM (black) under argon-purged conditions. Solid line shows a ﬁrst
order decay ﬁt. D: Formation of TMPD•+ in the same experiment as B (averaged ΔA of 550−570 nm as well as 600−620 nm, corrected for
overlapping triplet signal and smoothed by averaging ﬁve data points). Solid line shows the nonlinear growth and decay ﬁt with the function from
Schmitt et al.20 E: Model triplet sensitizer quenching by HDA shown with competition kinetics with TMPD. TMPD•+ concentration expressed
normalized to TMPD•+ formation in absence of the quencher ([TMPD•+]norm): perinaphthenone (PN, red), riboﬂavin (black) and 2AN (blue)
and mixture of 2AN/PN (orange). Solid line shows ﬁt with eq 4 to determine kq and α, which was ﬁxed to zero besides the sensitizer mixture. F:
The same experiments with cycloheptatriene (CHT) as quencher. In this case α was not ﬁxed. Resulting values for HDA and CHT can be found in
SI Table S2. Errors bars in D and E indicating the error of the ﬁt for determination of maximum ΔA of TMPD•+ with pseudo ﬁrst order growth
function.

especially oxidizing triplets, which play a major role in
pollutant degradation pathways in natural waters.27
We recently developed an approach to probe oxidizing
triplets within CDOM by direct observation of the radical
cation of TMPD formed from 3CDOM* with transient
absorption spectroscopy.20 3CDOM* itself has no distinguishable signal in the transient absorption spectrum but a large
cross-section of 3CDOM* moieties can oxidize TMPD to
TMPD•+, which has strong absorption between 550 and 620
nm. By following the formation of TMPD•+ in the presence of
photoexcited CDOM, knowledge about its precursor,
3
CDOM* can be gained. Concurrently, we have developed a
time-resolved 1O2 phosphorescence-based method,19 which is

triplets that depends on the triplet energy of the probe. HDA is
the most frequently used energy transfer 3CDOM* probe, but
there is high uncertainty about the fraction of the captured
3
CDOM* pool as well as quenching rate constants with
3
CDOM*. Recently, rate constants were determined based on
HDA isomerization in steady-state DOM experiments22,23 and
were found to be an order of magnitude lower than past
estimates based on model sensitizers.24 To further constrain
these rate constants, in our companion study we investigated
the quenching of 1O2-forming triplets by HDA using a 1O2
phosphorescence-based method.26 Because this method only
observes triplets that form 1O2, it is not clear if these results are
representative of the behavior for all triplets in CDOM,
8088
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Second, samples were purged with argon instead of N2O to
reduce the formation of •OH from the reaction of e−aq with
N2O, which may result in DOM bleaching. Third, to further
exclude any contribution of •OH on TMPD•+ formation, 5
mM tert-butanol, an •OH quencher,29 was added to all
samples.
Energy Transfer Quenching Experiments. To measure
quenching rate constants, the TMPD•+ signal produced from
sensitizers or DOM solutions was monitored as a function of
added quencher. Increasing amounts of quencher stock
solution were spiked into a 125 mL sensitizer or DOM
reservoir with 60 μM TMPD. TMPD and quencher
concentrations were chosen that both triplet quenching
pathways proceed at similar rates if possible (not possible for
weak triplet quencher cyclohexene) to be able to obtain
quenching rate constants with a competition kinetics approach.
Experiments were conducted in a ﬂow-through set up under
Ar-purged conditions. In the case of O2, diﬀerent concentrations were reached by purging with Ar/air mixtures that
were adjusted with a rotameter. The concentrations of the
quenchers were chosen such that the absorption at the
excitation wavelength was negligible to avoid light screening
and thereby reduced TMPD•+ yield (SI Figure S1).
For DOM experiments, signal was collected for 20 min for
each quencher concentration, but only 10 min for O2
quenching experiments due to fast nonphotochemical
oxidation. In total, ﬁve runs with diﬀerent quencher
concentrations were conducted with the same solution.
Control experiments without quencher addition showed
slightly decreasing signal intensity in DOM experiments,
totaling around 15% after ﬁve runs (SI Section S3). To
compensate for this eﬀect, the TMPD•+ signal intensity was
normalized to the relative TMPD•+ absorption decrease
observed in the absence of quencher for each run.
Model sensitizers were used to validate the competition
kinetic approach. The experimental procedure was the same as
for DOM experiments, with the exception that the experiment
duration was shorter (3 to 10 min) due to the higher signal
intensity and no correction was applied to the TMPD•+ signal
intensity.
Data Evaluation. Details about data evaluation are given in
SI Section S4.

also featured in our companion study. At this time, there has
not been an in-depth comparison between the two techniques,
and there are signiﬁcant experimental diﬀerences relating to
sensitivity and possible interferences. A more thorough
comparison of the TMPD-based and 1O2-based approaches
to measuring 3CDOM* reactivity will deepen our understanding of the diﬀerences between 1O2-forming and TMPDoxidizing pools within 3CDOM*, and help to judge the
relevance of the results from each method toward other
CDOM triplet pools.
The reaction of oxidizing CDOM triplets with energy
transfer quenchers was studied by competition kinetics with
TMPD through monitoring TMPD•+ yields from 3CDOM*
with increasing quencher addition (Figure 1a). First, the
kinetic approach was validated with a set of model sensitizers
and a sensitizer mixture, used to mimic CDOM behavior, with
the triplet energy quenchers HDA and cycloheptatriene
(CHT). Second, the suitability of this approach to identify
diﬀerent triplet energy pools within 3CDOM* was tested by
using quenchers with diﬀerent triplet energies (O2, CHT,
HDA, and cyclohexene). Third, the rate constants of 3CDOM*
with HDA and the unquenchable fraction for HDA, the
relative size of the triplet pool with ET below HDA, were
determined for a diverse set of DOM isolates and natural
waters. Results were compared with values obtained from 1O2
phosphorescence measurements to gain insights into the
diﬀerent triplet pools captured by each technique.

■

MATERIALS AND METHODS
Chemicals and Preparation of Solutions. Sources of
chemicals and preparation methods of solutions are given in
Supporting Information (SI) Section S1.
Transient Absorption Spectroscopy Experiments.
Setup. The setup of the system has been previously described
in detail.28 Brieﬂy, pump laser pulses were generated by a
Solstice ampliﬁed Ti:sapphire ultrafast laser (Newport SpectraPhysics, Darmstadt, Germany) and were directed into a Topas
optical parametric ampliﬁer for wavelength conversion (Light
Conversion, Vilnius, Lithuania). The output was tuned to
generate 346 nm light for the experiments in the presence of
TMPD, unless otherwise speciﬁed. Pulses were then steered
into an EOS transient absorption spectrometer (Ultrafast
Systems, Sarasota, Florida) and pulse energy was adjusted with
a variable neutral density ﬁlter to 3.5 μJ. In buﬀer control
experiments to determine direct TMPD•+ formation without
DOM, the pulse energy was reduced to account for light
screening by CDOM. To ensure that TMPD was exposed to
the same photon ﬂux in both cases (buﬀer and DOM), the
energy of the pump laser transmitted through the cuvette was
kept constant.
Rate Constant of CHT with Triplet Sensitizers. Bimolecular
quenching rate constants for model sensitizers with CHT were
determined, as no values in aqueous solution were available in
literature. Details about the experimental procedure and data
analysis are described in SI Section S2. To facilitate
comparison, the same sensitizers were used as in the
experiments in the companion study to determine rate
constants with HDA.26
TMPD as Triplet Probe. Our previously developed method
to probe 3CDOM* was used20 and was slightly modiﬁed based
on the diﬀerent requirements in this study. First, all
experiments were conducted at room temperature instead of
10 °C for better comparison with our companion study.

■

RESULTS AND DISCUSSION
Competition Kinetics Approach. To determine bimolecular rate constants between 3CDOM* and energy transfer
quenchers (kq), a similar approach was used as previously
reported for determining rate constants of •OH with organic
compounds based on (SCN)2•− formation and competition
kinetics.29 In both cases, the reactive species of interest cannot
be directly observed. Rather, a spectroscopically visible product
of a probe molecule, TMPD•+ or (SCN)2•−, is used to
indirectly monitor kinetics. TMPD and the quencher both
compete for reaction with 3CDOM* and thereby the yield of
TMPD•+ decreases in the presence of an additional 3CDOM*
quencher. But as 3CDOM* is a mixture with diﬀerent triplet
energies, it is possible that not all triplets are quenched,
resulting in an unquenchable fraction (α) for a given quencher
(Figure 1a).
Kinetic Model. A two-pool model was used to determine α
and kq, consisting of reactive and unreactive triplet pools
(unquenchable fraction), to describe changes in the TMPD•+
formation maximum produced from 3CDOM* as a function of
8089
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Method Validation with Model Sensitizer. To validate
the competition kinetics approach to determine triplet rate
constants indirectly via TMPD•+ yield, triplet quenching rate
constants were also directly determined from the decay of
model sensitizer triplet signal (Figure 1B,C). Perinaphthenone
(PN), riboﬂavin (RF), and 2-acetonaphthone (2AN) were
chosen as model sensitizers that span a range of triplet energies
from 185−249 kJ mol−1(SI Table S2). With increasing HDA
concentration, 32AN* decayed faster and TMPD•+ was formed
more rapidly with lower TMPD•+ yields as a result of the
shorter triplet lifetime, because HDA and TMPD both
compete for 32AN* (Figure 1C,D). For data evaluation, the
TMPD•+ signal intensity was used and it was expressed as
[TMPD•+]norm(eq 4). This approach assumes that TMPD•+
does not react with the quencher, because also TMPD•+
quenching would lower the signal intensity and not only
quenching of the precursor 3sens* (assumption 1 of the
competion kinetics approach; see above). TMPD•+ quenching
by HDA was found to proceed with a rate constant of 7 × 106
M−1 s−1 (SI Section S5). Kinetic modeling indicated that this
quenching can be neglected, because this process showed no
impact on TMPD•+ signal intensity (details in SI Section S4).
In the case of CHT, no quenching of TMPD•+ was observed.
The lifetime of TMPD•+ even increased slightly, potentially
due to reaction of CHT with sens•−, the main reaction partner
of TMPD•+ in absence of CHT,20 but no correction was made
(SI Section S5).
Comparing HDA and CHT. The two energy transfer
quenchers HDA and CHT were compared to further ensure
that [TMPD•+]norm decrease with quencher concentration (eq
4) was caused in our experiments actually by energy transfer
quenching of 3sens* to this competitive quencher. This
validation is important to later be able to identify diﬀerent
triplet pools in CDOM. [TMPD•+]norm decreased more
strongly with increasing quencher concentration for higher
energy triplets following the order of PN, RF, and 2AN (Figure
1E,F). Comparing the two quenchers, kinetic diﬀerences
between the sensitizers were much more pronounced for HDA
than for CHT. For PN and RF, the decrease in [TMPD•+]norm
was much more pronounced with CHT, yet for 2AN it was
similar for both quenchers. Overall, the kq values directly
determined from triplet decay match these trends, showing
diﬀusion-limited quenching for 2AN and decreasing kq values
as ET decreases for RF and PN (SI Table S2).
HDA quenching rate constants exhibited a much stronger
dependence on ET compared to CHT (Figure 1B). This is
especially interesting given that the spectroscopic triplet
energies are similar for both quenchers, 217 and 230 kJ
mol−1 for HDA26 and CHT,30 respectively. Indeed, based on
the spectroscopic triplet energy, it is surprising that sensitizers
with triplet energies down to 150 kJ mol−1 were still quenched
by CHT with rate constants higher than 1 × 107 M−1 s−1. CHT
is a so-called “non-vertical triplet quencher”, which have higher
rate constants than anticipated for endothermic triplet energy
transfer. The phenomenon of nonvertical triplet excitation
transfer can be explained with ﬂexible acceptor molecules that
have signiﬁcantly diﬀerent ground state and triplet state
equilibrium geometries.30 This is evident based on the poor ﬁt
with the Sandros equation, which only considers the free
energy diﬀerence between donors and acceptors as well as the
diﬀusion-limited quenching rate constant.31 We observed
signiﬁcantly more nonvertical behavior compared to a previous
study in toluene;30 a similar diﬀerence between organic solvent

triplet quencher concentration. Important assumptions in this
model are (1) TMPD•+ lifetime does not change with
quencher concentration; (2) the triplet state of the quenchers
are ineﬃcient in forming TMPD•+ either due to a short
lifetime and/or low rate constant with TMPD; and (3) no
precursor other than 3CDOM* forms TMPD•+. How well
these assumptions are fulﬁlled will be discussed below.
The high energy triplet pool ([3sens]high) reacts with the
quencher Q with a quenching rate constant of kq(Figure 1a),
resulting in a decrease in the concentration of TMPD•+
([TMPD•+]high) produced from these high energy triplets. eq
1 describes this, where ket is the bimolecular rate constant
between TMPD and 3CDOM* and kd is the natural relaxation
rate constant of 3CDOM*. Details about the derivation of the
equation are included in SI Section S4. Note that the decay of
TMPD•+ was not considered, as kinetic modeling showed little
impact of TMPD•+ lifetimes on kq determined from maximum
TMPD•+ concentrations (SI Section S4).
For the low energy triplet pool ([3sens]low; unquenchable
fraction), that does not react with a given quencher, the
formed TMPD•+([TMPD•+]low) is independent of quencher
concentration. The low energy pool, 3senslow, which is the
precursor of TMPD•+low, is not quenched by the energy
transfer quencher (eq 2). This is a simpliﬁcation, as there
might be triplets that slowly react with the quencher, whose
quenching becomes apparent at high quencher concentrations
(see below).
[TMPD•+]high =

ket[TMPD]
[3 sens]high
kd + ket[TMPD] + kq[Q]

(1)

[TMPD•+]low =

ket[TMPD]
[3 sens]low
kd + ket[TMPD]

(2)

•+

•+

The sum of the [TMPD ]high and [TMPD ]low is the
observed total TMPD•+ concentration:
[TMPD•+] =

ket[TMPD]
[3sens]high
kd + ket[TMPD] + kq[Q]
+

ket[TMPD]
[3sens]low
kd + ket[TMPD]

(3)

Normalizing the TMPD•+ concentration formed in the absence
of quencher ([TMPD•+]norm = [TMPD•+]/[TMPD•+]0 yields
eq 4, which includes the unquenchable fraction α for a given
quencher and kobs as deﬁned in eqs 5 and 6, respectively.
[TMPD•+]norm =

1−α
1+

kq[Q]
kobs

+α
(4)

with
α=

[3sens]low
3

[ sens]high + [3sens]low

(5)

and
kobs = kd + ket[TMPD]

(6)

The kobs value for TMPD•+ formation in the absence of
quenchers was determined as in our previous study.20 eq 4 was
used to determine kq and α for model sensitizers, DOM
isolates, and whole waters as described in the following
sections.
8090
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Figure 2. A: Formation of TMPD•+ (averaged ΔA of 550−570 nm as well as 600−620 nm) from Nordic Lake NOM (NLNOM) in the presence
of 60 μM TMPD under Ar-purged conditions (red) and in the presence of 0.1 to 1 mM sorbate (HDA) and without DOM but with 1 mM HDA
(black; screening corrected laser power). The fast component at low HDA is from e− signal, which also absorbs at the selected wavelngth range. B:
TMPD•+ yield expressed normalized to the formation without quencher ([TMPD•+]norm) versus HDA concentration for three selected DOM
samples. Errors bars in B-E indicating the error of the ﬁt for determination of maximum ΔA of TMPD•+ with pseudo ﬁrst order growth function. C:
[TMPD•+]norm for Dismal Swamp water (open symbols) versus quencher concentration: cyclohexene (black), sorbate (HDA, orange),
cycloheptatriene (CHT, blue), and oxygen (red)). Solid line shows ﬁt with eq 4 to determine the bimolecular quenching rate constant of 3CDOM*
(kq) and the unquenchable fraction (α). For O2 α was ﬁxed to zero. D: Comparison of normalized signal (S/S0) decline of TMPD•+(purple) and
1
O2 phosphorescence (red; from the companion study)26 for NLNOM. The results of the two methods can be visualized in one graph by plotting
[HDA]/kobs on the x-axis. Solid lines are the ﬁts with the equation in the graph and kHDA and α can be directly determined from it. Dashed lines
indicate α based on 1O2 and TMPD•+, respectively. E: Same plot for Suwannee River NOM (SRNOM), including vertical lines for the [HDA]/kobs
values from steady-state studies (a: Maizel, 2017a;35 b: Zeng, 2013;36Zhou, 2017,222019;23 c: Maizel, 2017b;37 d:Grebel, 2011;24 Timko, 2014;38
Batista, 201639 and e: Parker, 201340). kobs refers in this case to the inverse of the lifetime of 3CDOM* under the respective experimental
conditions in absence of HDA. If diﬀerent [HDA] were used, the highest concentration was used for the calculation. F: Scheme to show the triplet
energy and reduction potential range quenched by TMPD and O2, respectively. Yellow area shows the supposed range for triplets in CDOM.

unquenchable fraction determined by ﬁtting the data with eq
4 should be theoretically zero in this case, because with one
model sensitizer there is no unreactive pool/unquenchable
fraction as it is the case in the DOM system with also triplets
with low energies. Indeed, in the case of CHT, only a small
fraction of TMPD•+ was still formed at the highest quencher
concentration for all three model sensitizers (Figure 1F). Using
eq 4, α was determined to be zero in these cases (SI Table S2).
An unquenchable fraction of zero showed that for model
sensitizers, there was no additional relevant precursor for
TMPD•+ other than triplets under our experimental conditions
(assumption 3 of the competion kinetics approach; see above).

and aqueous solution was also observed for HDA in our
companion study.26 A quantitative description of the dependence of quenching rate constants on ET goes beyond the scope
of this study. Nevertheless, the weak dependence on triplet
energy for triplet quenching by CHT explains the more similar
decrease of [TMPD•+]norm for diﬀerent sensitizers compared to
HDA, wherein sensitizers were quenched more selectively.
Unquenchable Fractions and Quenching Rate Constant.
In experiments with only one well-deﬁned model sensitizer
with a high triplet energy one can expect that an energy
transfer quencher is able to completely quench TMPD•+
formation at high quencher concentration. Thus, the
8091
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Table 1. Bimolecular Rate Constant of 3CDOM* with Sorbate (kHDA) and Cyclohexatriene (kCHT) and the Unquenchable
Fraction α Determined with eq 4 Based on Competition Kinetics and TMPD•+ Yield from DOM Isolates and Natural Watersa
DOM
Suwannee River FA
Great Dismal Swamp
Suwannee River HA
Nordic Lake NOM
Lake Bradford
Mississippi River NOM
Suwannee River NOM
Pony Lake FA
average

αHDA
(TMPD•+)
0.57
0.36
0.48
0.45
0.44
0.50
0.41
0.04
0.41

(±0.04)
(±0.08)
(±0.16)
(±0.08)
(±0.10)
(±0.07)
(±0.07)
(±0.01)
(±0.15)

αHDA (1O2)b
0.58
0.58
0.56
0.54
0.51
0.50
0.49
0.37
0.52

(±0.03)
(±0.03)
(±0.04)
(±0.04)
(±0.04)
(±0.04)
(±0.04)
(±0.05)
(±0.06)

kHDA (TMPD•+) 108
M−1 s−1
3.5 (±0.7)
4.1 (±0.8)
2.4 (±1.3)
7.7 (±2.6)
3.7(±1.7)
4.6 (±1.6)
3.8 (±1.0)
7.5 (±0.2)
4.7 (±1.8)

kHDA (1O2)b108
M−1 s−1
7.9
11.7
11.2
10.8
11.7
7.4
8.5
14.6
10.1

(±1.7)
(±4.6)
(±5.5)
(±2.0)
(±2.4)
(±1.6)
(±1.8)
(±2.3)
(±2.1)

αCHT
(TMPD•+)

kCHT (TMPD•+) 108
M−1 s−1

NDc
0.06 (±0.16)
0.00 (±0.26)
0.00 (±0.13)
NDc
NDc
0.00 (±0.23)
NDc
0.03 (±0.02)

NDc
4.2 (±1.7)
2.8 (±0.7)
3.3 (±0.1)
NDc
NDc
1.1 (±0.4)
NDc
2.9 (±1.1)

a
Values based on 1O2 phosphorescence are from our companion study.26 For CHT the values were not available. Errors indicate standard deviation
of the ﬁt. bValues from the companion study based on inverse ﬁrst order ﬁt.26 cND, not determined for these DOM samples.

This agrees with our previous ﬁnding that TMPD•+ can be
used as a quantitative triplet probe.20 In the case of HDA, even
at the highest quencher concentration, a signiﬁcant fraction of
TMPD•+ was still formed (Figure 1E) because of the lower
rate constants of HDA with the model sensitizers in particular
for PN (SI Table S2). In such a case, ﬁtting α results in high
uncertainty, because of high remaining TMPD•+ formation at
the highest quencher concentration. As it was already shown in
the CHT experiments that there was no relevant nontriplet
precursor for TMPD•+ one can safely assume that this is also
the case in HDA experiments (the same sensitizer were used)
and α was ﬁxed to zero for HDA experiments to reduce
variables in the ﬁt function.
The second output of eq 4 is the quenching rate constant kq,
which was compared to the independently determined values
from direct observation of triplet decay. In general, the
methods agreed reasonably well with the TMPD•+ approach
producing larger errors (SI Table S2). Only the rate constant
between PN and HDA was signiﬁcantly diﬀerent (overestimated) using the TMPD•+ approach. As this was the
smallest rate constant in the data set, it could be that the
TMPD•+ method cannot accurately determine low rate
constants. Alternatively, PN triplet bleaching might explain
this discrepancy, reducing the concentration of the formed
triplets and thereby also TMPD•+, which would conceivably
increase kHDA. The higher precision for direct determination
can be explained by the lack of sensitivity to triplet
concentration changes caused by power ﬂuctuation or
sensitizer bleaching because it is only based on kinetics and
not signal intensity.
Quenching kinetics were studied for a mixture of PN and
2AN to simulate the fact that DOM contains diﬀerent triplet
pools with varying reactivity. In such a mixture, α can be
diﬀerent from zero because similar to DOM an unreactive
triplet pool (in our model system 3PN*) will only be quenched
with a low rate constant, which can appear in an unquenchable
fraction α in the investigated concentration range of the
quencher. This can be seen in the HDA experiments, where
only a fraction of the initially formed TMPD•+ was quenched
by HDA, whereas CHT quenched the formation of all
TMPD•+ (Figure 1E,F). This is consistent with the much
lower rate constant for quenching of 3PN* by HDA than with
CHT (SI Table S2). An α value of 0.27 (±0.01) was
determined for HDA from ﬁtting experimental data with eq 4.
The value α was also calculated based on the absorption at the
excitation wavelength and ΦISC of 2AN and PN, assuming the

PN* fraction is equal to α. The resulting value was with 0.36
slightly higher than the experimentally determined one. This
discrepancy may be related to an interaction of the two
sensitizers, a contribution from 3PN* quenching by HDA, or
again PN bleaching. The kHDA value was found to be 2.3
(±0.2) × 109 M−1 s−1 for the PN/2AN mixture, close to the
value for 2AN. For CHT, α was determined to be 0.00 ± 0.05
and kCHT as (2.0 ± 0.3) × 109 M−1 s−1, similar to 2AN (SI
Table S2). From this analysis, it appears that kq is dominated
by the faster quenching process in triplet mixtures. Overall, the
PN/2AN sensitizer mixture results validated our data analysis
method to determine unquenchable fractions for a given
quencher for triplet mixtures.
TMPD•+ Yield from Photoexcited CDOM in the
Presence of HDA. After validation, the method was applied
to DOM to gain information about its triplet energies.
TMPD•+ formation from photoexcited DOM decreased after
adding HDA for all DOM samples tested (example NLNOM;
Figure 2A). A change in kinetics was also observed upon HDA
addition, with TMPD•+ being formed more rapidly with
increasing HDA, indicating that the precursor of TMPD•+ was
being quenched. This lends support to the idea that TMPD
and HDA compete for the same precursor: presumably
3
CDOM*. In addition to TMPD•+, e−aq was quenched by
HDA (Figure 2A), which is not surprising given that oleﬁn
reactivity with e−aq is well-known.32
TMPD•+ was still produced in the presence of more than 15
times higher concentrations of HDA than TMPD, but to
diﬀerent extents depending on the DOM origin (Figure 2A,B).
Neither direct ionization nor oxidation to TMPD•+ caused by
triplet or singlet excited-states of the quencher (assumption 2
of the competion kinetics approach; see above) can explain this
formation (Figure 2A, SI Figure S6). This is consistent with
HDA’s low absorption at the excitation wavelength (SI Figure
S1) and its short triplet lifetime. Thus, the TMPD•+ formation
can only be explained by a fraction of the TMPD•+ precursors
that do not react with HDA. It remains so far unclear, however,
if this is related to low energy triplets or if there is a fraction of
non-3CDOM* precursor responsible for TMPD•+ formation.
In our prior study using TMPD as a probe, organic radicals as
minor precursor for TMPD•+ could not be completely ruled
out. We therefore used an initial rate approach to determine
triplet quantum yields because organic radicals are longer-lived
and weaker oxidants than triplets.20 This is not a suitable
approach, however, to determine quenching rate constants
3
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TMPD•+ formation under the experimental conditions
(assumption 3 of competion kinetics approach; see above).
Comparison of Oxidizing and 1O2-Forming Triplets.
The results of this study were compared to that of our
companion study based on 1O2 phosphorescence measurements to get a better understanding of the diﬀerences between
1
O2-forming and oxidant pools within 3CDOM*. To compare
results directly, diﬀerences in the formation kinetics of 1O2/
TMPD•+ and thereby competitiveness of the two probes over
HDA under the experimental conditions have to be
considered. This was done using eq 4. Using the ratio of
[HDA] to kobs (eq 6) as the x-axis allows direct comparison of
both methods in one graph. The ratio of quencher to probe
concentration was kept in a similar range in both methods: 15
and 13 times more quencher was used at the highest
concentration for TMPD and O2, respectively. Due to the
lower rate constant of quenching of 3CDOM* by O2 compared
to TMPD, with values of 9 × 108 M−1 s−1 and 2.3 × 109 M−1
s−1, respectively, HDA is more competitive against O2 than
TMPD quenching, resulting in the TMPD method capturing a
smaller [HDA]/kobs range (Figure 2D,E). In the range that
contains data from both methods, the signal decrease with
quencher concentration is similar, but small diﬀerences exist
that appear to be more pronounced depending on the DOM
samples (Figure 2D,E and SI Figure S7). The ﬁts showed
greater variability than the actual data, likely attributed to the
diﬀerent weighting of the data points in the calculated ﬁts
because the [HDA]/kobs range was not identical between the
methods. The TMPD method tends to result in lower rate
constants and unquenchable fractions than 1O2 phosphorescence measurements with an average kHDA of 4.7 (±1.8) and
11.1 (±2.1) × 108 M−1 s−1 and αHDA of 0.41 (±0.15) and 0.51
(±0.06), respectively (Table 1). Note that for the comparison
with the 1O2 phosphorescence values, the same isolate and
whole water samples were used with rate constants based on
the two-pool model (inverse ﬁrst-order ﬁt; see our companion
paper for details).26 In general, the diﬀerence of kHDA between
the two methods is small in comparison to estimated values
that are currently used in DOM experiments. Many researchers
have used an estimated rate constant based on the average
quenching rate constant of various model sensitizers with
dienes (4.4 × 109 M−1 s−1).24 This value has recently been
reﬁned for DOM by following HDA isomerization, yielding a
value around 2 × 108 M−1 s−1 for terrestrial DOM and 7 × 108
M−1 s−1 for autochthonous and wastewater eﬄuent organic
matter.23
At this time, it is unclear whether the diﬀerences in kHDA and
αHDA values between our two methods is from experimental
diﬀerences (e.g., sensitivities, interferences from other
transients) that lead to method uncertainty or intrinsic
diﬀerence in the triplet pools (1O2-forming vs TMPD-oxidizing
pools). It may be the case that the captured triplets have
slightly diﬀerent triplet energies depending on the method.
One would expect similar triplet pools given that both probes
were selected to react with essentially all triplets in CDOM by
using an electron or energy transfer quencher with a very low
oxidation potential or triplet energy, respectively (Figure
2F).19,20 Nevertheless, in our previous study, we found that
TMPD•+ yield was low for porphyrins with very low triplet
energies, whereas for a model sensitizer with higher triplet
energy, the yield was close to one. But the low values for
porphyrins could also be caused by other properties besides
triplet energy.20 The potential dependence of the radical yield

with competition kinetics as the initial rate does not change
with quencher concentration.
TMPD•+ Yield from 3CDOM* Depending on Triplet
Energy of the Quencher. Oleﬁns with one to three double
bonds (cyclohexene ET = 337 kJ mol−1,33 HDA, and CHT)
and oxygen (ES = 94 kJ mol−1) were used as quenchers with a
wide range of triplet energies to investigate diﬀerent triplet
pools and potential non-3CDOM* precursor. No signiﬁcant
decrease in [TMPD•+]norm was observed after adding up to 1
mM cyclohexene for Great Dismal Swamp (Figure 2C) with
SRNOM giving similar results (data not shown). The low
reactivity of 3CDOM* indicated that charge-transfer complexation, the dominant reaction pathway for high energy triplets
and mono-oleﬁns,34 and other nonenergy transfer mechanisms
were not the major reaction mechanisms for 3CDOM* and
oleﬁns.
Comparing the kinetic trends of [TMPD•+]norm, signiﬁcantly
more quenching was observed for CHT than HDA for Great
Dismal Swamp water. For CHT, [TMPD•+]norm continuously
decreased even at high quencher concentration whereas for
HDA a plateau is reached (Figure 2C). This corresponds to
unquenchable fractions of 0.42 (±0.06) and 0.06 (±0.16) for
HDA and CHT, respectively, for Great Dismal Swamp water.
For the other tested DOM samples, it was zero for CHT
(Table 1), which is similar to observations from the model
sensitizer mixture experiments. Although there is large error
associated with α values, the low αCHT indicated that only a
small (if any) fraction of triplets in CDOM have energies
below 150 kJ mol−1. The quenching rate constant kq was
slightly lower for CHT than for HDA for the same DOM
samples with average values of 2.9 and 4.5 × 108 M−1 s−1,
respectively, (Table 1). The lower rate constant for CHT can
be rationalized by a pool of low energy triplets between 150
and 180 kJ mol−1 in CDOM that are quenched by CHT, but
remain unquenched by HDA due to the dissimilar quenching
behavior (Figure 1B).26 Including this low energy triplet pool,
with rate constants on the order of 107 M−1 s−1, decreases kq
due to averaging of the quenching rate constants across the
reactivity pools. Zepp et al. showed through competition of
energy transfer from 3CDOM* to pentadiene and 1O2 yields,
that around two-thirds of the triplets in CDOM were able to
sensitize the formation of 1O2, yet were not energetic enough
to sensitize pentadiene (ET = 250 kJ mol−1) isomerization.21
This indicates that a large fraction of triplets in CDOM have
energies between 150 and 250 kJ mol−1, which is in line with
the range of ET for most DOM-like model compounds.11
O2 was used as a low excited state energy quencher that is
able to quench all 3CDOM* with a rate constant of ∼9 × 108
M−1 s−1 as determined by 1O2 phosphorescence.19 A stronger
decrease in [TMPD•+]norm was observed for O2 than CHT
(Figure 2C), conﬁrming the higher reactivity of O2 with
3
CDOM*. The resulting rate constants of 8.0 (±0.9) and 11.9
(±2.2) × 108 M−1 s−1 for SRNOM and Great Dismal Swamp
water, respectively, agreed reasonably well with the previously
reported values of around 8.5 × 108 M−1 s−1 for both water
samples.19 In this case, α was ﬁxed to zero, as [TMPD•+]norm
was only determined for four O2 concentrations and ﬁtting of
two parameters would result in an over parameterization.
Overall, the strong dependence of quencher triplet energy
on the quenching of [TMPD•+]norm is good evidence that
triplet energy transfer is the main mechanism for quenching of
the TMPD•+ precursors in these experiments. This ﬁnding
suggests that non-3CDOM* precursors were not important for
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triplets,24 with the overall triplet concentration calculated with
our determined αHDA values. Our work thus allows more
accurate comparisons among triplet probes with established
rate constants such as 1O2 and TMP. For instance, Maizel and
Remucal compared the quantum yields (Φ) of 1O2-forming,
TMP-oxidizing, and HDA-isomerizing triplets for DOM
samples from diﬀerent origin, showing the general trend of
Φ1O2≥ ΦTMP≫ ΦHDA.35 Updating the yields with our rate
constants and the new values for 3CDOM* quenching by
TMP19 changes the quantum yields signiﬁcantly and makes
them more similar: On average 1.2% (Φ1O2), 1.4% (ΦTMP),
and 0.7% (ΦHDA) (SI Table S3). The new kHDA values can also
improve estimations for rate constants of 3CDOM* with
pollutants that have been determined based on competition
kinetics with HDA.36
A small diﬀerence in the triplet energy distributions TMPDoxidizing and 1O2-forming triplets in CDOM cannot be
excluded with our current knowledge. In terms of using HDA
as a steady-state probe, the experimental conditions employed
are important because the triplet pool captured is dependent
on HDA concentration (see also companion paper).26 In past
studies using HDA as a triplet probe, concentrations of HDA
ranged from 10 μM to 10 mM22−24,35−40 with typically a series
of diﬀerent concentrations. Whereas the ﬁrst study with HDA
as 3CDOM* probe was conducted under nitrogen-purged
conditions,24 later studies used mostly air-purged conditions.
To compare these conditions with one another and with our
studies, [HDA]/kobs was calculated using kobs values, the
inverse of the 3CDOM* lifetime, of 2.9 × 105 s−1 and 7.5 × 104
s−1 under air- and nitrogen-purged conditions, respectively(data from Erickson, Moor et al. for SRNOM).19 Using the
maximum HDA concentrations from past studies yielded
[HDA]/kobs values that cover a wide range (Figure 2E). Based
on the observation that with increasing [HDA]/kobs a larger
triplet pool is captured, it is anticipated that diﬀerent triplet
quantum yields and steady-state concentrations are calculated
depending on the chosen HDA concentration range. Indeed,
nonlinear CDOM quenching behavior was observed for HDA
as evident in plots of [HDA] divided by HDA isomerization
rates (RP) versus [HDA],40 a plot that is commonly used to
determine the triplet quantum yields and steady-state
concentrations from the slope.22−24,36,37,40 The nonlinearity
is consistent with a larger triplet pool being captured with
increasing [HDA].
Based on our results, much stronger nonlinear behavior
would be expected in steady-state experiments. The discrepancy is possibly related to diﬀerences between measuring total
quenching by HDA and isomerization of HDA. It has been
shown that the ratio of cis to trans isomers of a diene at the
photostationary state is dependent on the triplet energy of the
sensitizer. For instance, sensitizers with a triplet energy below
that of trans-butadiene have a higher fraction of the trans
isomer and thus most likely a lower cis-isomerization yield than
high energy triplets.21,43 Based on this observation, it is
possible that the low energy triplets, which also possess low
rate constants, are underrepresented in triplet quantiﬁcation
based on isomerization rates. To verify this hypothesis, cisisomerization yields of HDA as a function of sensitizer triplet
energy should be determined.
When using HDA as a triplet probe, we suggest employing
concentrations of HDA from 2.5 to 10 mM under air-purged
conditions, especially if only one concentration is used. Higher
concentrations allow capturing a majority of the triplet pool

on triplet energy could result in an overall lower triplet yield
based on TMPD•+ and an overestimation of high energy
triplets with this method. Yet, the triplet quantum yields are
higher based on TMPD•+ than on 1O2 measurements, for
instance, 4.1% and 2.5% for SRNOM based on TMPD•+20 and
1
O2 methods, respectively.41 The diﬀerence can be rationalized
by acknowledging that not all quenching events of 3CDOM*
by O2 result in 1O2 formation. The fraction of triplets
quenched by O2 that yield 1O2, fΔ, can range from 0 to 1, but is
most likely much smaller than unity based on the fΔ values of
model sensitizers often used as 3CDOM* proxies.11 Several
molecular and photophysical properties have been correlated
to fΔ, as well as the ET, with a modest increase in fΔ as ET
decreases until the limit of exothermic energy transfer.42 Given
the many properties fΔ is dependent on, a direct dependence of
fΔ on a speciﬁc CDOM property is likely masked by the sheer
complexity of triplets within CDOM.
Another possibility related to capturing diﬀerent pools with
the two methods could be that the TMPD•+ method misses
very short-lived triplets because the TMPD concentration (60
μM) is too low to capture all triplets. Based on the natural
lifetime of 3CDOM* of 18 μs using SRNOM as an example,
and the bimolecular rate constant with TMPD (2.3 × 109 M−1
s−1), around 70% of all SRNOM triplets are captured.20 It is
possible that short-lived triplets might have diﬀerent energies
than long-lived triplets, partly explaining the diﬀerence
between TMPD-based and 1O2-based values. To test this
explanation, 1O2 phosphorescence measurements were conducted with 20% O2 sparging, conditions wherein not all
triplets are captured, and showed very similar kinetic behavior
as experiments under 100% O2 conditions (SI Figure S8.).
This indicates that any diﬀerences in the captured triplet pools
dependent on triplet lifetime were not responsible for the
observed diﬀerence in HDA quenching between the two
methods. Under 20% O2, HDA is more competitive to
3
CDOM* quenching compared to O2, resulting in a broader
[HDA]/kobs range, which ultimately led to lower kHDA and
αHDA values, highlighting the importance of the selected
[HDA]/kobs range. With higher [HDA]/kobs, triplets with
lower rate constant are captured because HDA possesses a soft
cutoﬀ between quenchable and unquenchable triplets as
described in our companion paper.26 This soft cutoﬀ means
that there is a signiﬁcant fraction of triplets in DOM with
energies roughly between 200 and 170 kJ mol−1. In this range
triplets are quenched much below the diﬀusion limit by HDA
(Figure 1B), thereby, depending on the [HDA]/kobs range,
these triplets are considered as reactive or unreactive. This is in
agreement with the CHT experiments, which showed that only
a very small fraction of the triplets have energies below 150 kJ
mol−1. These triplets would be unquenchable also at very high
[HDA]/kobs. Thereby a large fraction of the “unquenchable”
triplets are actually quenched by HDA with a low rate
constant, which becomes apparent at high [HDA]/kobs but can
be considered as unquenchable in a lower [HDA]/kobs range.
Implications. Overall, following 3CDOM* by TMPD
oxidation or 1O2 formation, as outlined in this study and our
companion work, respectively, yielded HDA quenching rate
constants that are in between currently used estimations,
thereby narrowing down the potential range for this value. The
better estimations of kHDA for DOM isolates (Table 1) can be
used to improve calculations of steady-state concentrations of
3
CDOM* based on HDA isomerization for high energy
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with high rate constants are captured and the less reactive pool
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concentrations. Overall, using higher HDA concentrations
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