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ABSTRACT: Sorbic acid (2,4-hexadienoic acid; HDA) is commonly used as a
probe and quencher for triplet-excited chromophoric dissolved organic matter
(3CDOM*), an important transient species in natural waters, yet much remains
unknown about its reactivity with 3CDOM* and its triplet energy. To better
understand the quenching behavior of HDA, we measured HDA quenching rate
constants for various humic substance isolates and whole waters with singlet
oxygen (1O2) phosphorescence and determined the triplet energy of HDA. Lowtemperature phosphorescence measurements determined the triplet energy of
HDA to be 217 kJ mol−1, whereas a complementary method based on triplet
quenching kinetics found a triplet energy of 184 ± 7 kJ mol−1. Time-resolved
1
O2 phosphorescence measurements yielded diﬀerent HDA quenching rate
constants depending on the ﬁtting method. Using an approach that considered the reactivity of the entire triplet pool produced
values of (∼1−10) × 108 M−1 s−1, while an approach that considered only the reactivity of the high-energy triplets output
higher rate constants ((∼7−30) × 108 M−1 s−1). In addition, the model based on high-energy triplet reactivity found that ∼30−
60% of 3CDOM* is not quenched by HDA. Findings from this study provide a more comprehensive view on the use of HDA as
a probe for 3CDOM*.

■

INTRODUCTION
Chromophoric dissolved organic matter (CDOM), the fraction
of organic matter that absorbs light, drives the indirect
photochemistry of natural waters through sensitized formation
of photochemically produced reactive intermediates (PPRI)
such as hydrogen peroxide (H2O2), hydroxyl radical, and
singlet oxygen (1O2).1 Many of these PPRI are formed from
triplet-excited state organic matter (3CDOM*), which is itself
an important oxidant that impacts pollutant degradation.2
CDOM is a complex mixture of chromophores, whose
individual photochemical properties combine to form the
macroscale properties of 3 CDOM*. This diversity of
chromophores creates a distribution of triplets within
CDOM, giving rise to what is most likely a near-continuum
of triplet energies (ET) and excited state reduction potentials
for 3CDOM*.3
Several probe molecules have been used to indirectly assess
and quantify 3CDOM*, with the most recent attention paid to
2,4,6-trimethylphenol (TMP) and sorbic acid (i.e., 2,4hexadienoic acid; HDA).4,5 Importantly, these probe molecules
quantify diﬀerent triplet pools within 3CDOM*, in terms of
both quantity and reactive nature.6 TMP is oxidized by
3
CDOM* and is thus a probe for oxidizing triplets. Whereas
dienes, such as HDA, react by energy transfer and therefore
only probe for high energy triplets, thereby missing the pool of
low triplet energy 3CDOM*. Several dienes have been used in
aquatic photochemistry studies, including 1,3-pentadiene,7
isoprene,8 sorbic alcohol, and HDA.9 Energy transfer to a
© 2019 American Chemical Society

diene produces the triplet excited diene, and, in cases where cis
and trans isomers are available, these excited state dienes relax
to produce a mixture of isomerized products.
HDA is the most well-studied diene triplet probe for
3
CDOM*, likely owing to its water solubility, and has been
used to determine triplet formation rates, triplet quantum
yields (ΦT), natural triplet lifetimes of 3CDOM*, and steadystate concentrations of 3CDOM* ([3CDOM*]SS).2,5,6,9−13
Central to accurate measurements of these photochemical
parameters, and thus also to determining pollutant degradation
pathways in natural waters, are rate constants for 3CDOM*
quenching by HDA, which has only recently been investigated.9,14 Despite the extensive use of HDA, little is known
about the triplet energy of HDA, a critical parameter that
determines which triplets in CDOM are captured and
observed. The current estimate of ∼250 kJ mol−1 is based
on singlet−triplet absorption spectra of various dienes (e.g.,
pentadiene and 2,4-hexadiene),15,16 yet these dienes lack a
conjugated carboxylic acid group, which may interact in the
diene’s π-system, foreseeably aﬀecting the triplet energy. In
addition, for a molecule that exhibits signiﬁcant conformational
changes between the ground and excited state, such as dienes
which possess a triplet-excited state with equilibrium geometry
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River NOM #2R101N (SRNOM), and upper Mississippi River
NOM #1R110N (MRNOM) were purchased from the
International Humic Substances Society (St. Paul, MN).
Florida Everglades site F1 hydrophobic acid (HPOA),
transphilic acid (TPIA), and hydrophobic neutral (HPON)
fractions; Williams Lake HPOA, TPIA, and HPON fractions;
Paciﬁc Ocean hydrophobic acid; and Lake Fryxell FA were
provided by Dr. Brett Poulin of the U.S. Geological Survey.
Whole water samples were obtained from the Great Dismal
Swamp (Virginia) along the Jericho Ditch on September 8,
2016 and from Lake Bradford (Tallahassee, FL) on December
28, 2015. Whole waters were ﬁltered (Whatman Polycap TC
75, pore size 0.2 μm) immediately after collection and stored
in acid-washed brown plastic bottles at approximately 3 °C
until use.
Sorbic Acid Phosphorescence. Low temperature phosphorescence measurements were performed using a liquid
nitrogen-cooled cryostat (Optistat DN; Oxford Instruments)
with on-board temperature controlling. HDA or m-terphenyl
were dissolved in 5:5:2 diethyl ether: 2-methylbutane: ethanol
(EPA) solvent mixture to form low temperature organic
glasses. Samples were excited at 295 nm with pulses generated
from a Solstice laser system (Spectra-Physics, Darmstadt,
Germany) in combination with a TOPAS-C (Light Conversion, Vilnius, Lithuania) optical parametric ampliﬁer. Low
energy harmonics were removed from the pulses with a 550
nm short-pass ﬁlter and pulse intensity was adjusted with a
variable neutral density ﬁlter. The phosphorescence emission
was collected approximately 15° from the incident excitation,
passed through a 400 nm long-pass ﬁlter, and was focused on a
ﬁber optic connected to a Jaz spectrometer (Ocean Optics),
which was used for signal detection. As the emission of mterphenyl was long-lived, on the time scale of seconds, the
phosphorescence emission was gated by a manually operated
shutter after excitation to remove scattered light and shortlived emission features.
Transient Absorption Measurements. Pump−probe
transient absorption spectroscopy was conducted to monitor
HDA quenching of triplet excited sensitizers using a previously
described system.21 Sensitizer solutions were prepared in pH
7.3 phosphate buﬀer (10 mM) and were excited at variable
wavelengths depending on their absorbance (Supporting
Information Table S2). Absorbance spectra were collected in
the time window of ca. 500 μs following the excitation pulse
over the range 350−930 nm. Diﬀerent absorbance features
were followed for each sensitizer, and quenching rate constants
were derived from averaging exponential decay ﬁts to data
from three diﬀerent wavelengths within the most intense
absorption signal (SI Table S2). Transient decay lifetimes were
calculated from exponential decay ﬁts with Surface Explorer
(Ultrafast Systems, Sarasota, FL). For Stern−Volmer quenching experiments, triplet excited sensitizer decay rates (kobs)
were determined as a function of added sorbate. Potassium
sorbate was spiked into sensitizer solutions from a concentrated aqueous stock.
Time-Resolved 1O2 Phosphorescence. Time-resolved
1
O2 phosphorescence measurements were performed to
indirectly monitor 3CDOM* reactivity using a previously
described system.20 DOM isolate solutions and whole waters
were irradiated with 346 nm pulsed laser light (∼80 fs pulses),
with power maintained at 35 mW with an adjustable neutral
density ﬁlter. Sensitizers were excited with variable wavelengths
depending on their absorbance, identical to the excitation

between the cis and trans isomers (dihedral angle of ∼90°),17
calculated triplet energies will be highly dependent on the
experimental approach used to determine ET. For example,
singlet−triplet absorption measurements yield so-called
vertical (spectroscopic) ET values, which are larger than the
thermodynamic (relaxed geometry) ET value, the triplet energy
that more accurately represents quenching behavior in solution
(Scheme 1).18,19 Based on the structural dissimilarities of the
Scheme 1. Potential Energy Curves for the Singlet Ground
State (S0) and Triplet Excited State (T1) for a Molecule with
Diﬀerent S0 and T1 Geometries

model dienes and the experimental methods used to determine
their triplet energies, an accurate value for the triplet energy of
HDA is currently unknown.
In this report, we work toward better understanding HDA as
a probe and quencher of 3CDOM*. To more accurately assess
the pool of triplets in CDOM that are captured when using
HDA, we investigate the triplet energy of HDA using lowtemperature phosphorescence measurements and a kineticsbased determination that examines the quenching behavior of a
series of model sensitizers with varying ET by HDA. To
determine the reactivity of HDA with 3CDOM*, we study the
quenching kinetics of various humic substance isolates and
whole water samples (hereafter referred to as CDOM) with
HDA through time-resolved 1O2 phosphorescence to probe
3
CDOM* reactivity. 20 From this data, we determine
quenching rate constants of 3CDOM* by HDA as well as
the unquenchable pool of triplets in CDOM that are not
captured by HDA, relating to the total fraction of triplets with
ET below 184 kJ mol−1, our estimated triplet energy for HDA.

■

MATERIALS AND METHODS
Chemicals, Organic Materials, and Natural Waters. 2Acetonaphthone (2-AN; 99%), 2-methylbutane (≥99.5%), 3methoxyacetophenone (3MAP; 97%), 4-benzoylbenzoic acid
(CBBP; 99%), perinaphthenone (PN; 97%), riboﬂavin
(≥98%), rose bengal (RB; ∼95%), zinc tetrakis(Nmethylpyridyl)porphyrin (ZnTMPyP; ∼85%), potassium
sorbate (≥99%), 2,4-hexadienoic acid (HDA; >99%), sodium
perchlorate (≥98%), sodium phosphate dibasic (≥99%), and
potassium phosphate monobasic (≥99%) were purchased from
Sigma-Aldrich. m-Terphenyl (>98%) was purchased from TCI.
Diethyl ether (spectroscopic grade; > 99%) was purchased
from Acros Organics. Absolute ethanol (analytical reagent
grade; > 99.8%) was purchased from Fisher Scientiﬁc. All
reagents were used as received. Water (18 MΩ·cm) was
obtained from a Barnstead Nanopure Diamond system.
Suwannee River fulvic acid (FA) #2S101F, Suwannee River
humic acid (HA) #2S101H, Nordic Lake natural organic
matter (NOM) #1R108N, Pony Lake FA #1R109F, Suwannee
8079
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Figure 1. (a) Phosphorescence emission spectrum for HDA in EPA solvent mixture at 77 (black) and 100 K (red). (b) Kinetic traces for
3
riboﬂavin* transient decay (λex = 450 nm) monitored at 710 nm under 20% O2-purged conditions with increasing amounts of HDA. (c) Stern−
Volmer plot displaying 3riboﬂavin* decay rate constant as a function of added HDA quencher determined from 3riboﬂavin* transient decay
monitored at 710 nm (data presented in b). (d) Rate constants for quenching of various triplet excited sensitizers by HDA as a function of
sensitizer triplet energy determined with transient absorption spectroscopy. Solid line is the ﬁt as described in the text and eq 1 with parameters
k-d/k0en = 0.1 and ΔG‡(0) = 24 kJ mol−1 and dashed-line is the triplet energy of HDA determined via phosphorescence.

■

wavelengths (λex) used in transient absorption measurements.
DOM isolates were prepared in pH 7.3 phosphate buﬀer (10
mM) at concentrations of 28−72 mg DOM/L; whole waters
were diluted with pH 7.3 phosphate buﬀer (10 mM). To aid
the dissolution of HPON DOM isolates, the pH was increased
to 10 with addition of 1 M NaOH, solutions were brieﬂy
sonicated, and were then brought back to pH 7 with addition
of 1 M HCl. The absorbance at the λex (346 nm) ranged from
0.2 to 0.3 for whole waters and DOM isolate solutions.
Sensitizer solutions were prepared in pH 7.3 phosphate buﬀer
(10 mM) with concentrations providing absorbance values at
λex from 0.2 to 0.3. All samples were purged during the
experiment with 100% O2. DOM samples were irradiated with
7.2 × 105 pulses (12 min), whereas model sensitizers only
required (4.5−7.5) × 104 pulses to collect comparable 1O2
phosphorescence signals. Fluorescence emission was removed
from the 1O2 phosphorescence signals by subtracting a
background kinetic trace obtained from an argon-purged
sample for each individual isolate or whole water. For HDA
quenching experiments, potassium sorbate was spiked into
DOM isolate solutions or whole waters from a concentrated
aqueous stock with an additional input of concentrated
NaClO4 to maintain ionic strength at 25 mM across samples.
Fitting of time-resolved traces was conducted using Origin 9.1
(OriginLab, Northampton, MA) to calculate rate constants as
described in the SI. Associated uncertainty values relate to the
sensitivity (standard error) of the model ﬁt to the data.

RESULTS AND DISCUSSION

Sorbic Acid Triplet Energy: Phosphorescence. To
determine the triplet energy of HDA, we utilized phosphorescence emission measurements and triplet quenching kinetics,
which will be discussed in the following section. The low
temperature phosphorescence emission spectrum for HDA
(neutral acid form) in EPA solvent mixture (5:5:2 diethyl
ether:2-methylbutane:ethanol) exhibits two prominent spectral
features at 551 and 602 nm at 77 K, which are almost entirely
absent at 100 K (Figure 1a). Because the emission is only
observed at 77 K, we attribute the signal to phosphorescence
emission. Such a low temperature is necessary to limit
molecular motion-based relaxation pathways that compete
with the phosphorescence relaxation pathway.22 Note that
these phosphorescence signals are absent from the EPA solvent
mixture under similar conditions (SI Figure S1). To verify the
method and setup, the phosphorescence spectrum of mterphenyl was also measured (SI Figure S1). The acquired mterphenyl spectrum matched the literature spectrum,23
showing three peaks at 441, 473, and 498 nm. The shortest
wavelength emission at 441 nm corresponds to a triplet energy
of 271 kJ mol−1, agreeing with the previously reported value
(272 kJ mol−1).23
In phosphorescence spectroscopy, the highest energy
(lowest wavelength) emission feature is generally thought to
be due to emission from the triplet excited state to the lowest
vibrational level of the ground state. Lower energy (higher
wavelength) features are generally assigned to emission to
higher vibrational levels of the ground state. Accordingly, the
sharp emission of HDA at 551 nm was assigned to the T1 → S0
8080
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Figure 2. (a) Overview of the processes that form the basis of the kinetic analysis. Rate constants are described in the text. (b) Time-resolved 1O2
phosphorescence traces for CBBP (λex = 340 nm), (c) CBBP/PN sensitizer mixture (λex = 340 nm), and (d) SRNOM (λex = 346 nm) as a function
of added HDA. Solid lines are the global kinetic (panel b) and generic biexponential growth-and-decay ﬁts (panels c and d) described in the SI. (e)
1
O2 phosphorescence signal areas as a function of added HDA for CBBP/PN sensitizer mixture and (f) SRNOM (black) and PLFA (red). Solid
lines are the inverse ﬁrst order ﬁts described in the text and dashed lines represent the unquenchable portion of the 1O2 signal.

the molecule.18 Thus, we feel the measured triplet energy of
217 kJ mol−1 for HDA, in its neutral acid form in an organic
matrix, indicates that the prior estimates for the triplet energy
of HDA based on singlet−triplet absorbance measurements
(∼250 kJ mol−1) are likely too high. Our 217 kJ mol−1 triplet
energy for HDA may or may not be close to the
thermodynamic triplet energy in aqueous solution, particularly
for the anionic carboxylate form found at circumneutral pH
values.
Sorbic Acid Triplet Energy: Triplet Quenching. An
alternative approach to determine the triplet energy of HDA
relies on the triplet quenching by HDA of a series of excited
triplet sensitizers with known triplet energies. Using the
method put forth by Balzani et al., which resembles the
Rehm−Weller relationship often used for electron transfer
processes, the quenching rate constant (kq) can be related to
the free-energy diﬀerence between donor (sensitizer) and
acceptor (HDA) triplet energies according to

(ν = 0) transition; this corresponds to a triplet energy of 217 kJ
mol−1. This value is considerably lower than previous estimates
of ∼250 kJ mol−1, based on singlet−triplet absorption spectra
for 1,3-pentadiene, 2,4-hexadiene, and 2,4-hexadien-1-ol
(sorbic alcohol).16 One of the central explanations for this
discrepancy is that for molecules with diﬀerent ground and
excited state conformations, singlet−triplet absorption measurements typically yield larger values than the thermodynamic
ET (Scheme 1). This likely results from excitation into higher
vibrational levels of the excited state, with energies above the
vibrationally relaxed excited state (i.e., the thermodynamic ET),
which is not accounted for in the measurement. For 2,5dimethyl-2,4-hexadiene, a representative diene, singlet−triplet
absorption measurements yield a triplet energy that is ∼30 kJ
mol−1 higher than the thermodynamic triplet energy.24 Note
that low temperature (frozen matrix) phosphorescence
measurements, conversely, may yield triplet energies close to
or lower than the thermodynamic triplet energy depending on
8081
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This value is lower than the neutral acid triplet energy
determined by low temperature phosphorescence (217 kJ
mol−1), which may be a result of the speciation or the diﬀerent
media used in the measurements (frozen organic glass vs
aqueous solution). Supporting the notion of solvent-dependent
quenching behavior, we note that 3riboﬂavin* was not
quenched by potassium sorbate in methanol, but was
quenched in water with kHDA = (1.2 ± 0.1) × 108 M−1 s−1.
Because triplet quenching kinetics were assessed at ambient
temperatures in aqueous solutions, we feel that 184 ± 7 kJ
mol−1 most accurately represents the triplet energy of HDA
when used as a triplet probe in aquatic environmental systems.
It is thus expected that HDA will capture more low energy
triplets in DOM than previously anticipated, monitoring a
larger portion of 3CDOM* and acting as a more eﬃcient
triplet probe.
1
O2 Phosphorescence: Kinetic Analysis. The overall
scheme describing kinetic processes for 3CDOM*, and
similarly for model sensitizers, is depicted in Figure 2a.
Associated bimolecular rate constants for each process are
expressed as ki. 3CDOM* can undergo quenching by HDA and
oxygen, with a fraction of oxygen quenching events (fΔ)
producing 1O2. The natural triplet relaxation rate (kTd ) is the
ﬁrst-order rate constant representing all other decay pathways
aside from quenching by HDA or O2. 1O2 can also undergo
nonradiative relaxation, which is highly solvent-dependent and
described by the ﬁrst-order relaxation rate constant kΔd , and
quenching by HDA. 1O2 quenching by HDA (kΔHDA) is,
however, a minor 1O2 decay pathway compared to nonradiative relaxation, as evidenced by no signiﬁcant change in
the 1O2 phosphorescence decay rate constant with increasing
HDA addition (SI Figure S9). For this reason, kΔHDA will be
ignored in our analysis. kΔr is the rate constant for radiative
relaxation, describing radiative emission in the near-infrared
region (1270 nm), which is much smaller than kΔd (0.11 s−1 vs
2.76 × 105 s−1 in H2O)27,28 and is thus not considered in the
kinetic analysis.
An equation describing 1O2 phosphorescence growth-anddecay kinetics based on these processes has been previously
described20 and was used to determine 3CDOM*-HDA
quenching rate constants with a global ﬁtting procedure (SI
Section S1). A key aspect of this data ﬁtting approach is that it
mathematically treats all 1O2-producing triplets as a single pool
with one growth rate constant and one decay rate constant.
Thus, this approach gives an average rate constant for all (1O2producing) triplets reacting with HDA. Such rate constants are
averages of the entire range, including high rate constants that
might be near the diﬀusion-controlled limit as well as near-zero
values that are expected for triplet states whose ET is too low to
exergonically transfer energy to HDA.
An alternative two-pool data ﬁtting approach can also be
used, which divides the entire 3CDOM* pool into reactive and
unreactive fractions. This ﬁtting method outputs a rate
constant for quenching of the reactive pool, related to the
high-energy 3CDOM* species that are quenched by HDA. In
addition, the two-pool ﬁtting approach yields information
about the relative fraction of triplets in 3CDOM* that are not
quenched by HDAthe low-energy pool (ET < ca. 184 kJ
mol−1), herein deﬁned as αthat describes the distribution of
triplet energies in CDOM. To analyze 1O2 phosphorescence
data with the two-pool model, we integrated the 1O2 kinetic
traces, yielding a total measure of the 1O2 signal (the area), and

k−d

(1)

where ΔG is the free energy change of reaction, ΔG ≈
−E00(donor*) + E00(acceptor*) with E00 equal to the
thermodynamic triplet energy, kd is the diﬀusion-limited
quenching rate constant, k−d is the encounter complex
dissociation rate constant, k0en is the pre-exponential factor,
and ΔG‡(0) is the intrinsic barrier of energy transfer.25
Equation 1 has been used for donor and acceptor pairs that
exhibit signiﬁcant conformational changes upon energy
transfer, which may impose an energetic barrier and is
accounted for by ΔG‡(0).
To relate quenching rate constants with triplet energies, the
triplet excited state quenching of a series of sensitizers,
possessing triplet energies ranging from 171 to 303 kJ mol−1,
by sorbate was monitored with transient absorption spectroscopy (SI Section 3). Note that at the experimental pH value of
∼7 nearly all of the HDA in solution (>99%) is in the ionized
carboxylate form (pKa HDA = 4.75).5 Using riboﬂavin as an
example for the data collection and analysis procedure, the
kinetic traces of triplet-excited riboﬂavin (3riboﬂavin*) decay
were monitored at 710 nm with increasing amounts of HDA
(Figure 1b). The lifetime of the 3riboﬂavin* transient
decreased with HDA addition, suggesting quenching by
HDA. The observed 3riboﬂavin* decay rate constant, the
inverse of the lifetime, was plotted as a function of added
HDA, producing a Stern−Volmer plot with the slope equal to
the bimolecular quenching rate constant (Figure 1c) and
yielding a value of (1.2 ± 0.1) × 108 M−1 s−1. The same
procedure was used to calculate HDA quenching rate
constants for other sensitizers. Note that rate constants
determined by transient absorption, as well as 1O2 phosphorescence, are total quenching rate constants and are higher than
the rate constants that would be measured for chemical
reaction (i.e., isomerization). Determined HDA quenching rate
constants spanned 105 to 109 M−1 s−1 and varied with triplet
energy (Figure 1d). Sensitizers in the exergonic regime with
triplet energies above 217 kJ mol−1, the HDA triplet energy
determined via phosphorescence, exhibited rate constants that
approach the diﬀusion-limit (∼3 × 109 M−1 s−1). Below 217 kJ
mol−1, quenching rate constants decreased, but were notably
high given the endergonic nature of energy transfer. The slow
decline of the rate constant from the diﬀusion-limit as triplet
energy decreases, an apparent soft cutoﬀ for energy transfer, is
considered indicative of energy acceptor molecules that
possess large conformational changes between ground and
excited states.25,26
Sensitizer quenching data were ﬁt using eq 1 solving for
E00(acceptor*) in order to calculate ET. Sensitivity analyses
were performed to determine k-d/k0en and ΔG‡(0) values that
best ﬁt the data; values were selected as a typical range based
on ferrocene quenching of aromatic ketone sensitizers,25 an
analogous system with a quencher that exhibits signiﬁcant
conformational diﬀerences between ground and excited states.
Generally, the data set was best ﬁt (minimum root-meansquare error (RMSE) values) at low k−d/k0en (0.1−0.3) and
ΔG‡(0) of ∼18−28 kJ mol−1 (SI Figure S8). Taking the
average of the triplet energies calculated from ﬁts within this
parameter space, for parameters that generated RMSE less than
10.5, yielded 184 ± 7 kJ mol−1 for the triplet energy of HDA.
8082
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ﬁt these data with an inverse ﬁrst-order equation (SI Section
S1).
Validation: Sensitizer Reactivity with Sorbic Acid. To
validate our experimental approach, the quenching of
individual sensitizers and a well-deﬁned triplet sensitizer
mixture by HDA was assessed using direct (transient
absorption) and indirect (1O2 phosphorescence) measurement
techniques. The indirect 1O2 phosphorescence-based approach
mirrors exactly the method used for CDOM discussed below,
whereas the direct transient absorbance-based method, which
is not possible for CDOM, served as the validation check.
CBBP was selected as a model high triplet energy sensitizer
(ET = 286 kJ mol−1)3,29 for validation experiments. HDA
quenched the 1O2 phosphorescence signal produced from
CBBP, reducing the overall signal intensity and shifting it to
shorter time scales (Figure 2b). Global kinetic ﬁtting of the
data with clearly resolved initial growth of the 1 O 2
phosphorescence signal (0−1 mM HDA) yielded kHDA =
(2.17 ± 0.02) × 109 M−1 s−1, inverse ﬁrst-order ﬁtting gave
kHDA = (2.52 ± 0.10) × 109 M−1 s−1, and transient absorbance
measurements gave a value of kHDA = (1.93 ± 0.04) × 109 M−1
s−1. The inverse ﬁrst order ﬁt also yielded an unquenchable
fraction (α) of 8%, which is expected to equal 0 because all of
the signal is believed to be from reaction of O2 with tripletexcited CBBP (3CBBP*), a high ET sensitizer. If α is set to 0, a
rate constant of (1.92 ± 0.18) × 109 M−1 s−1 is obtained,
better matching the transient absorption value. The 8%
unquenchable fraction appears to be an artifact related to the
high [O2] used. The origin of this artifact is unknown at this
time, but may be due to pathways favored at high [O2] such as
singlet oxygen delayed ﬂuorescence30 or generation of 1O2
from superoxide produced from 3CBBP*.31 To conservatively
account for this, all reported α values should be taken with an
error of ±8% of the quenched triplet pool (1-α), even though
this behavior may be speciﬁc to CBBP or ketone sensitizers
and not all triplets in CDOM.
As a simple model of CDOM, which contains high- and lowenergy triplet sensitizers, a two-component sensitizer mixture
of CBBP and PN, with triplet energies of 286 and 186 kJ
mol−1,29,32 respectively, was prepared and HDA quenching
kinetics were assessed. Although this model sensitizer system is
greatly simpliﬁed compared to the overall complexity of
CDOM, it models disparate triplet pools with diﬀerent energy
transfer properties, and allows us to assess how our data ﬁtting
approaches handle a sensitizer mixture. Because the sensitizer
mixture was produced by combining equal portions of optically
matched solutions of CBBP and PN, each sensitizer absorbs
the same number of photons, yet produces diﬀerent amounts
of 1O2 due to their separate 1O2 quantum yields (ΦΔ; ΦΔ(PN)
= 0.95; ΦΔ(CBBP) = 0.46).33,34
Time-resolved 1O2 phosphorescence traces for the CBBP/
PN mixture were quenched with increasing HDA addition and,
unlike quenching experiments with CBBP alone, possessed a
considerable unquenchable portion of the 1O2 signal (Figure
2c). This reﬂects the fact that the 1O2 signal of PN is not
signiﬁcantly quenched by HDA due to its low triplet energy
(SI Figures S10 and S11). 1O2 phosphorescence data were
analyzed using the single pool (global ﬁtting approach) and the
kinetic traces were ﬁt with SI eq S1. Global kinetic ﬁtting of the
entire [HDA] range resulted in poor ﬁts at high [HDA] (SI
Figure S13), relating to the fact that the majority of 3CBBP*
quenching occurs at low [HDA], with the remaining 1O2 signal
at high [HDA] mostly from PN. In other words, the

quenchable triplet pool is consumed at low [HDA], causing
the quenching kinetics to deviate from a linear response at high
[HDA] as has previously been observed for triplet mixtures.35
This is clearly observed in a Stern−Volmer plot that shows the
1
O2 phosphorescence growth rate constant, which is related to
the triplet decay rate constant, leveling oﬀ with increasing
[HDA] and following a linear response only between 0 and 1
mM HDA (SI Figure S14). Global kinetic ﬁtting was
conducted on only low [HDA] (0−1 mM) to stay within
the linear response range, producing a kHDA value of (5.1 ±
0.1) × 108 M−1 s−1. With this concentration range and data
treatment, the rate constant value obtained is an average of the
high quenching rate constant of 3CBBP* by HDA (kHDA =
(1.93 ± 0.04) × 109 M−1 s−1 for CBBP by transient absorbance
measurements) and the near-zero quenching rate constant of
3
PN* by HDA. Examination of the residuals shows that kinetic
ﬁtting at low [HDA] resulted in much better ﬁts (SI Figure
S13).
The two-pool data analysis approach (area quenching with
inverse ﬁrst-order ﬁtting) was also applied to the 1O2
phosphorescence data from the CBBP/PN mixture (Figure
2e). Total 1O2 signal areas were used to allow a more direct
comparison with the amount of 1O2 produced by PN alone.
Fitting of the data with SI eq S7, the non-normalized form of
SI eq S4, yielded an unquenchable 1O2 signal (after correcting
for light absorption by CBBP in the CBBP/PN mixture) that
was 87 ± 3% of the value produced by an optically matched
solution of PN alone. Given that HDA weakly quenches PN,
reducing the 1O2 signal to ∼84% of the original value upon
addition of 15 mM HDA, the values agree reasonably well.
These data suggest that the two-pool ﬁtting can be used to
determine unquenchable 1O2 pools for mixtures of triplets.
This ﬁtting approach, which mathematically separates the
reactive (CBBP) and nonreactive (PN) signals, yielded kHDA =
(1.63 ± 0.28) × 109 M−1 s−1, which is within error of the value
for 3CBBP* quenching by HDA determined by transient
absorbance measurements.
3
CDOM* Sorbic Acid Quenching. 3CDOM* quenching
by HDA was investigated to assess the reactivity and
distribution of triplets using a single pool model (global
kinetic ﬁtting at low [HDA] (0−1 mM)) and a two-pool
model (inverse ﬁrst-order ﬁtting), following a similar
procedure used for the CBBP/PN sensitizer mixture validation
experiments. Using SRNOM as an example, 1O2 phosphorescence traces produced by SRNOM were quenched with
increasing addition of HDA (Figure 2d and SI Figure S15). A
signiﬁcant portion of the 1O2 signal remains at 15 mM HDA,
representing a pool of triplets that is not quenched by HDA in
CDOM. Data for other CDOM samples is located in the SI.
The two-pool model (inverse ﬁrst-order) ﬁt for SRNOM
yielded an unquenchable 1O2 signal of 49 ± 4%, higher than
for PLFA (37 ± 5%), another widely studied IHSS isolate
(Figure 2f). This ﬁnding suggests that SRNOM possesses a
larger proportion of low energy triplets compared to PLFA. It
is important to point out, however, that the unquenchable 1O2
phosphorescence signal is equal to the fraction of unquenchable triplets if all CDOM triplets have the same fΔ value, the
eﬃciency of O2 quenching events that produce 1O2. Although
there is some evidence that fΔ is maximized when sensitizer
triplet energies are in the range of 185−225 kJ mol−1, no
deﬁnitive fΔ dependency on triplet energy has been shown.36
Possibly more important is the sensitizer excited triplet state
oxidation potential (E°*(3S*/S+•)), which determines the
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unquenchable triplet pools, suggesting triplets with, on average,
higher triplet energies, which would foreseeably increase the
excited state reduction potential.3 Such an argument would be
consistent with past reports that have observed greater
pollutant degradation with autochthonous DOM compared
to allochthonous DOM.40−42
Estimates of the distribution of triplets in CDOM have
previously been explored using kinetic analysis to compare the
triplets in DOM isolates and whole waters capable of 1O2
production and 1,3-pentadiene isomerization, which served as
measures for the total amount of triplets in CDOM and triplets
with energies >250 kJ mol−1, respectively.7 This previous
report assumed a kO2 value of 2 × 109 M−1 s−1 and a fΔ value of
1. Using a revised kO2 value for 3CDOM* (9 × 108 M−1 s−1)20
and fΔ (0.95),14 the fraction of triplets in 3CDOM* below 250
kJ mol−1 was found to be 0.80−0.94 depending on the DOM
sample (SI Table S4). Our results are much lower than these
values, possibly related to diﬀerent quenching behavior
between 1,3-pentadiene and HDA. A recent report used a
similar approach as the 1,3-pentadiene study, instead using
sorbic alcohol to probe the high energy triplets (>250 kJ
mol−1).14 Our values for the low energy triplet pool in CDOM
are lower than reported in the sorbic alcohol study (e.g., 0.37
vs 0.55 for PLFA), which is reasonable given that sorbic acid
likely captures a larger triplet pool than sorbic alcohol due to
its lower triplet energy (∼184 kJ mol−1).
Using a single pool approach (global kinetic ﬁtting), the 1O2
phosphorescence data yielded quenching rate constants of
3
CDOM* by HDA in the range of (1.2−10.2) × 108 M−1 s−1
with an average value of (4.7 ± 2.6) × 108 M−1 s−1 (Table 1).
Note that the error for individual CDOM samples is ∼5%
based on triplicate measurements with MRNOM. Examination
of global ﬁtting residuals (SI Section 5) generally suggests that
the ﬁts describe the data well. Deviations at high [HDA] are
evident in some DOM samples, likely related to the fact that
average kO2 and kTd values were used to describe all triplets in
CDOM. It is likely that these values vary with triplet energy
and that quenching of the high energy triplets by HDA results
in a shift of the averages. Nonetheless, the data are ﬁt
reasonably well with single rate constants and can be used as
an average of the entire 1O2-producing triplet pool in
3
CDOM*.
As expected, the two-pool model (inverse ﬁrst-order ﬁtting),
which separates the reactive and unreactive pools, produced
much higher kHDA values than the single pool (global kinetic
ﬁtting), which gives an average value of all triplets. The reactive
pool from the two-pool model gave kHDA values in the range of
(7.4−30.2) × 108 M−1 s−1, with an average value of (12.9 ±
6.3) × 108 M−1 s−1 (Table 1).
In principle, the one-pool values (all triplet average) can be
constructed from the two-pool rate constants for the reactive
triplet pool and the relative sizes of the reactive (1-α) and
unreactive pools (α) (SI Section 6). The average kHDA values
calculated in this way are similar to, but generally higher than,
the values determined with the single-pool model. This
discrepancy may be related to using average kO2 and kTd values
for all 3CDOM* in the two-pool model calculation, even
though these values likely change as high energy triplets are
quenched with HDA addition.
Which rate constants should one use to estimate the steadystate concentration of 3CDOM* when using HDA as a triplet

extent of charge transfer between oxygen and the triplet
sensitizer in oxygen quenching processes, impacting fΔ.37
Because the distribution of E°*(3S*/S+•) in CDOM is not
known at this time, we cannot form any meaningful
conclusions about the fΔ distribution in CDOM. Hence, the
reported unquenchable triplet pools in this study, and also
determined rate constants, are weighted toward triplets in
CDOM with high fΔ, and thus large ΦΔ. Our companion
paper38 discusses this topic in more detail by comparing HDA
quenching results determined with 1O2 phosphorescence and
the direct observation of aromatic amine oxidation by
3
CDOM*, which captures the oxidizing triplet CDOM
pool,39 to examine the diﬀerences between 1O2-forming and
oxidizing triplet pools.
The unquenchable fraction of triplets in CDOM with
energies below ∼184 kJ mol−1 span a large range of 0.30−0.58
depending on the DOM source material (Table 1). Generally,
autochthonous DOM-dominated samples possessed smaller
Table 1. Unquenchable Fraction of Triplets Within CDOM
and Bimolecular Quenching Rate Constants of 3CDOM*
with HDA for DOM Isolates and Natural Waters
Determined with Inverse First Order and Global Kinetic
Fittinga
two-pool model
DOM
Suwannee
River FA
Great Dismal
Swamp
Suwannee
River HA
Nordic Lake
NOM
Everglades
TPIA
Everglades
HPOA
Lake Bradford
Mississippi
River NOM
Suwannee
River NOM
Everglades
HPON
Williams Lake
HPON
Paciﬁc Ocean
HPOA
Williams Lake
HPOA
Williams Lake
TPIA
Pony Lake FA
Lake Fryxell
FA
average

single-pool model

unquenchable
fraction (α)

kHDA (108 M−1 s−1)
inv. ﬁrst order

kHDA (108 M−1 s−1)
global kinetic

0.58 (±0.03)

7.9 (±1.7)

2.2 (±0.1)

0.58 (±0.03)

11.7 (±4.6)

2.1 (±0.1)

0.56 (±0.04)

11.2 (±5.5)

1.2 (±0.4)

0.54 (±0.04)

10.8 (±2.0)

3.3 (±0.1)

0.51 (±0.04)

7.5 (±1.3)

2.6 (±0.1)

0.51 (±0.04)

9.6 (±1.1)

3.3 (±0.1)

0.51 (±0.04)
0.50 (±0.04)

11.7 (±2.4)
7.4 (±1.6)

3.8 (±0.1)
2.9 (±0.1)

0.49 (±0.04)

8.5 (±1.8)

3.6 (±0.1)

0.47 (±0.04)

12.1 (±1.5)

4.6 (±0.1)

0.43 (±0.05)

17.3 (±2.4)

7.2 (±0.1)

0.41 (±0.05)

30.2 (±4.4)

10.2 (±0.3)

0.39 (±0.05)

8.0 (±2.1)

5.3 (±0.1)

0.38 (±0.05)

23.5 (±4.4)

8.2 (±0.2)

0.37 (±0.05)
0.30 (±0.06)

14.6 (±2.3)
14.8 (±2.0)

7.4 (±0.1)
8.0 (±0.1)

0.47 (±0.08)

12.9 (±6.3)

4.7 (±2.6)

The inverse ﬁrst-order model rate constants are for the quenchable
pool of 3CDOM*, whereas the global kinetic ﬁtting model yields a
rate constant that is an average of all 3CDOM* (quenchable and
unquenchable). Uncertainties in α are ±8% of the high energy triplet
pool (1−α) based on CBBP validation experiments. Uncertainties in
kHDA relate to the sensitivity (standard error) of the model ﬁt to the
data. For kHDA values determined via global kinetic ﬁtting, uncertainty
should generally be taken as ±5%.
a
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triplet probe would capture most triplets in CDOM, would
selectively react with 3CDOM* and not other PPRIs, and
would be easy to quantify and monitor. HDA only possesses
the last two characteristics. In the future, energy transfer
probes with lower triplet energies, including trienes and
polyenes, could be used to capture a larger fraction of the
triplets in CDOM, and may overcome this problem of an
unquenchable fraction.

probe? Using the higher rate constants that come from the
two-pool model will give an estimate of the steady-state
concentrations of high-energy organic matter triplets. By
contrast, using the lower values that come from the one-pool
model will give estimates of steady-state concentrations of all
triplets. Recently, rate constants for 3CDOM* quenching by a
series of sorbic acid analogs were determined under steadystate photolysis conditions.14 Because these rate constants
stem from isomerization rates of sorbic acid analogs, a metric
that only captures the high-energy triplet pool responsible for
isomerization, we believe that these values should correspond
to our higher “reactive pool” values from the two-pool model.
Our kHDA values are notably higher than those reported by
Zhou et al., for instance (8.5 ± 1.8) × 108 M−1 s−1 for
SRNOM compared to ∼2 × 108 M−1 s−1. We do not know the
origin of this diﬀerence, but speculate that it may be related to
the fact that our measurement technique is biased toward
triplets with high fΔ (eﬃcient at making 1O2), and perhaps
high fΔ triplets may tend to have higher rate constants for
energy transfer to HDA.
Implications for 3CDOM* Photochemistry. By determining the triplet energy of HDA through phosphorescence
and HDA triplet quenching kinetics, we have better deﬁned the
pool of triplets captured by this common 3CDOM* probe.
Based on our results, HDA is likely a better triplet quencher
than previously anticipated because it possesses a lower triplet
energy, 184 ± 7 or 217 kJ mol−1 from triplet quenching
kinetics and phosphorescence measurements, respectively,
compared to past estimates. We believe that the triplet energy
determined by the kinetic approach (∼184 kJ mol−1) better
represents triplet quenching behavior in aqueous environmental systems, such as when HDA is used as a probe for
3
CDOM*. In determining the triplet energy by the kinetic
approach, we observed that quenching rate constants of triplets
by HDA slowly decreases from the diﬀusion-limit as triplet
energy decreases, following a so-called soft cutoﬀ. This
behavior strongly impacts the size of the triplet pool that is
probed with HDA. For typical experimental conditions when
using HDA as a probe (e.g., 1 mM HDA, air-saturated
conditions), triplets with energies of 214 kJ mol−1 are
competitively quenched (i.e., rates are identical) by oxygen
and HDA. Increasing [HDA] to 15 mM, triplets with energies
of 194 kJ mol−1 are competitively quenched by oxygen and
HDA, thus highlighting that the relative size of the captured
triplet pool is dependent on the concentration of HDA. This is
an important point to keep in mind, given that HDA has been
used across a wide concentration range when using HDA as a
probe for 3CDOM*. We therefore recommend using a
relatively high concentration of HDA (e.g., 2.5 mM for airpurged conditions) to ensure capturing a large portion of
3
CDOM*.
High-energy 3CDOM* was found to exhibit kHDA values of
(1.29 ± 0.63) × 109 M−1 s−1 using the two-pool data ﬁtting
approach, averaging across a set of DOM samples from diverse
sources, including isolates and whole waters. These values
allow for more accurate determinations of the photochemical
parameters of natural waters such as ΦT and [3CDOM*]SS,
which better informs models describing CDOM photochemistry and pollutant fate in the environment. A
considerable pool of low triplet energy 3CDOM* was not
quenched by HDA, 0.30−0.58 depending on the CDOM
source, suggesting that HDA may not be an ideal probe for
3
CDOM*, and certainly not an ideal triplet quencher. A better
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(30) Scholz, M.; Dědic, R.; Breitenbach, T.; Hála, J. Singlet oxygensensitized delayed fluorescence of common water-soluble photosensitizers. Photochemical & Photobiological Sciences 2013, 12 (10),
1873−1884.
(31) Hayyan, M.; Hashim, M. A.; AlNashef, I. M. Superoxide Ion:
Generation and Chemical Implications. Chem. Rev. 2016, 116 (5),
3029−3085.
(32) Flors, C.; Nonell, S. On the Phosphorescence of 1H-Phenalen1-one. Helv. Chim. Acta 2001, 84 (9), 2533−2539.
(33) Minella, M.; Rapa, L.; Carena, L.; Pazzi, M.; Maurino, V.;
Minero, C.; Brigante, M.; Vione, D. An experimental methodology to
measure the reaction rate constants of processes sensitised by the
triplet state of 4-carboxybenzophenone as a proxy of the triplet states
of chromophoric dissolved organic matter, under steady-state
irradiation conditions. Environmental Science: Processes & Impacts
2018, 20 (7), 1007−1019.
(34) Schmidt, R.; Tanielian, C.; Dunsbach, R.; Wolff, C.
Phenalenone, a universal reference compound for the determination
of quantum yields of singlet oxygen O2(1Δg) sensitization. J.
Photochem. Photobiol., A 1994, 79 (1), 11−17.
(35) Wagner, P. J.; Nakahira, T. Triplet energy transfer. IX.
Nonlinear quenching and variable excited state lifetimes in the
photochemistry of mixed chromophores. J. Am. Chem. Soc. 1974, 96
(11), 3668−3670.
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