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ABSTRACT: Excited triplet state chromophoric dissolved
organic matter (3CDOM*) is a short-lived mixture of excitedstate species that plays important roles in aquatic photochemical processes. Unlike the study of the triplet states of
well-deﬁned molecules, which are amenable to transient
absorbance spectroscopy, the study of 3CDOM* is hampered
by it being a complex mixture and its low average intersystem
crossing quantum yield (ΦISC). This study is an alternative
approach to investigating 3CDOM* using transient absorption
laser spectroscopy. The radical cation of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD), formed through oxidation by
3
CDOM*, was directly observable by transient absorption
spectroscopy and was used to probe basic photophysical
properties of 3CDOM*. Quenching and control experiments veriﬁed that TMPD•+ was formed from 3CDOM* under anoxic
conditions. Model triplet sensitizers with a wide range of excited triplet state reduction potentials and CDOM oxidized TMPD at
near diﬀusion-controlled rates. This gives support to the idea that a large cross-section of 3CDOM* moieties are able to oxidize
TMPD and that the complex mixture of 3CDOM* can be simpliﬁed to a single signal. Using the TMPD•+ transient, the natural
triplet lifetime and ΦISC for diﬀerent DOM isolates and natural waters were quantiﬁed; values ranged from 12 to 26 μs and 4.1−
7.8%, respectively.

■

3

INTRODUCTION
Chromophoric dissolved organic matter (CDOM) is a complex
mixture of organic molecules originating from the breakdown
of plant and microbially derived biomass coming from both
aquatic and terrestrial sources.1 In most natural aquatic systems,
CDOM is the dominant light absorber.2 Upon light absorption,
CDOM is ﬁrst promoted to its excited singlet state, and then a
subset of these species undergoes intersystem crossing (ISC) to
the triplet state (Figure 1).3 In the excited triplet state, a
molecule is a better oxidant (and reductant) than in the ground
state because the excited-state reduction potential (E0* in V)
for one-electron charge transfer is a sum of the ground-state
potential (E0 in V) and the triplet energy ET of the molecule
(eq 1; converting ET to a potential using Faraday’s constant
F):3
E 0* = E 0 +

ET
F

CDOM* is more diﬃcult to investigate than most of the
other PPRI because it is not a well-deﬁned species. Rather it is a
complex mixture of mostly unknown molecules, which vary in
their intersystem crossing quantum yield, triplet lifetimes and
energies, and excited-state reduction potential.3,10 Additionally,
current estimates for ΦISC for 3CDOM* are quite low, ranging
from 0.4 to 11%.11−17
Most of our current knowledge about 3CDOM* comes from
steady-state experiments with diﬀerent chemical probes.
Phenols bearing electron-donating substituents, such as 2,4,6trimethylphenol (TMP), are frequently used to study oxidation
reactions by 3CDOM*.18 One limitation of TMP as a probe
molecule is that it is more readily oxidized by triplets with a
higher reduction potential and may miss the less-reactive pool
of 3CDOM*.
1
O2 formation14,16 and diene (1,3-pentadiene16 and sorbic
acid12) isomerization have been used as probe reactions for
triplet energy transfer from 3CDOM*. The dienes are only able
to quench molecules with a triplet energy higher than about
250 kJ mol−1.3 O2 is most likely able to quench all triplets in

(1)

3

CDOM* reacts with O2 to give singlet oxygen (1O2),
another important photochemically produced reactive intermediate (PPRI).4 3CDOM* and 1O2, along with other PRRI,
play a central role in aquatic systems for both natural element
cycling processes and the transformation of environmental
contaminants.1−9
© 2017 American Chemical Society
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Figure 1. Schematic overview of TMPD•+ as a probe for 3CDOM*. 3CDOM* has no distinguishable transient absorption signal, which is indicated
with the crossed-out arrow between 3CDOM* and its kinetic trace. Instead, observation of TMPD•+ kinetics indirectly gives the natural lifetime (τ0)
the bimolecular rate constant with TMPD (ket), and intersystem crossing quantum yield (ΦISC) for 3CDOM*. This is possible as kobs for TMPD•+
formation is equal to the unknown observed rate constant for triplet decay in the presence of TMPD.

distinctive absorption spectrum, featuring a distinct double
hump absorption with maxima around 560 and 610 nm and a
high absorption coeﬃcient (12 000 M−1 cm−1 at 612 nm).32
Additionally the radical cation is very stable under most
conditions.33 The combination of the high reactivity of TMPD
and relative stability of TMPD•+ makes TMPD an attractive
probe for 3CDOM* in transient absorption experiments. By
following the formation of TMPD•+ in the presence of
photoexcited CDOM, we are able to gain knowledge about
its precursor, 3CDOM* (Figure 1).
The ﬁrst aim of this study was to characterize TMPD as a
probe for excited triplet state electron transfer with a set of
model sensitizers covering a wide range of photophysical and
chemical properties (Table S1). This set reﬂected the possible
range of reactivity of diﬀerent molecules present in CDOM.
Through the variance of the reduction potential of the
sensitizers, the aim was to assess how general the formation
of TMPD•+ is for triplet sensitizers.
Using the model sensitizers, we sought to validate that the
TMPD•+ signal can be used to determine a sensitizer’s natural
triplet lifetime τ0 (the inverse of the rate constants for the O2independent deactivation pathways),3 its rate constant with
TMPD, and its intersystem crossing quantum yield (1S → 1T).
Once validated with the model sensitizers, these methods could
then be applied to determine these values for CDOM. Second,
in DOM experiments, we evaluated whether or not TMPD•+
formation was due primarily to the electron-transfer reaction
with 3CDOM* and if it could reliably be used as a qualitative
and quantitative probe for 3CDOM*. Finally, the versatility of
TMPD•+ as a triplet probe was tested by determining ΦISC and
natural lifetimes of 3CDOM* for a set of DOM isolates and
natural waters of diﬀerent origin.

CDOM by energy transfer due to its low triplet−singlet energy
gap, but not all quenching events form 1O2.3 Therefore, various
probes likely respond to diﬀerent subpopulations of the entire
3
CDOM* mixture and thus yield unique but overlapping
information about diﬀerent pools of triplets.19
The information that can be gained by such steady-state
experiments is limited due to the fact that the bimolecular
reaction rate constant between the probe and 3CDOM* as well
as the fact that the steady-state concentration of 3CDOM*
cannot be directly measured. So far, these values can only be
estimated with kinetic modeling, comparison with model
sensitizers, and comparison and competition between diﬀerent
probes.11−14,16,17,20
Because triplets have lifetimes typically on the microsecond
time scale, their direct measurement requires special analytical
techniques. Transient absorption laser spectroscopy is
commonly used to study short-lived intermediates like triplets
and radicals because direct detection of these transients by
changes in their UV−vis absorbance is possible. Therefore,
time-resolved measurements have the potential to provide
more quantitative information about 3CDOM*. Past studies
have reported the observation of several transients after laser
excitation of CDOM.21−24 However, these transients are mostly
related to radical species, such as phenoxyl radical,24 and
hydrated electrons. Hydrated electrons are overproduced under
laser irradiation compared to natural sunlit conditions due to a
biphotonic process.25 Some transients were partly quenched by
O2, a powerful triplet quencher, but were unaﬀected by lesssensitive triplet quenchers.22,23 Hence, these signals are most
likely a composite of signals, some of which may be triplet state
molecules.22 It remains unclear how representative these signals
are of the triplet CDOM pool, and thus far, not much
quantitative knowledge has been gained from these experiments.
A universal probe for triplets is needed to study CDOM
reactivity and properties in more detail. In this study, we report
a new approach to investigate the properties of 3CDOM* with
transient absorption spectroscopy using the probe molecule
N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD). Due to
its low oxidation potential, E0 (TMPD+•/TMPD) = 0.25
VSHE,26,27 TMPD is oxidized to its radical cation (TMPD•+) at
near diﬀusion-controlled rates by triplet sensitizers27−31 with an
eﬃciency close to unity.31 TMPD radical cation has a

■

MATERIALS AND METHODS
Chemicals and Preparation of Solutions. The following
reagents were used as received. From Sigma-Aldrich: 2acetonaphthone (2-AN ≥ 99%), perinaphthenone (PN, ≥
97%), 3′-methoxyacetophenone (3-MAP, ≥ 97%), riboﬂavin
(RF, 98%), 5,7-dimethoxycoumarin (≥98%), coumarin
(≥99%), zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine
tetrakis(methochloride) (ZnTMPyP, ≥80%), sodium 1-pyrenesulfonate (PSA, ≥97%), 4-methoxyphenol (≥99%), sodium
nitrite (≥99%), and N,N,N′,N′-tetramethyl-p-phenylenedi13152
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Figure 2. (A) The 3D transient absorption spectra of 3-MAP under N2O-purged conditions (excitation wavelength of 328 nm) in the presence of 60
μM TMPD. The formation of TMPD•+ (maxima 560, 610 nm) from 33-MAP (400−450 nm region) is visible. The colors indicate transient
absorption (ΔA) intensity. (B) Kinetic trace of the TMPD•+ transient (averaged ΔA of 555−565 nm as well as 605−615 nm and corrected for
overlapping triplet signal) in the presence of 10 (black), 30 (red), and 60 μM TMPD (blue) formed from 33-MAP. The solid line shows the
nonlinear growth and decay ﬁt (eq S6). Inset: First 2 μs with linear ﬁts, which were used to determine the initial rates of TMPD•+ formation. (C)
Kinetic trace of the TMPD•+ transient (averaged ΔA of 555−565 nm as well as 605−615 nm and corrected for overlapping signals; excitation
wavelength of 346 nm) from SRNOM in the presence of 60 μM TMPD under N2O-purged (red) as well as air-purged conditions (blue), with
NaNO2 as a sensitizer in the presence of 60 μM TMPD (magenta) and 60 μM TMPD in the absence of any sensitizer only in the phosphate buﬀer
(black). Solid lines are monoexponential or biexponential (blue) growth ﬁts.

Systems, Sarasota, FL). The pulse energy was adjusted to 3.5 μJ
except for the power-dependence measurements. At this pump
power, the system is in the linear range between pump power
and initial rate of TMPD•+ formation, which is required to
obtain reliable quantum yields (Figure S1). The overlap
between pump and probe pulses was optimized by observation
of the TMPD•+ signal and was adjusted before each individual
experiment.
The inherent time resolution of the instrument is in the
nanosecond range; however, the Δt time window can be
optimized for diﬀerent time scales. For this study, time
windows of up to 400 μs were used to ﬁt the growth and the
decay of the long-lived TMPD•+. The initial time resolution
was set to 10 ns to allow the ﬁtting of the initial rate of
TMPD•+ formation and the decay of model triplet sensitizer.
An excitation wavelength of 346 nm was chosen to avoid
absorption by and, thus, the direct photoionization of TMPD.35
At this wavelength, CDOM and most model sensitizers had
adequate absorption. 3-MAP, coumarin, and 4-methoxyphenol
were excited at 328, 337, and 300 nm, respectively, to ensure
substantial sensitizer absorption. For compounds with high
ΦISC, absorbance (A) was between 0.1 and 0.3 to form a range
of triplet concentrations. For DOM and coumarins, with
expected low ΦISC values, the sample concentration was
adjusted to A values of 0.4 to have suﬃcient TMPD•+
formation signal but avoid saturation eﬀects. Natural water
samples were diluted with phosphate buﬀer and also matched
by absorbance. In the case of Lake Bradford water, the A value
of the undiluted sample was already lower (0.26), and
therefore, it was used without any dilution. For quantum
yield calculations absorption was corrected for light screening
and diﬀerence in A. The ground state absorption was measured
with a Cary 100 Bio UV−vis spectrometer (Varian).
Data collection times of up to 30 min were required to
improve signal-to-noise by averaging multiple runs. The longest
acquisition times were necessary when using DOM as the
sensitizer or other weak sensitizers. Under anoxic conditions,
TMPD•+ rapidly converts back to TMPD following electron
transfer, but because conversion is not 100%, the TMPD
concentration decreases over time. To minimize this eﬀect and
sensitizer bleaching during long experiments, a ﬂow-through

amine (TMPD, ≥98%); and from TCI: 1,4-naphthoquinone
(NQ, ≥98%). Zinc tetrakis(sulfonatopheny1)porphyrin
(ZnTPPS) was prepared from the free porphyrin (85%, TCI)
and ZnCl2 (98%, TCI). Details about the synthesis are
provided in section S1.
All solutions were prepared with nanopure water (resistivity
>18 MΩ cm, Barnstead Nanopure System) without any cosolvent. All experiments were carried out at pH 7 in 10 mM
phosphate buﬀer. Due to the rapid oxidation of TMPD under
oxic conditions, TMPD stock solutions of 5 mM were prepared
in argon-purged anoxic water and stored inside a nitrogen
atmosphere glovebox.
Natural organic matter isolates were obtained from the
International Humic Substances Society (IHSS) (Saint Paul,
MN) and included Leonardite humic acid (LHA), Pony Lake
fulvic acid (PLFA), and Suwannee River natural organic matter
(SRNOM). DOM solutions were prepared by dissolving the
organic matter in 10 mM phosphate buﬀer, increasing the pH
to 10.0 by 1 M NaOH addition and sonicating the solutions
intermittently until the pH remained stable. The DOM
solutions were then adjusted to pH 7 with 1 M HCl.
Natural water samples from Lake Bradford (Tallahassee, FL)
and the Great Dismal Swamp (VA) were ﬁltered through sterile
0.2 μm ﬁlters and stored at 4 °C protected from light. These
sample locations were chosen due to their high light absorption
by DOM, which was required by the transient absorption
method developed in this work. Before the experiments were
conducted, the pH was adjusted to 7 by dilution into a
phosphate buﬀer (ﬁnal concentration of 10 mM).
Transient Absorption Spectroscopy Experiments.
Time-resolved measurements were obtained via pump−probe
transient absorption spectroscopy. The setup of the system has
been previously described in detail.34 Brieﬂy, pump laser pulses
were generated by a Solstice ampliﬁed Ti/sapphire ultrafast
laser (Newport Spectra-Physics, Darmstadt, Germany). Here,
795 nm pulses (3.2 W, 80 fs pulse with 1 kHz repetition rate)
were directed into a Topas optical parametric ampliﬁer for
wavelength conversion (Light Conversion, Vilnius, Lithuania).
The output was tuned to generate an excitation wavelength of
346 nm unless otherwise mentioned. Pulses were then steered
into an EOS transient absorption spectrometer (Ultrafast
13153
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conﬁguration was employed with a 100 to 200 mL reservoir.
Solutions were continuously cycled through a 10 mm quartz
ﬂow-through cuvette. To minimize dark reactions between
TMPD and DOM, the reservoir was cooled with an ice bath to
a temperature of 10 (±1) °C. All solutions were purged with
N2O (unless otherwise mentioned) before and during
measurements to quench hydrated electron as well to increase
the triplet lifetime by the removal of oxygen. Under these
conditions, the TMPD•+ signal did not overlap with the
hydrated electron signal, and TMPD was a more competitive
quencher for triplets than in the presence of O2. TMPD stock
solution was spiked into DOM or sensitizer solutions to reach
TMPD concentrations of 10 to 90 μM (in the case of NQ, up
to 300 μM).
Data Evaluation. The resulting data from the transient
absorption experiments consist of a three-dimensional array of
wavelength, ΔA, and Δt. Data analysis was performed with the
Surface Xplorer software package (Ultrafast Systems, Sarasota,
FL) to correct for scattered light and Origin 9.1 (OriginLab,
Northampton, MA) to ﬁt respective kinetic traces. To obtain
kinetics for TMPD•+ formation and triplet decay, the observed
ΔA was corrected for the overlap of this signal with the triplet
signal of the sensitizer (section S3).

Obtaining Kinetic Information About Excited Triplet
State Sensitizers Using TMPD•+. The relationship between
TMPD•+ formation and the decay of the model triplet
sensitizers was investigated to calculate 3CDOM* properties
directly from the TMPD•+ transient (Figures 1and 3). The
observed rate constant (kobs) for the decay of a reactant (in our
case the triplet state) is the same as for the formation of the
product (eq 2 with ket as the bimolecular rate constant of the
sensitizer with TMPD and kd = τ0−1 as the radiationless decay
of the triplet). This holds true even if there exist multiple
competing decay processes (for example, kd, or chemical
reactions) for the excited intermediate. The relative importance
of these processes is reﬂected in the pre-exponential term,
which includes such a ratio (eqs 3 and 4).38 The eﬃciency of
TMPD•+ formation, η, was omitted from the pre-exponential
term (eq 4) as it was found to be close to 1 (see below):

RESULTS AND DISCUSSION
Formation of TMPD•+ through Electron Transfer
between TMPD and Excited Triplet State Sensitizers.
In the presence of TMPD, a signal appeared in the transient
absorption spectra with maxima around 560 and 610 nm
(Figures 2A and S2−S9) after excitation of all model sensitizers
examined (Table S1) under anoxic conditions (N2O-purged).
This was consistent with the expected signal for
TMPD•+.28−30,32,33,35 With increasing TMPD concentrations,
formation of TMPD•+ occurred with a higher initial rate and
produced a signal of greater amplitude Figure 2B). With the
model sensitizers, the growth of TMPD•+ reached a maximum
in the range of 10−25 μs and then decreased.
As expected from the reaction kinetic theory (see below), the
TMPD•+ formation was found to match the decay of the
reacting triplet (Figures 2A and S2−S9). It is known that
aromatic amines react by an electron-transfer mechanism with
triplet sensitizers in aqueous solution,36 and due to the high
triplet energy of aromatic amines,37 energy transfer is
unfavorable. Additionally, an electron-transfer mechanism
(Figure 3) was supported by the observation of the radical
anion of some of the sensitizers, such as 1-pyrenesulfonate, with
the same formation rate constant as TMPD•+ (Figure S9).
Other potential sources of TMPD•+ were investigated through
control and quenching experiments and are discussed in detail
in the section on CDOM, where this issue is critical due to
overall weak signal and the presence of other PPRI.

kobs values for triplet decays were ﬁt mostly with a
monoexponential decay function (section S3). In all cases,
quencher concentrations were in large enough excess to assume
pseudo-ﬁrst-order behavior. kobs for TMPD•+ growth has to be
corrected for the subsequent decay of TMPD•+. In the case of
DOM experiments, the back reaction was much less
pronounced (see below). A decay process in the time window
of 400 μs may seem surprising as it is known that TMPD•+ is
essentially a stable radical species.33 This decay process with the
rate constant kq is believed to be due to the back reaction
between the reduced sensitizer, sens•−, and TMPD•+ by
electron transfer or proton transfer from the methyl group and
back hydrogen abstraction (Figure 3), as is known for the
reaction of triplet sensitizer and amines.39 Considering this
mechanism, the following diﬀerential equation has to be solved:

•+

triplet decay
formation TMPD
kobs
= kd + ket[TMPD] = kobs

(2)

[TMPD•+]t = A(1 − e−(kd + ket[TMPD])t)

(3)

ket[TMPD]
[3sens]init
(kd + ket[TMPD])

(4)

A=

■

d[TMPD•+]
= ket[3sens]init [TMPD] − kq[TMPD•+][sens•−]
dt
(5)

Because the formation is a pseudo-ﬁrst-order reaction and
the decay is a second-order reaction, one can use the solution of
Chien40 for a unibimolecular reaction with two starting
materials. The equation is a Riccati equation with a nontrivial
solution that includes the incomplete Γ-function (see section
S4 for the exact solution). This equation was used to obtain kobs
for TMPD•+ growth, but to obtain [3sens]init, the initial rate
approach was used (see below).
Thereby, the decay of the triplet can be directly compared
with TMPD•+ formation, and the Stern−Volmer plots from
both signals were similar for the model sensitizer (Figure 4A).
The slope for the diﬀerent model sensitizers with a E0*
between 0.25 and 2.4 V were in the same range and resulted in
near diﬀusion-controlled ket values at 10 °C between 1.4 and
3.7 × 109 M−1 s−1 (Figure 4B and Table S1). There was no
clear trend for ket and sensitizer reduction potential, indicating
that TMPD is a good choice to capture essentially all 3CDOM*
moieties. In contrast to the slope, the intercept of the Stern−
Volmer plot was quite diﬀerent depending on model sensitize
because it reﬂected the natural lifetime τ0 (kd−1) of the triplets

Figure 3. Scheme illustrating the kinetic pathways involved in
formation of TMPD•+ and its decay by back electron transfer. Nonelectron transfer quenching pathways are not shown because the
eﬃciency (η) of TMPD•+ formation from reaction of 3sens* and
TMPD was found to be close to 1.
13154
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Figure 4. (A) The observed rate constant (kobs) for triplet riboﬂavin (RF) decay as well as TMPD•+ formation vs TMPD concentration. (B, C) kobs
for TMPD•+ formation for diﬀerent model sensitizers (B) and DOM solutions (C). The intercept is the inverse of the natural lifetime τ0 of the
sensitizer. (D) Initial rate of TMPD•+ formation from 5,7-dimethoxycoumarin (black) and PLFA (red) to determine initially formed triplets
(3sensinit). (E) 3sensinit from model sensitizer (normalized to the absorbance coeﬃcient α346 at excitation wavelength 346 nm) related to intersystem
crossing quantum yield (ΦISC; literature values from Table S1). Numbers match Table S1 and are ordered from the highest to the lowest triplet
energy. 1: 3-Methoxyacetophenone; 2: coumarin; 3: 5,7-dimethoxycoumarin; 4: 2-acetonaphthone; 5: 1,4-naphthoquinone (not shown because of
the short triplet lifetime; 3sensinit could not determine with the initial rate approach); 6: riboﬂavin; 7: sodium 1-pyrenesulfonate; 8: perinaphthenone;
9: zinc 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin; and 10: zinc tetrakis(sulfonatophenyl)porphyrin. Blue points from porphyrin were
not included in the linear ﬁt (red line). Error bars shows the uncertainty of each ﬁt. The point with ΦISC= 0 and without a number is from NaNO2
experiments to obtain background value without TMPD•+ formation due to triplet oxidation. NaNO2 acts, in this case, as a light screener because
TMPD•+ formation from •OH radicals only took place at later time points and did not interfere notably with the initial rate during the ﬁrst 2 μs
(section S7). (F) Intensity dependency of hydrated electron (red) and TMPD•+ (black) formation from SRNOM under Ar purged conditions
shown as ΔA between 600 and 650 nm (immediately after laser excitation) and, respectively, 555−565 and 605−615 nm (40−50 μs after laser
excitation). Hydrated electron data were ﬁtted with an empirical exponential function and TMPD•+ with a linear ﬁt (excluding the last two points
due to saturation eﬀects).

(Figure 4B and Table S1). This suggests that the TMPD•+
transient can be used to investigate the lifetime of triplets over a
wide range. The diﬀerence between the two methods used to
obtain ket and kd (triplet decay and TMPD•+ formation) was
generally within the error of the ﬁts (Table S1). The larger
deviation can be partially explained by errors due to corrections
of overlapping signals (section S3).
Relationship between ΦISC and TMPD•+ Formation.
To calculate ΦISC for 3CDOM, a connection between TMPD•+
formation and ΦISC for model sensitizers with known ΦISC
values must ﬁrst be made. Initial triplet concentration
([3sens]init) scales linearly with ΦISC, according to eq 6:
[3sens]init = 2.303Iλαλ ΦISC, λ

seconds, whereas triplet lifetimes are on the order of μs.
Analysis of the initial rates of TMPD•+formation (Figure 2B
and eq 7; details about the derivation can be found in section
S5) was found to be the best approach to calculate [3sens]init
from the TMPD•+ signal.
•+

rate[TMPD
init

]

= ket[TMPD][3sens]init

(7)

Here, ket is the electron-transfer rate constant for the oxidation
of TMPD by 3sens and was found above to be between 1.4 and
3.7 × 109 M−1 s−1 (10 °C) for the model sensitizers. As will be
discussed below, 2.3 × 109 M−1 s−1 (10 °C) is the value we use
for CDOM. The initial rate method of determining [3sens]init
was more reliable than attempting to ﬁt the full formation and
decay of TMPD•+, especially for DOM, because at later time
points, other PPRI may begin producing TMPD•+ (see below).
The slope of the regression of the initial rate over the TMPD
concentration (Figure 4D) divided by ket was used to calculate
[3sens]init values for each model sensitizer. For NQ, it was not
calculated because this approach did not work due to the very
short 150 ns lifetime of the triplet (Figure S6).

(6)

where Iλ is the intensity of the laser irradiation (mol photon
cm−2 pulse−1), αλ is the decadic absorbance coeﬃcient (cm−1)
at the excitation wavelength λ, and the value 2.303 (ln 10) is
the correction from the decadic to the Naperian logarithm
scale. This equation assumes that the formation of 3sens is
much faster than its decay, which is reasonable given that
singlet lifetimes are on the order of picoseconds to nano13155
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Values of [3sens]init/α346 determined from TMPD•+ initial
rates of formation correlated linearly with ΦISC (eq 6; R2 =
0.89; Figure 4E), with two porphyrin sensitizer outliers.
Thereby, diﬀerences in TMPD•+ formation can mostly be
explained by ΦISC. Only for porphyrin sensitizers was TMPD•+
formation clearly less eﬃcient, possibly due to their very low
triplet energies (section S5). The contribution of molecules
with similar properties as porphyrins in 3CDOM* can most
likely be neglected.
The eﬃciency for TMPD•+ formation, η(TMPD•+), from
3
RF was 0.94, which is the fraction of TMPD•+ formed per
triplet quenching event (section S5). Unfortunately, triplet−
triplet absorption coeﬃcient in water were not available for
most sensitizers, and therefore, η could not be calculated.
Nevertheless, it can be assumed that values of η were all quite
high, as there were no major diﬀerences between diﬀerent
sensitizers (expect the porphyrin-based sensitizers) in their
ability to form TMPD•+. In this study, we assume η = 1 for all
sensitizers. This is in agreement with previous studies that
showed a high eﬃciency of radical cation formation for
diﬀerent aromatic amines, especially with N-methyl substituents,41 and speciﬁcally TMPD.31 These results overall
demonstrated that the initial rate of TMPD•+can be used to
calculate the ΦISC values of an unknown chromophore.
Formation of TMPD•+ from Photoexcited DOM.
Formation of the typical double hump absorbance of
TMPD•+ was observed under N2O-purged conditions for all
DOM solutions employed in the transient absorption spectra
after adding 30−90 μM TMPD (shown for SRNOM in Figure
2C). While other attempts have been made,42 this is, to our
knowledge, the ﬁrst study in which the formation of a radical
cation from a reaction with photoexcited DOM has been
directly observed. A number of control and quenching
experiments were performed to access the contribution of
processes other than oxidation by 3CDOM* to the formation
of TMPD•+. TMPD•+ formation in the absence of a sensitizer
or DOM was insigniﬁcant, indicating that direct photoionization of TMPD was not important (Figure 2C). Due to
light screening, this possibility is even lower in the presence of
DOM. The observed formation of TMPD•+ takes place on the
μs time scale (Figure 2C). Excited singlet state electron transfer
would be on the ns time scale. Thereby singlet state electron
transfer is likely not the reason for TMPD•+ formation from
photoexcited DOM.
DOM photolysis is known to generate OH•,43 which can also
oxidize TMPD to form TMPD•+.32 Reported OH• quantum
yield values (ΦOH•) for DOM are less than 0.01%,44 strongly
suggesting that TMPD•+ formation from this source is
unimportant. However, due to purging with N2O, OH• can
be formed from eaq− and N2O (eq 8):45
eaq − + N2O + H 2O → N2 + OH• + OH−

formation from reaction with OH• were completely diﬀerent
than from DOM (Figures 2C, S14) and slower, with a rate
constant of 3.3 × 108 M−1 s−1. This slow formation is in
agreement with previous studies, which proposed an OHadduct intermediate32 or a carbon-centered radical (R2NCH2•)
intermediate 46 in the reaction of OH • with TMPD.
Consequently, TMPD•+ formation from OH• did not aﬀect
our approach of using initial rates to determine ΦISC for
3
CDOM* (section S7).
Hydrated electrons (e−aq) were formed with a quantum yield
of 2.9% (determined for SRNOM; section S8). Biphotonic
processes, due to high light intensity in laser experiments, can
lead to unreasonably high e−aq concentrations compared to
natural sulight.25 The higher quantum yield found here
compared to previous determinations25,47,48 was ascribed to
the very short pulse width of our laser system (100 fs), which
enhances nonlinear eﬀects. Because each e−aq that is generated
is accompanied by a “hole”, a potential photooxidant, these
species must be considered as potential (artifactual) precursors
of TMPD•+. Power-dependency experiments were able to rule
out this possibility. Speciﬁcally, it was found that the e−aq and
TMPD•+ formation had diﬀerent dependencies on laser
intensity (Figure 4F). TMPD•+ formation increased linearly
with laser intensity until saturation eﬀects started to occur. This
behavior is typical for monophotonic processes,49 whereas e−aq
(and accompanying hole) production increased nonlinearly,
which is typical for biphotonic processes.49 This deviation in
behavior clearly indicates that the formation of TMPD•+ is not
dominated by the biphotonic process that forms e−aq. Potential
reasons for the absence of this relationship, even if it is quite
likely that TMPD reacts with the hole radicals, could be that
the reactivity of such radicals is lower than triplet oxidants. If
the hole formed in the biphotonic ionization is a relatively
stable radical (e.g., phenoxy radical), k obs for TMPD•+
formation might be lower because of the longer intrinsic
lifetime and lower bimolecular rate constant than for triplet
sensitizers. This was supported by experiments in which 4methoxyphenoxyl radical was generated by direct ionization of
4-methoxyphenol and allowed to react with TMPD. The
observed kobs value for phenoxy radical-mediated oxidation of
TMPD was signiﬁcantly lower than that observed from tripletmediated oxidation of TMPD by 2-AN, a triplet sensitizer, and
also lower than DOM-sensitized oxidation of TMPD (Figure
S14). This indicates that while phenoxy radicals can oxidize
TMPD, they may react slower than triplet sensitizers. Another
reason for the lack of an apparent eﬀect from such holes is that
such radicals may react with TMPD in a diﬀerent manner,
analogous to how OH• reacts with TMPD initially through
addition32 or H atom abstraction.46
Additional support for the idea that radicals are slower
oxidants of TMPD•+ than triplet oxidants came from
experiments with the model sensitizer, pyrene sulfonic acid
(PSA). Both triplet PSA (3PSA) and PSA radical cation
(PSA•+) were observed upon excitation of PSA (Figure S9).
PSA•+ and 3PSA were quenched with rate constants of 8 × 108
and 2.0 × 109 M−1 s−1, respectively. In the same experiment,
TMPD•+ was formed with a rate constant of 2.5 × 109 M−1 s−1,
having a greater contribution from the triplet decay than the
radical decay. Furthermore, the [3sens]init/α346 value based on
TMPD•+ formation was not overestimated in the case of PSA
(Figure 4E) as one would expect if the radical contributes
signiﬁcantly to TMPD•+ formation.

(8)

To investigate the inﬂuence of N2O on the TMPD•+
formation in the presence of photoexcited DOM, experiments
were conducted under argon-purged conditions, and no
signiﬁcant diﬀerence between these two conditions was seen
for both signal intensity and kinetics after corrections of
interference from hydrated electron signals (section S6 and
Figure S13). To further verify that OH• was not important for
the observed TMPD•+ formation, NaNO2 was used to generate
OH• in the same concentration range as 3CDOM* to study the
reaction between TMPD and OH•. The kinetics for TMPD•+
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combination of both. Therefore, only a function ﬁtting the
growth part (eq 3) was used to analyze the DOM data.
Stern−Volmer plots showed a linear relationship between
kobs on TMPD concentration (Figure 4C), and ket was near
diﬀusion-controlled ranging between 1.2 and 2.4 × 109 M−1 s−1
for the diﬀerent DOM isolates and natural waters (Table 1 and

The formation processes of some PPRI, like 1O2, H2O2 and
organic peroxyl radicals, require O2,18 while the formation of
other species, such as phenoxyl radicals, are O2-independent.24
3
CDOM* is the most important photochemically produced
pool of oxidants whose concentration is enhanced in the
absence of O2 because O2 is an eﬃcient 3CDOM* quencher.16
O2 quenching experiments showed that TMPD•+ formation
strongly decreased with increasing O2 concentration (Figures
2C and S16), and the quenching rate constant (quenching of
3
CDOM* by O2) was roughly estimated to be in the order of
109 M−1 s−1 for SRNOM (section S9). This is in agreement
with previous determinations for the rate constants between
3
CDOM* and O216 and thereby was a strong indication that
the observed formation of TMPD•+ under anoxic conditions
was dominated by 3CDOM*. One could argue that the
decrease in TMPD•+ signal in the presence of O2 is not due to
quenching of 3CDOM* but rather quenching of TMPD•+ or
CDOM•+ by superoxide (O2•−) formed from either e−aq or
CDOM•− reacting with O2. We have considered this possibility
and believe it can be discounted on kinetic grounds. Even
assuming diﬀusion-controlled reaction between O2•− and
TMPD•+/CDOM•+, we would expect a maximum of 3%
reduction in the signal intensity over 15 μs. Instead, we observe
a 66% reduction in the signal over this time frame, which is
more consistent with O2 quenching of the precursor 3CDOM*.
Under air-purged conditions, a second slower component
became visible (Figure 2C), which contributed around 50% of
the overall TMPD•+ formation under these conditions (section
S9). These transients could be successfully ﬁt assuming a
second TMPD•+-forming process and gave a bimolecular rate
constant for this second oxidant with TMPD of 5 × 108 M−1
s−1 and a lifetime of 50 μs (section S9). The above-discussed
radicals from DOM ionization are candidates for this second
component, as other photooxidants like 1O2 and OH• have
diﬀerent kinetic properties (Figure 2C and sections S7 and S9).
Time-resolved methods, in contrast to steady-state probe
methods, make it possible to separate oxidation reactions taking
place on diﬀerent time scales. Therefore, to reduce the
inﬂuence of the radicals only the initial rate (ﬁrst 2 μs) was
used to calculate ΦISC for 3CDOM*. Kinetic modeling showed
only a small inﬂuence of radicals (section S10). Furthermore,
only the ﬁrst 30 to 50 μs (depending on TMPD concentration)
were used to ﬁt kobs to reduce the contribution of radicals to the
TMPD•+ growth and thereby avoid inﬂuence on the
determination of triplet lifetime (section S10).
Kinetics of TMPD•+ Formation from 3CDOM*. Upon
DOM excitation, TMPD•+ formed faster and in higher
concentration as the TMPD concentration was increased
(Figure S10). The decay of the TMPD•+ signal was not very
pronounced but increased slightly (depending on DOM
source) with increasing TMPD concentration (Figure S10).
In general, TMPD•+ decay was slower when oxidized by
3
CDOM* than by model sensitizers (Figures S2−S9), for
which we believe recombination is the main decay pathway.
The diﬀerence can be explained with scavenging of the reduced
CDOM, CDOM•−, by electron-accepting moieties such as
quinones in the DOM pool.50 This would reduce the likelihood
of back reaction between CDOM•− and TMPD•+. Alternatively, other PPRI (for instance, the radicals from DOM
ionization) could form TMPD•+ at later time points, and these
processes may mask the decay of TMPD•+ formed from
3
CDOM*. The exact reason remains unclear and could be a

Table 1. Rate Constant with TMPD (ket), Natural Triplet
Lifetime (τ0), and Intersystem Crossing Quantum Yield
(ΦISC) at 10 °C for Waters and DOM Isolates of Diﬀerent
Origina
DOM source
PLFA
SRNOM
LHA
Lake Bradford
Dismal Swamp

ket (109 M−1 s−1)
2.4
2.3
1.2
1.2
1.8

(±0.2)
(±0.2)
(±0.2)
(±0.2)
(±0.2)

τ0 (μs)

ΦISC (%)

26
18
13
12
12

6.9
4.1
4.1
7.8
5.6

(±8)
(±4)
(±2)
(±1)
(±2)

(±1.1)
(±0.5)
(±0.6)
(±1)
(±0.7)

a
Errors indicate the standard deviation of the ﬁt for at least three
replicates.

Figure 4C). This demonstrates that the probe was properly
chosen because we sought a probe that reacts at diﬀusioncontrolled rates with 3CDOM* and yields a single signal with
one rate constant for the whole complex mixture of 3CDOM*.
We have higher conﬁdence in the larger rate constants
obtained with PLFA and SRNOM due to the fact that the
slightly lower rate constants for the other samples are most
likely a result of some inﬂuence of radicals (section S10). For
this reason, a value of ket of 2.3 × 109 M−1 s−1 was used for all
DOM solutions to calculate ΦISC, as we believe this is most
likely the value that best represents 3CDOM* without
interferences. It must be noted that while we believe the
diﬀerences are most likely due to interference of long-lived
signals in some samples, we cannot rule out that there are some
intrinsic rate constant diﬀerences between the DOM samples.
The TMPD•+ transient signal was then used to obtain
3
CDOM* lifetimes from Stern−Volmer plots (Figure 4C),
ranging from 12 to 26 μs for a series of DOM isolates and
natural waters (Table 1). We view these lifetimes as average
value for the triplets weighted by their abundance, which is, in
turn, proportional to each triplet’s ground-state precursor
abundance, precursor absorptivity, and its ΦISC. Our experiments do not give any indication of the distribution of lifetimes
within a DOM sample. A pair of other estimates of 3CDOM*
lifetimes have been previously reported. One used formation of
1
O2 from energy transfer to O2 as a probe reaction14 for
3
CDOM* and the other used decay of TMP13 by 3CDOM*mediated oxidation. Because of the diﬀerences in the probe
reaction types, these methods may represent diﬀerent pools of
triplets. The TMP method yielded an estimate of 2 to 15 μs,
and the 1O2 method gave two components, with the ﬁrst near
20 μs and the second up to 80 μs. Our results fall between
these two prior estimates. It must be noted that our
experiments were performed at 10 °C, and the temperature
dependency of 3CDOM* lifetimes is unknown.
Transients Formed Directly from Photoexcited
CDOM. Transient signals formed directly from CDOM were
observed with a maximum around 450 nm (Figure S18), in
agreement with previous reports, which assigned these signals
to transients with radical or triplet character.21−24 To further
investigate the contribution of triplets to these transient signals,
the kinetics were compared to TMPD•+ formation. TMPD was
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controlled rates of TMPD•+ formation with a high yield for
model sensitizers with a wide range of reduction potentials.
Moreover, from initial rates of TMPD•+ formation, ΦISC for
CDOM can be calculated by comparing it with model
sensitizers of known ΦISC.
As a result, two important properties of 3CDOM*, natural
lifetime and ΦISC, were obtained for DOM from diﬀerent
origins. These properties are important in determining
3
CDOM* steady-state concentrations along with the rate of
light absorption (Rabs), the O2 quenching rate constant, and the
concentration of O2 (eq 10):3

a poor quencher of the 450 nm transient. Either no quenching
or quenching to a small extent was observed (Figure S18).
Because TMPD is expected to react with nearly all triplets by
electron transfer, the lack of quenching is taken as evidence that
the 450 nm transient is not primarily due to 3CDOM*. The
small quenching in some cases might indicate some triplet
contribution but could also be attributed to radicals that also
react with TMPD.51 At the present time, it is unclear what
connection the 450 nm transient has to 3CDOM* and whether
any quantitative or qualitative information about 3CDOM* can
be gained from it.
ΦISC for 3CDOM*. The initial concentration of 3CDOM*,
[3sens]init, was calculated in the same way as for the model
sensitizers with the initial rate of TMPD•+ formation (Figure
4D) and ket for 3CDOM*. To calculate ΦISC for 3CDOM*, we
exploited the relationship between [3sens]init and ΦISC (eq 6).
Rearranging eq 6 gives eq 9:
ΦISC, λ =

[3sens]init
1
×
2.303Iλ
αλ

[3CDOM*]ss =

R absΦISC
k O2[O2 ] + kd

(10)

Thus, this study contributes to improving models that
predict the role of 3CDOM* for the environmental fate of
certain compounds.52 Furthermore, TMPD•+, as a universal
probe for 3CDOM*, can potentially be used in the future to
investigate diﬀerent pools of triplets. This method may also be
useful for determining quenching rate constants for 3CDOM*
and environmentally relevant molecules through competition
kinetics. Such rate constants would be an upper limit estimation
for the reaction rate constant between 3CDOM* and the
molecule of interest because physical and chemical quenching
cannot be diﬀerentiated with this method.

(9)

which shows the linear relationship between ΦISC and
[3sens]init/α. Using the model sensitizers with known ΦISC
gave a reasonable linear relationship (Figure 4E), with a value
for I346 of 3.4 × 10−9 mol photons cm−2 pulse−1 and an
intercept of 1.7 × 10−10 mol cm−2 pulse−1, which is close to the
expected intercept of 0. This value of I346 agrees with the
independent determination of the intensity of the laser
irradiation from laser power and laser beam diameter
measurements. Using the linear relationship from Figure 4E,
ΦISC values were calculated for 3CDOM* and were found to
vary between 4.1 and 7.8% depending on DOM source (Table
1).
Previous ΦISC estimates range between 0.4 and 11%11−17
based on 1O2, TMP, and sorbic acid probe experiments, placing
our values in the same range but on the higher end. These
values were not all directly comparable to our results because
they used diﬀerent wavelengths or DOM of diﬀerent origins.
Most comparable were the results of Sharpless14 and Grebel
and co-workers12 in terms of wavelength (peak at 370 and 350
nm, respectively) and DOM isolate studied (always SRNOM),
whereas the temperature was diﬀerent. The 1O2 quantum yield
was 1.4%14 and, thus, 34% of our ΦISC, which is a reasonable
number for the fraction of triplet quenching events by O2,
which result in 1O2 formation. The quantum yield based on
sorbic acid was 1.2%,12 which is 29% of our value and is in good
agreement with earlier studies showing that around one-third of
all triplets in CDOM have a triplet energy below that of a 1,3pentadiene (250 kJ mol−1).16 This further supports that nearly
all triplets in CDOM were able to oxidize TMPD to form
TMPD•+.
Implications. The formation of the TMPD•+ transient from
photoexcited DOM was directly observed, and the oxidation
due to 3CDOM* could be temporally separated from that by
other photooxidants. To this end, the whole complex mixture
of 3CDOM* was simpliﬁed to a single signal and triplet natural
lifetime that could be directly determined from Stern−Volmer
plots. This is an advantage over already established steady-state
probes for 3CDOM* such as TMP, sorbic acid, and 1O2, for
which the modeling or estimation (based on model sensitizers)
of rate constants is needed. Due to the low redox potential of
TMPD, a large cross-section of 3CDOM* moieties are
represented by this method, as shown by near diﬀusion-
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