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ABSTRACT: Mechanistic information on reactions proceeding
via photoredox catalysis has enabled rational optimizations of
existing reactions and revealed new synthetic pathways. One
essential step in any photoredox reaction is catalyst quenching via
photoinduced electron transfer or energy transfer with either a
substrate, additive, or cocatalyst. Identification of the correct
quencher using Stern−Volmer studies is a necessary step for
mechanistic understanding; however, such studies are often
cumbersome, low throughput and require specialized luminescence
instruments. This report describes a high-throughput method to
rapidly acquire a series of Stern−Volmer constants, employing readily available fluorescence plate readers and 96-well plates. By
leveraging multichannel pipettors or liquid dispensing robots in combination with fast plate readers, the sampling frequency for
quenching studies can be improved by several orders of magnitude. This new high-throughput method enabled the rapid collection
of 220 quenching constants for a library of 20 common photocatalysts with 11 common quenchers. The extensive Stern−Volmer
constant table generated greatly facilitates the systematic comparison between quenchers and can provide guidance to the synthetic
community interested in designing and understanding catalytic photoredox reactions.
KEYWORDS: photocatalysis, Stern−Volmer quenching, high-throughput experimentation, automation, quenching database

■ INTRODUCTION
Photocatalysis has emerged in the last decade as an important
approach to perform new organic transformations.1 These
reactions include cyclizations, cross couplings, and amine and
olefin functionalization and are routinely used in the synthesis
of pharmacophores and drug-like molecules.2−8 Typically,
photocatalysis is driven by either energy transfer (EnT) or
photoinduced electron transfer (PET) between the photo-
catalyst and a quencher, which forms a reactive radical or ionic
species that initiates the desired reactivity.9−11 The mechanism
for PET occurs in one of two ways: (i) reductive quenching,
whereby the photocatalyst is quenched through acceptance of
an electron from a reductant or (ii) oxidative quenching,
whereby the photocatalyst donates an electron to an oxidant
(Figure 1A).7 The quenching agent may be an integrated
component of the transformation, such as one of the organic
substrates or a cocatalyst or a sacrificial quencher that serves to
convert the photocatalyst to a species that can oxidize or
reduce the organic substrate, such as O2 or alkyl amines.

11,12

Shedding light on quenching steps within a photoredox
reaction is crucial to gain mechanistic insights;13−17 this can
include questions such as establishing which reaction
component is acting as the main quencher and the magnitude
of quenching that occurs under catalytically relevant
conditions. In some cases, quenching studies have resulted in
revisions of the originally proposed mechanisms,18−21 while

mechanistic understanding has led to designing improved
photoefficiencies, faster reactions, and expanded scope.22−24

Emission quenching (also called Stern−Volmer) studies
consist of measuring emission intensity fluctuations of the
photocatalyst excited state in the presence of a quencher. In a
typical Stern−Volmer study, a fluorometer is used to measure
the emission intensity, and solutions of the photocatalyst with
different concentrations of quenchers need to be prepared
individually under a rigorously inert atmosphere to avoid the
interference of oxygen quenching.25 Such constraints have
limited the prevalence of Stern−Volmer studies compared to
the extensive body of work on photoredox catalysis. A fully
automated continuous flow platform has been developed to
facilitate data collection and reduce manual labor but remains
low throughput and requires the construction of a homemade
flow setup.26 In parallel, several high-throughput technologies
such as LED-illuminated 96-well plates as well as microfluidic
and screening capabilities have been developed to allow for
parallelized rapid discovery of new photoredox reactions.27−29
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To keep up with the exponentially increasing chemical space
for photocatalytic transformations, new workflows that enable
Stern−Volmer data collection at a higher throughput need to
be developed.
To that end, we have devised a protocol for the collection of

Stern−Volmer quenching data using commercially available
fluorescence plate readers and consumable 96-well plates. Plate
readers are ubiquitous in biological studies and have been used
in a variety of colorimetric and fluorometric assays,30−32 as
they allow for rapid (<1 min) reading of an entire 96-well
plate. In our quenching studies, the use of well plates enables
the collection of Stern−Volmer constants for one photocatalyst
and up to 12 quenchers in less than a minute. We further
expanded the throughput of this workflow by devising a
protocol for a liquid handling robot to enable the automated
dispensing of quenchers at increasing concentrations in a 96-
well plate format. This allowed us to rapidly prepare multiple
plates of 20 commonly used photocatalysts, and for each,
measure the Stern−Volmer constants of 11 common
quenchers.2−9 The 220 quenching rate table generated opens
the door for deeper data analysis of quenching trends and
mechanisms, and we believe that it will be useful to the
community interested in mechanistic understanding of photo-
redox catalysis.

■ RESULTS AND DISCUSSION
In photoredox reactions, the first step in the photochemical
cycle is excitation of the photocatalyst by a photon of the
appropriate wavelength. Upon excitation, the photocatalyst can
decay back to the ground state in a radiative (via photon
emission, i.e., fluorescence or phosphorescence) or non-
radiative way (heat) (Figure 1A).33 In the presence of an
increased concentration of a quencher, the photocatalyst

excited state can also react via EnT or PET, which will
compete with radiative decays and ultimately decrease photon
emission (Figure 1B). The decrease in emission intensity is
linked to the concentration of a quencher as described by the
Stern−Volmer equation (eq 1)

(1)

where I0 is the emission intensity in the absence of a quencher,
I is the intensity in the presence of a quencher, kq is the
quenching constant, τ0 is the excited state lifetime, and [Q] is
the quencher concentration.34 The product of kq and τ0 is
often described as Ksv, the Stern−Volmer constant. Ksv can be
used to compare quenching rates between different quenchers
(Figure 1C). The knowledge of Ksv and [Q] for all of the
components of a reaction enables the ranking of quenching
power and ultimate identification of the main quencher for the
photocatalyst.
In a typical Stern−Volmer experiment, independent

solutions of different concentrations of quenchers and a
constant concentration of photocatalysts need to be prepared
under a rigorously inert atmosphere, and the excitation
intensity of each one must be measured separately to extract
I and build the Stern−Volmer plot. We decided to take
advantage of the parallelization offered by 96-well plates to
propose a Stern−Volmer plate design, which involves
increasing the quencher concentration moving down a column,
with a different quencher (or replicate) in each column (Figure
2). Multichannel pipettors enabled the rapid dispensing of
each component across the entire plate. To maintain a strict
inert atmosphere around the samples, the entire sample

Figure 1. (A) General scheme for oxidative and reductive
photocatalyst quenching. (B) Spectral changes from emission
quenching. (C) Stern−Volmer analysis.

Figure 2. Plate design for workflow validation.
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preparation and measurement were performed under an inert
atmosphere inside a nitrogen-filled glovebox in constant purge
mode. This was made possible by the small footprint of the
fluorescence plate reader, which can easily be introduced into a
glovebox. To validate this design, we sought to test our
approach by comparing Ksv values obtained with our workflow
to values reported in the literature. We probed the quenching
of (2,2′-bipyridine)bis[2-(pyridinyl-κN)phenyl-κC]iridium-
(III) (Ir(ppy)3) by diethylbromomalonate, bromoacetonitrile,
and indole in dichloroethane (DCE) and observed similar
trends in the quenching values, with diethylbromomalonate,
exhibiting a higher Ksv than bromoacetonitrile by a factor of 1.7
(in the original report, the factor is 2), and indole, showing
virtually no quenching (Figure 3).35

However, we measured higher quenching constants overall
by a factor of ∼2.35 This difference is likely because of our
ability to consistently maintain the sample in an inert
atmosphere throughout the entire measurement using this
workflow.
With this positive validation result in hand, we sought to

showcase the magnitude of quenching data accessible through
this high-throughput method. We decided to focus on
generating Stern−Volmer constants for a library of commonly
used photocatalysts and quenchers in a rapid fashion. We
automated the plate preparation by writing a protocol to direct
a liquid handling robot (Tecan Freedom EVO 100) to
dispense the solutions of photocatalyst and quencher into 96-
well plates. First, one photocatalyst was dispensed across the
entire plate. We maintained the quencher concentration as the
variable across rows and selected 12 widely used quenchers for
the columns. With this design, one photocatalyst could be
analyzed on a plate in less than one minute. The automated
liquid dispensing allowed us to prepare plates for each of 20
common photocatalysts in <2 h entirely under an inert
atmosphere (Figure 4) for a total of 1920 samples to generate
220 quenching constants.
The 12 quenchers were N,N-diisopropylethylamine, triethyl-

amine, 4-methoxystyrene, Hantzsch ester, quinuclidine, bis-
(pinacolato)diboron, phenylacetic acid, tris(trimethylsylil)-
silanol, and potassium cyclohexyltrifluoroborate as reductive
quenchers and di-tert-butyl peroxide and diethylbromomalo-
nate as oxidative quenchers (sodium persulfate was included as
well but exhibited low solubility in MeCN such that no
quenching was measured and reported). These quenchers were

selected for their wide use in many different photoredox
reactions.2,3,9,11 Trialkylamines are typically used as a sacrificial
reductant to enable access to a highly reducing photocatalyst
and, as such, are used in a wide range of reactions. The other
reagents contain functional groups that will typically generate
reactive radicals upon photocatalyst quenching and that will
undergo the desired reactivity. The photocatalysts were
selected to contain diverse chemical structures, such as
cyanoarene-based photocatalysts, acridinium salts, ruthenium-
(II) complexes, iridium(III) complexes, and other miscella-
neous organophotocatalysts. This selection varies not only in
structures and photophysical properties but also in redox
potentials while encompassing the most commonly used
catalysts for photoredox reactions (Figure 5). The Ksv values
for different photocatalysts are reported in Table 1. For low Ksv
values, the entry is shown as <5. In such cases, higher
concentrations of quenchers will be needed to determine Ksv.
Interestingly, we observed entries exhibiting negative

deviations from linearity in their quenching profiles, mostly
with Hantzsch ester (Figure 6) and diethylbromomalonate.

Figure 3. Stern−Volmer plot of Ir(ppy)3 quenching by diethyl-
bromomalonate (red circle solid), bromoacetonitrile (black circle
solid), and indole (blue circle solid) at 375 nm with the linear fit
(intercept set at 1).

Figure 4. Semiautomated workflow for high-throughput Stern−
Volmer studies.
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Figure 5. Quenchers and photocatalysts for the quenching studies. λmax is the absorption maximum for the photocatalyst and below are reported
the potential for the redox couples of the excited photocatalyst.
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This type of behavior has been attributed to the presence of
different conformers for the photocatalyst, which gives rise to
fractional accessibility of the fluorophore.36 Some cases can be
treated using a modified Stern−Volmer equation, namely, the
Lehrer equation.37 It should be noted that the Hantzsch ester,
unlike the other quenchers, also has a non-negligeable
absorbance up to 400 nm and emits at 450 nm,38 which
overlaps with the absorbance and emission of a few of the
selected photocatalysts, thereby creating an inner filter effect,
which interferes with the Stern−Volmer measurement. There-
fore, data for this particular quencher might not reflect the true
photocatalyst quenching rate.
Overall, we observed strong quenching from trialkylamines

with typically oxidative excited photocatalysts (Figure 7A),
which is unsurprising considering their wide use as quenchers
in many photoredox reactions. DIPEA is the substrate that
exhibits quenching with most photocatalysts in the collection.
Conversely, oxidative quenchers like diethylbromomalonate
tend to only react with strongly reducing photocatalysts such
as Ir(ppy)3. However, further data analysis of Ksv values of the
quenchers in relation to the oxidation potential of the
photocatalyst excited state shows that, interestingly, these
two entities are not necessarily related. For example, quenching
values for triethylamine show no clear correlation between Ksv
and excited state oxidation potential (Figure 7B). Other

phenomena such as pH, binding events, exciplex formation, or
hydrogen bonding have been shown to influence quench-
ing.17,23 Solvent effects also have a role, as illustrated by the
1.7-fold higher Ksv between
Ir(ppy)3 and diethylbromomalonitrile in acetonitrile com-

pared to that in DCE. Additionally, phenylacetic acid showed
very little quenching with all photocatalysts, but the quenching
rate for this specific quencher is likely dependent on pH with
the deprotonated carboxylate being more susceptible to
oxidation.4,39 An interesting quencher is (TMS)3SiOH,
which has been used recently in several metallophotoredox
reactions1,40 and which shows noticeable quenching patterns.
Indeed, while most reported systems including (TMS)3SiOH
involve Ir photocatalysts, we can observe much higher
quenching with acridiniums and organocatalysts, such as N-
Et-Flavin and DCA. These photocatalysts could therefore
outperform Ir in systems relying on this quencher. Interest-
ingly, two photocatalysts, namely, tetraMeO-Acr-N-Ph and
tetraMeO-Acr-N-diMeOPh, show some degree of quenching
with all of the quenchers tested (Figure 7C), which might
explain their increased use as versatile photocatalysts.9 On the
contrary, photocatalysts, such as Ru(phen)3Cl2 and Ru-
(bpy)3(PF6)2, one of the most important photocatalysts that
launched the entire field of photoredox catalysis,11 exhibit fairly
poor quenching with most substrates. This observation could
partially explain its decline in usage against more reactive Ir
photocatalysts, although it should be noted that many other
factors beyond photocatalyst quenching impact photocatalytic
processes and can determine the failure or success of a
photocatalyst.
In conclusion, we demonstrated the use of a high-

throughput workflow for the measurements of Stern−Volmer
quenching constants using commercially available fluorescence
plate readers and 96-well plates. We validated the method by
comparing the results to reported quenching values. Autom-
atization of the liquid dispensing step allowed for the rapid
preparation and analysis of the Stern−Volmer quenching for a

Table 1. Ksv between Catalyst and Quencher Collection Reported in M−1a

quenchers

DIPEA TEA MS HE QN (Bpin)2 PA (TMS)3SiOH KCyBF3 DTBP DEBM

photocatalysts 4CzIPN 254 89 21 201 219 13 <5 26 <5 <5 <5
4DPAIPN 11 <5 <5 <5 <5 <5 8 <5 <5 <5 63
Mes-Acr-Me 73 54 97 <5 (b) 104 <5 <5 169 77 <5 <5
tBu-Acr-N-Ph 196 111 229 315 (b,c) 205 <5 <5 191 126 <5 <5
tetraMeO-Acr-N-Ph 58 55 46 717 (b,c) 63 40 14 44 27 11 (a)
tetraMeO-Acr-N-diMeOPh 64 52 51 1047 (b,c) 77 48 30 38 26 <5 (a)
Ru(bpz)3(PF6)2 2379 357 59 1640 1742 9 <5 83 <5 <5 <5
Ru(phen)3Cl2xH2O 13 <5 <5 <5 <5 <5 <5 <5 <5 (a) (a)
Ru(bpy)3(PF6)2 30 <5 21 25 20 25 <5 25 <5 <5 <5
Ru(p-CF3-bpy)3(BF4)2 1164 77 <5 982 294 <5 <5 24 17 <5 <5
Ir(ppy)2(dtbpy)(PF6) 501 50 17 318 28 <5 <5 <5 <5 <5 <5
Ir(dF-CF3-ppy)2(dtbpy)(PF6) 6085 1642 4941 (a,b) 3508 <5 <5 10 <5 <5 <5
Ir(ppy)3 <5 <5 <5 5939 (b,c) <5 <5 <5 <5 <5 <5 1495
Ir(dF-ppy)3 <5 <5 689 <5 (b) <5 <5 <5 <5 <5 <5 291
Ir(dF-F-ppy)2(dtbpy)PF6 4286 1377 3660 (a,b) 2957 <5 <5 23 <5 <5 <5
Ir(dF-H-ppy)2(dtbpy)PF6 54 53 64 <5 (b) <5 <5 <5 <5 <5 <5 <5
Ir(dF-Me-ppy)2(dtbpy)PF6 6212 677 619 <5 (b) 928 <5 <5 <5 <5 <5 <5
Rhodamine 6G 43 <5 <5 <5 <5 <5 <5 10 8 <5 <5
N-Et-Flavinium 87 34 93 88 121 <5 <5 548 <5 <5 17
DCA 259 179 278 104 (b) 219 <5 15 344 <5 <5 <5

a(a) Nonlinear quenching, (b) absorbance overlap between the quencher and photocatalyst, and (c) fit with the Lehrer equation.

Figure 6. Nonlinear quenching of Ir(ppy)3 by HE.
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collection of common photocatalysts and quenchers. We
believe that this workflow enables a consistent and rapid
collection of quenching constants with readily available
instrumentation, thereby finally bringing Stern−Volmer studies
to the same level of high-throughput capabilities as those for
reaction discovery for photoredox catalysis. We believe that
this method as well as the data generated is truly enabling for
the community interested in mechanistic understanding of
photoredox reactions.

■ EXPERIMENTAL SECTION

Chemicals and Materials
Unless stated otherwise, all of the reagents and solvents were
purchased from commercial suppliers (Acros, Merck Millipore Sigma,
TCI America, Fisher Scientific, etc.) and were of the highest analytical
purity. UPLC grade solvents were used for all experiments. All
operations were performed inside a N2-filled glovebox. For the high-
throughput experiments, 96-well UV-star microplates (part number
655809) were used. For the validation experiments, the microplate

used was a 96-well quartz microplate (part number 730−009−44)
due to solvent incompatibility. Emission measurements were
performed with a Molecular Devices Spectramax M5, and the data
was compiled on SoftMax Pro 6.5.1. Liquid handling was performed
on a Tecan Freedom EVO 100 outfitted with an eight-channel liquid
handler (LiHa) with Teflon-coated fixed tips.

Microplate Preparation
20 mM stock solutions of individual quenchers and 10 μM stock
solution of photocatalyst were prepared. The plate was designed such
that one photocatalyst was dispensed across an entire plate and each
column contained a different quencher. For example, 100 μL of
photocatalyst solution was dispensed in all 96 wells. Then, in each
row, going from rows A to H, 0, 10, 25, 40, 55, 70, 85, and 100 μL of
quencher solution was added, respectively, with a different quencher
in each column. Then, going from rows A to H, 100, 90, 75, 60, 45,
30, 15, and 0 μL of acetonitrile was added, respectively, to make a
total of 200 μL in each well. The microplate was sealed with a clear
silicon mat and was placed in the microplate reader. The excitation
wavelength was either taken from the literature value for each
photocatalyst or was determined experimentally from an absorption

Figure 7. (A) Comparison of the average Ksv over all of the photocatalysts for each quencher. (B) Plot of Ksv against the photocatalyst excited state
potential for triethylamine. (C) Number of quenchers with >5 Ksv for each photocatalyst. Color coding: trialkylamines (purple circle solid), other
reductive quenchers (teal circle solid), oxidative quenchers (yellow circle solid), cyanoarenes (blue circle solid), acridiniums (purple circle solid),
Ru(II) complexes (maroon circle solid), Ir(III) complexes (orange circle solid), and miscellaneous organic photocatalysts (light yellow circle solid).
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and fluorescence spectrum measured with the plate reader. The
emission data was then exported to Excel and fit to the Stern−Volmer
equation using least squares regression with y-intercept set to 1. The
slope values (i.e., quenching constants) were filtered by magnitude
and by R2 value to constrain the data to the observation of significant
linear quenching. Plots with noticeable but nonlinear quenching were
tested for outliers (two standard deviations away from the line of the
best fit) and/or improved fit with the Lehrer equation.
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