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ABSTRACT Excited state quenching is a key step in photochemical reactions that involve energy 

or electron transfer. High reaction quantum yields require sufficiently high concentrations of 

quencher to ensure efficient quenching. Determination of quencher concentrations is typically 

done through trial and error. Using kinetic modeling, however, a simple relationship was 

developed that predicts the concentration of quencher necessary to quench 90% of excited states, 

using only the photosensitizer lifetime and the rate constant for quenching as inputs. Comparison 

of predicted quencher concentrations and quencher concentrations used in photoredox reactions 

featuring acridinium-based photocatalysts reveals that the majority of reactions used quencher 

concentrations significantly below the predicted concentration. This suggests these reactions 

exhibit low quantum yields, requiring long reaction times and/or intense light sources.  

 

TOC GRAPHICS 

 

KEYWORDS Stern-Volmer, Kinetic Modeling, Photochemistry, Quantum Yield, Photoredox 

  

[Q
u
e
n
c
h
e
r
]

 

kq
(M
-1

s

-1
)

 

10 ns

500 µs

!

[Q]90% =
9.727

kq!0.996



 3 

Quenching an excited state is a key step in photochemical reactions that involve electron or 

energy transfer.1 Poor kinetics at this step lead to inefficient harvesting of excited states and limit 

the overall quantum yield of the reaction. As a second order process, the rate of quenching 

depends on the concentration of excited photosensitizers, the concentration of the quencher (Q), 

and the rate constant for quenching (kq). The quenching step, however, is in direct competition 

with the unproductive relaxation of the excited state, which is controlled by the lifetime of the 

photosensitizer (t). From a reaction design standpoint, the choice of photosensitizer controls t, 

though other factors such as redox potentials and absorption range often take higher priority.2 

The value of kq depends on a host of factors including the choice of substrate, driving force for 

electron/energy transfer, and degree of association in solution.3-5 While kq can also be tuned in a 

number of ways (e.g., changing photosensitizer or substrate, changing solvent, adding inert salt) 

these can be impractical from a reaction design standpoint where specific reaction conditions are 

needed to produce a given product, simplify purification, or solubilize one or more reagents. In 

principle the concentration of excited photosensitizers can be varied with light intensity, though 

as shown below that has little impact on the quenching yield. Thus, the most practical parameter 

that can be varied to impact quenching rates and efficiency is the concentration of quencher. 

However, a method to quantitatively predict the quencher concentration needed for efficient 

quenching does not currently exist. Instead, trial and error is typically used to determine optimal 

concentration.   

Inspired by our recent success using kinetic modeling to reproduce reaction quantum 

yields, we hypothesized that with knowledge of kq and t kinetic modeling could be used to 

develop a simple, predictive model for quencher concentration.6,7 Photosensitizer lifetimes are 

widely reported for both organic and inorganic photosensitizers.1,5 Determination of kq for a 
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photochemical reaction is simple using the Stern-Volmer relationship and commonly reported. In 

the simplest formulation of Stern-Volmer, all that is needed is a fluorimeter, emissive 

photosensitizer, and knowledge of t to determine a value for kq.  

 Using Kinetiscope,8 a freeware stochastic kinetics simulator widely used to study 

chemical reactions,9-11 we developed a simple model that involved competition between 

relaxation of the excited state and quenching by a quencher, Q. Our specific reaction involved an 

oxidative quenching reaction that generated a reduced quencher, Q•–, and oxidized 

photosensitizer, however, the result would be unchanged for a reductive quenching or energy 

transfer. Relaxation, krelax, is a first order process controlled by t (krelax = 1/t), while kq was varied 

from 107 M-1 s-1 to 1010 M-1 s-1. Values of kq greater than 1010 M-1 s-1 were not explored as that 

indicates a reaction that is not diffusion controlled and requires pre-association of photosensitizer 

and quencher or an intramolecular energy/electron transfer. Initially, we modeled continuous 

illumination and varied the concentration of Q to achieve a quantum yield for quenching, Fquench, 

of 0.900 ± 0.001 at the end of the simulation. In this case, Fquench is defined as the final 

concentration of [Q•–] divided by the number of photons introduced to the reaction. Targeting a 

value of 0.900 ± 0.001 for Fquench represented an optimal balance of harvesting a high 

concentration of excited states at quencher concentrations that could be practical. We did not 

regenerate the oxidized photosensitizer in our reaction, however the concentration of 

photosensitizer was relatively high (100 µM), length of the simulation was kept short (1 s), and 

the illumination intensity kept to 1.63 x 10-5 photons/s, which corresponds to a 10 mW intensity 

of 415 nm light. As a result, only a relatively small concentration of photosensitizer was oxidized 

during the simulation. In addition, increasing both the simulation time and illumination intensity 
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(Figure S1 and S2) resulted in no change in Fquench, indicating that the buildup of oxidized 

photosensitizer has negligible impact on the reaction.  

 

Figure 1. A) Predicted concentration of quencher needed to achieve quenching of 90% of excited 

states as a function of quenching rate constant (kq) and photosensitizer lifetime. Modeled with 

continuous illumination of 1.63 x 10-5 photons/s. Solid lines are fit to power law equation of the 

general form kq/a. B) Value of a as a function of photosensitizer lifetime (t). Solid black line is 

fit to equation: a = 9.727t-0.996.  
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 As shown in Figure 1A, varying kq for a given value of t resulted in a 2-3 order of 

magnitude variation in the predicted concentration of quencher. To our delight, for a given 

photosensitizer lifetime, the predicted values of [Q] could be fit to a simple power law equation 

of the form: 

[Q] = a/kq            (1) 

At short values of t, the fit to equation 1 was excellent with an R2 value of 1. At longer values of 

t (e.q., 500 µs) the fit was less accurate at larger kq values (> 109 M-1 s-1). This is because at those 

values, the concentration of quencher needed was essentially independent of kq due to the 

extremely large values of t. Figure 1B shows a plot of the value of a as a function of t and 

demonstrates that data could also be described by a power law equation of the form:  

a = A/tB            (2) 

From the fit in Figure 1B, values of 9.727 and 0.996 were determined for A and B, respectively. 

Thus, combining equations 1 and 2, as well as the values of A and B, the concentration of Q 

needed to give a Fquench of 0.9 at a given value of t  and kq is given by equation 3: 

[Q]= 9.727
kqτ0.996

           (3) 

For values of t less than or equal to 10 µs, the deviation between [Q] predicted from kinetic 

modeling and [Q] predicted by equation 3 was 5% or less and typically 1-2% at most. For longer 

values of t, the values predicted by equation 3 showed significant deviation at values of kq less 

than 109 M-1 s-1 and much small deviations at smaller values of kq. Percent deviations are shown 

in Table S1. We note that the majority of photosensitizers used in photochemical reactions have 
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t on the order of 10 µs or shorter and that in the cases of longer t values, equation 3 

overestimates the concentration of Q needed, meaning that a Fquench higher than 0.9 would be 

expected.  

 If we consider the classic Stern-Volmer model of the form:  

'&
'
= 1 + 𝑘(𝜏[𝑄]          (4) 

and assume our Fquench of 0.9, then equation 4 rearranges into: 

[𝑄] = )
*'+

          (5) 

Equation 4 is in reasonably good agreement with equation 3 and deviates primarily because of 

the poor fit of the 100 and 500 µs data at large kq to the power law model. It is important to note 

that the classic, linear form of the Stern-Volmer equation merely allows for an estimation of kq 

but fails to consider a host of effects, including diffusion.12  

We also performed a similar analysis as above but started with a fixed concentration of 

excited photosensitizer. This simulates pulsed illumination, like in a laser experiment, where a 

brief, intense pulse of light excites a significant number of photosensitizers followed by a dark 

period. As our benchmark, we set a value of Fquench of 0.9 after 100 ns of reaction time. Again, 

this represented a balance between a high value of Fquench and reasonable concentrations of Q. 

We also limited our investigation to photosensitizers with lifetimes of 200 ns to 10 µs. As with 

continuous illumination, the data could be well fit to equation 1 (Figure S3), however the plot of 

a versus t did not follow the form of equation 2 (Figure S4). As t gets longer Figure S3 shows 
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that Fquench has less of a concentration dependence, likely because relaxation becomes a minor 

unproductive pathway on the timescale of 100 ns.  

In order to validate our modeling, we calculated Fquench for a group of experimental 

systems described in the literature and compared the predicted Fquench with the measured Fquench. 

Measurement of Fquench by itself is not common and accurate measurements can be challenging 

because of rapid back electron transfer, low cage escape yields, or other unproductive 

pathways.13-15 Mindful of this, we carefully selected a set of trial reactions where Fquench was 

known independently of other unproductive pathways. Figure 2 shows the comparison between 

predicted and measured Fquench and demonstrates an excellent correlation, suggesting that our 

kinetic modeling method produces values in good agreement with experiment.  

 

Figure 2. Predicted quantum yield of quenching (Fquench) compared to experimentally measured 

quantum yields of quenching (Fquench). Solid blue line shows one to one correlation. Details for 

measured quantum yields are in the supporting information.  
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Equation 3 can also be a useful tool in evaluating reaction design. Using a series of 

photoredox reactions that rely on acridinium-based photocatalysts, we compared the quencher 

concentrations used in experimental reports to the concentration of quencher predicted by 

equation 3. Acridinium-based photocatalysts are commonly used in photoredox reactions and 

typically exhibit short lifetimes on the order of 10 ns.16 Figure 3 shows that the majority of 

experimental reports we evaluated used less quencher than equation 3 predicts is needed for 

efficient quenching. It is also notable that deviation becomes more pronounced at smaller values 

of kq. This is largely a function of most of reports using a quencher concentration on the order of 

0.1 to 0.2 M.  While this concentration range is appropriate for a larger values of kq of (109 M-1 s-

1 or greater), it is too low for smaller values of kq. It is important to note that using a quencher 

concentration that is too low will be impact the quantum yield of the reaction but not necessarily 

the overall product yield and in fact, most of the reactions surveyed in Figure 3 achieve product 

yields of 70% or higher.  However, the majority of the reactions ran for more than 24 hours and 

utilized extremely bright light sources with illumination intensities on the order of watts. This 

suggests that the quantum yields of these reactions are indeed low and may prove to be an issue 

when considering the energy intensity of these photoredox reactions.17 More generally, this 

suggests that photoredox reactions that rely on photocatalysts with short lifetimes on the 

nanosecond timescale will struggle to achieve high quantum yields unless paired with substrates 

that exhibit a large kq. 
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Figure 3. Ratio of experimental quencher concentration to predicted quencher concentration from 

equation 3 as a function of quenching rate constant, kq, for eighteen examples of photoredox 

reactions using acridinium-based photocatalysts. Solid red line indicates a ratio of 1:1 for 

experimental to predicted quencher concentration. Details for each experimental study are in the 

supporting information.  

 In analogy with multi-step synthetic reactions, the overall reaction quantum yield for a 

photochemical reaction is the product of yield for each individual step. Ensuring a high Fquench 

offers the best chance of achieving a high quantum yield for the overall reaction and is the step 

that can be most easily impacted via experimental design. Using kinetic modeling, we have shown 

that the quencher concentration needed for efficient excited state quenching (90% or greater) is 

simply described by equation 3 and relies only on t and kq, two parameters that are readily 

accessible. Considering the design of photoredox reactions from a quantum yield perspective, 

equation 3 predicts that optimal photocatalyst lifetimes in the microsecond to tens of microsecond 

range would be needed in to use quencher concentrations on the order of hundreds of millimolar.   
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