
   
 

1 
 

Factors that Impact Photochemical Cage Escape Yields  
 

Matthew J. Goodwin,a John C. Dickenson,a Alexia Ripakb, Alexander M. Deetz,a Jackson S. McCarthy, a 

Gerald J. Meyer,a* and Ludovic Troian-Gautierb,c*  

 
aDepartment of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, 

27599, United States 
bUniversité catholique de Louvain (UCLouvain), Institut de la Matière Condensée et des Nanosciences 

(IMCN), Molecular Chemistry, Materials and Catalysis (MOST), Place Louis Pasteur 1, bte L4.01.02, 

1348 Louvain-la-Neuve, Belgium 

cWel Research Institute, Avenue Pasteur 6, 1300 Wavre, Belgium 

*Correspondence to: ludovic.troian@uclouvain.be, gjmeyer@email.unc.edu  
 

  



   
 

2 
 

Abstract. The utilization of visible light to mediate chemical reactions in fluid solutions has 

applications that range from solar fuel production to medicine and organic synthesis. These reactions are 

typically initiated by electron transfer between a photoexcited dye molecule (a photosensitizer) and a redox 

active quencher to yield radical pairs that are intimately associated within a solvent cage. Many of these 

radicals undergo rapid thermodynamically favored “geminate” recombination and do not diffuse out of the 

solvent cage that surrounds them. Those that do escape the cage are useful reagents that may undergo 

subsequent reactions important to the above-mentioned applications. The cage-escape process and the 

factors that determine the yields remain poorly understood despite decades of research motivated by their 

practical and fundamental importance. Herein, state-of-the-art research on light-induced electron transfer 

and cage escape that has appeared since the seminal 1972 review by J. P. Lorand entitled “The Cage Effect” 

is reviewed. This review also provides some background for those new to the field and discusses the cage 

escape process of both homolytic bond photo-dissociation and bimolecular light induced electron transfer 

reactions. The review concludes with some key goals and directions for future research that promise to 

elevate this very vibrant field to even greater heights. 
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1) Introduction, Background and Motivation  
 

The use of sunlight or artificial light to drive reactions that would otherwise be thermodynamically 

uphill is central to energy conversion1-22 and represents an emerging area in organic synthesis.23-26 The 

reaction of photo-excited photosensitizers (PS*) with electron acceptors or donors (quenchers) provide 

redox equivalents that have been utilized for solar energy conversion applications and to drive subsequent 

reactions that yield useful products, Figure 1. Oxidative quenching refers to the oxidation of a PS* by an 

electron acceptor; conversely, reductive quenching corresponds to the reduction of PS* by an electron 

donor. The importance of these reactions is that they provide a molecular basis for the conversion of the 

energy present in PS* into free energy in the form of the redox equivalents. Indeed, the reduced or the 

oxidized PS products are of keen interest as catalysts in organic photoredox catalysis.23-26 Oxidative and 

reductive quenching are often collectively referred to as charge separation and have been utilized in 

photoredox catalysis and photobiology as well as to generate electrical power in regenerative solar cells and 

solar fuels in photo-electrosynthetic cells.  

 
Figure 1. Oxidative (left) and reductive (right) excited-state quenching of PS* with an electron acceptor (A) or 
electron donor (D) to form the corresponding photoproducts that transiently store free energy in the form of redox 
equivalents. The rate constants for charge separation (kcs) and charge recombination (kcr) are presented for the given 
processes. For oxidative quenching, the excited photosensitizer transfers an electron to an acceptor and is hence 
oxidized; charge recombination occurs by electron transfer from the reduced acceptor to the oxidized photosensitizer. 
For reductive quenching, the excited photosensitizer accepts an electron from a donor and charge recombination 
occurs by electron transfer from the reduced photosensitizer to the oxidized donor. 
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The bimolecular reaction between a PS* and a quencher (Q) is of both fundamental and practical 

interest. A quencher is a species, typically a molecule or ion, that deactivates (quenches) an excited state by 

energy transfer, electron transfer, or a chemical mechanism. In this review, the term quencher is used 

exclusively to describe electron transfer quenching by an acceptor or donor that results in oxidative or 

reductive quenching, respectively. The accepted mechanism for such bimolecular reactivity involves 

diffusional interactions between PS* and Q to form what has been historically termed an “encounter 

complex,” comprised of PS* and Q surrounded by solvent molecules that constitute the “solvent cage”, 

shown as brackets in Figure 2. It is within this encounter complex that excited-state electron transfer may 

occur. The encounter complex between PS* and Q is shown in brackets to signify that the structure is poorly 

understood and loosely envisioned to be solvent molecules that form a “cage” around the PS* and Q 

reactants. 

 

Figure 2. Photophysical scheme used to describe the sequence of events involved in a bimolecular electron transfer 
reaction between a photosensitizer (PS) and a quencher (Q) triggered by the absorption of a photon (hn). The electron 
transfer processes are characterized by the corresponding kinetic rate constants: charge separation (kcs), charge 
recombination (kcr), cage escape (kce) and back-electron transfer (kBET). Note that this description is for a dynamic 
quenching process. An alternative mechanism, termed static quenching, occurs when the photosensitizer and 
quencher form a ground state adduct, thereby precluding the need for diffusion to form the encounter complex. The 
events following excited-state electron transfer are valid for both static and dynamic quenching mechanisms.       
 

Excited-state quenching reactions have been quantified for over a hundred years employing the 

time-honored model described by Stern and Volmer.27-29 Typically the photoluminescence intensity of PS* 

is measured as a function of the quencher concentration, [Q]. A first-order dependence on [Q] allows 

extraction of the Stern-Volmer constant, Ksv, the reciprocal of which is equal to the quencher concentration 

necessary to quench half of the excited photosensitizers. Knowledge of the excited-state lifetime of PS* 
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affords the bimolecular quenching rate constant (kq). Hence the Stern-Volmer model provides a means to 

analyze steady state photoluminescence quenching data and extract kinetic and efficiency values whose 

importance to the field of photochemistry cannot be overstated.30-38  

A common misconception is that every quenched PS* yields an oxidized or reduced quencher and 

the corresponding reduced or oxidized PS that are useful for subsequent redox reaction(s) of interest.27 In 

other words, it is often concluded that if one completely quenches PS* such that there is no significant 

photoluminescence from the photosensitizers, the fully solvated oxidized or reduced quencher will be 

formed in quantitative yield and will carry on subsequent reaction(s). This, however, is rarely the case. 

Instead, complete quenching simply means that all the PS* are quenched to form the corresponding charge-

separated products that are trapped within the same solvent cage as the encounter complex. This species is 

often called the geminate radical pair or the primary radical ion-pair. The cage-escape process, i.e. the 

physical separation of the geminate radical pair, is a prerequisite for these products to be useful and typically 

only a small fraction is able to escape. Product yields are typically much less than unity and as such, a better 

understanding of this process would allow for much more efficient applications in which light plays a role. 

Our understanding of the factors that impact the yield of charge-separated products is the subject of this 

review. 

The accepted and common explanation for small yields of solvated products when quenching of 

PS* seems quantitative is that a fraction of the geminate radical pair products recombines within the same 

“solvent cage” that they were created in. This process is termed geminate charge recombination and leads 

to the recovery of the initial ground-state reactants. To better visualize this, consider again the accepted 

mechanism for diffusional quenching shown in Figure 2.39-41 An important consequence of the solvent cage 

is that entrapped reactants undergo multiple collisions within the cage. This has the detrimental effect of 

enhancing the unwanted geminate charge recombination reaction of the radical pair that is necessarily 

thermodynamically downhill. As a result, the geminate charge recombination rate constant, kcr, often 

kinetically outcompetes cage escape, thereby lowering the yield of sought-after products. Hence a PS* 

quenched by Q quantitatively forms the charge-separated products in a geminate radical pair, but only within 

a solvent cage. The yield of useful products therefore corresponds only to those that escape the solvent 

cage. Unfortunately, most reported cage escape yields are far less than unity. As reactivity in solvent cages 

is not well understood, non-zero yields may be viewed as encouraging because they suggest that a deeper 

knowledge of encounter complexes may one day allow the rational design of ‘windows’ through which the 

caged products can escape. 
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The kinetic rate constants (kx) indicated in Figure 2 govern the overall cage escape yield and have 

in some cases been determined experimentally. Cage-escape occurs with the rate constant (kce) that 

competes kinetically with geminate charge recombination (kcr). Most often it is the cage escape yield (fce) 

that is most interesting to experimentalists. We emphasize again that factors that govern the cage escape 

process are, to date, poorly understood even though they are of paramount relevance to societally desirable 

photo-induced applications, i.e. photoredox catalysis,23-24, 42-61 solar fuel formation (such as hydrogen gas 

generation),43-45, 49, 62-69 and photochemotherapy.70-78 

In principle, the inherent electron transfer reactivity within the transient encounter complex is 

described most notably through the work of Rudolph Marcus, who developed the canonical Marcus theory 

for electron transfer that resulted in the 1992 Nobel prize32-34  as well as through the advances of Rehm and 

Weller.30-31 Yet, there are few experimental means to extract the critical Marcus parameters for electron 

transfer within an encounter complex. This is particularly true for the diffusional quenching of PS*, but less 

so for the photodissociative excited states described in Section 3 of this review that, by virtue of the Franck-

Condon principle, are formed in the same solvent cage as the ground state.35-36, 38 

Figure 2 is key to understanding diffusional excited state electron transfer that will be presented 

within Section 4 of this review in more detail. As such, terms such as: quencher, oxidative and reductive 

quenching, geminate radical pair, cage effect, charge separation, charge recombination, cage escape and 

back-electron transfer are of paramount importance for the understanding of this review and have thus been 

described in Table 1. The sheer number of papers related to the topic of “cage escape” clearly demonstrates 

an appreciation for the importance of this elementary step in photochemistry.35-36, 38, 79-80 Before presenting 

these publications and their implications, it is worthwhile to consider carefully what experimental findings 

underlie the mechanism proposed in Figure 2. Below, we first discuss the historical evidence for a solvent 

cage and the geminate recombination within it.  

 
Table 1. Definitions of useful terms used throughout this review. 

Term Definition 
Quencher A molecular entity that deactivates (quenches) an excited state of another 

molecular entity, either by energy transfer, electron transfer, or by a chemical 
mechanism. In this review, this term is used exclusively to describe 
quenching by reductive or oxidative electron transfer. 

Oxidative Quenching Reaction in which the excited photosensitizer is oxidized by an electron 
acceptor.  

𝑃𝑆∗ + 𝑄 ⟶	𝑃𝑆•# + 𝑄•– 
Reductive Quenching Reaction in which the excited photosensitizer is reduced by an electron donor. 
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𝑃𝑆∗ + 𝑄 ⟶	𝑃𝑆•– + 𝑄•# 
Charge Separation In this review, charge separation is used to describe the excited-state electron 

transfer process leading to a pair or radicals enclosed in the solvent cage. This 
process is associated with the corresponding kinetic rate constant kcs. 

Geminate Radical Pair A pair of radicals that are formed through the charge separation process and 
that have not yet escaped the cage. This species is also often called the 
“primary radical ion-pair” in the literature.  

Cage Effect When in a condensed phase, or in a dense gas, reactant molecules come 
together, or species are formed in proximity to one another, and are caged in 
by surrounding molecules, they may undergo a set of collisions known as an 
encounter; the term 'Cage Effect' is then applied. The cage effect is also 
known as the Franck–Rabinowitsch effect. 

Charge Recombination In this review, charge recombination is used to describe the process that leads 
to the ground-state products from the geminate radical pair within the solvent 
cage. This process is associated with the corresponding kinetic rate constant 
kcr. 

Cage Escape Process by which the geminate radical pair escapes the solvent cage to form 
the corresponding radicals that are independently solvated. This process is 
associated with the corresponding rate constant (kce) and cage-escape yield 
fce. This process is sometimes also referred to as the “free radical ion quantum 
yield” in the literature. 

Back-Electron 
Transfer 

In this review, back-electron transfer is used to describe the process that leads 
to the ground-state products from the solvent-separated radical pair with a 
corresponding kinetic rate constant kBET. Back electron transfer is thus 
different from the charge recombination process described above.  

 

1.1) The Solvent Cage  
The concept of a solvent cage was first expressed in 1934 by Franck and Rabinowitsch while 

studying the photochemical generation of radicals in solution.38, 81 At that time, lower reaction yields 

measured in the solution phase relative to the gas phase were not understood. This photochemistry did not 

involve photosensitizers but rather light absorption by stable diatomic molecules to populate dissociative 

excited states that resulted in homolytic bond cleavage. As a result, the solvent cage was present in the 

ground state for the solvated molecule. This differs from the previous example where the solvent cage was 

generated by diffusional encounter of PS* and Q after light absorption. A simplified scheme for light-

initiated photochemistry of a diatomic molecule is shown in Figure 3. The originally proposed model 

asserted that the geminate products had to possess sufficient kinetic energy to “find their way through the 

surrounding ‘walls’ of the solvent and to put more molecular layers between them before coming to rest”.38  

The authors predicted that due to the solvent cage, the yields would be lower in fluid solution than in the 

gas phase, increase with the photon energy, and decrease with increased solution viscosity. Remarkably, all 

these predictions were borne out in experiments conducted over the next forty years. Detailed examples are 

given in Section 3 of this review. 
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Figure 3. Simplified photochemical scheme for light excitation of a diatomic molecule with a dissociative excited 
state. Following cage escape, the two radical products undergo recombination to ultimately generate the ground state 
with a rate constant, krec. 
 

Rabinowitsch and Wood went on to develop the first mechanical model for the solvent cage.36 A 

schematic is shown in Figure 4. It was comprised of a conductive brass plate with a zig-zag border placed 

on a shaker for ‘chaotic agitation’ that crudely represented the thermal motion of molecules in solution. A 

conductive pole insulated from the plate was placed in the middle. When a single metallic sphere was placed 

on the agitated plate it occasionally collided with the conductive pole and closed the electronic circuit 

providing a light flash that was used to monitor collisions between the ‘reactants’. At a given agitation rate, 

the collisions were isolated in time. When the experimentalists placed wooden spheres, that represented 

solvent molecules, on the plate their collisions with the conductive pole did not close the circuit and hence 

were not counted. Curiously, when the number of wooden balls was increased beyond a critical value, 

collisions with the conductive sphere occurred in “sets” and within each set there was a notable increase in 

the frequency of collisions. They termed these sets of collisions “encounters” and drew an analogy with the 

solvent cage (wooden balls) preventing their escape. The wooden balls surrounding the metal ball and the 

conductive pole provided a crude idea of an ‘encounter complex’. The isolated collisions measured in the 

absence or with a small number of the wooden balls provided a model for gas phase interactions, Figure 4 

This classical wooden sphere experiment led to three key conclusions that are relevant today. First, 

the mean number of collisions in the gas phase and between solutes in solution (not their collisions with the 

solvent molecules) are about the same, ~1010 s–1. Second, in solutions, collisions occur in sets called 

encounters in which the same two species collide multiple times before separating; this occurs because they 
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are imprisoned in a ‘cage’ of solvent molecules. Third, the presence of the solvent cage offers the possibility 

of immediate (“primary”) recombination and ordinary recombination that are now referred to herein as 

(geminate) charge recombination and back electron transfer, with rate constants kcr and kBET, respectively.    

 
Figure 4. Mechanical model developed by Rabinowitsch and Wood to represent solvent caging. The purple spheres 
are insulators that represent solvent molecules and a conductive ball (black) and a conductive knob (silver) that 
represented the photoproducts of interest were placed on a conductive plate that was agitated. Each time the 
conductive ball collided with the conductive knob the circuit was closed, and a light flashed enabling it to be counted. 
When the density of insulating balls was small or zero, collisions were isolated like that expected in the gas phase 
(a). When the density of insulating balls was increased, collisions occurred in sets because the insulating balls 
prevented escape of the conductive ball from the knob (b-c). The experimentalists termed these sets of collisions 
‘encounters’ and drew analogy with the solvent cage.36 
 

A photochemical validation of the solvent cage came from so-called cross-over experiments 

performed by Levy and Lyon.35 The photolytic decomposition of mixtures of azomethane and per-

deuterated azomethane were quantified in the gas phase and in a condensed solution (Figure 5).35 Photolysis 

in the gas phase produced an almost perfect 1:2:1 statistical distribution of CH3CH3, CH3CD3 and CD3CD3, 

respectively. Hence a statistical number of CH3• radicals ‘crossed over’ and reacted with CD3• radicals 

generated from a different azomethane molecule. In contrast, photolysis in isooctane solutions yielded 

almost exclusively the in-cage recombination products, CH3CH3 and CD3CD3. The data provided 

compelling evidence that the isooctane solvent molecules trapped the photogenerated methyl radicals, 

preventing their escape, and enabling nearly quantitative radical coupling. 
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Figure 5. Experimental verification of the cage effect through cross-over experiments in which equal concentrations 
of azomethane and perdeutero azomethane were photoexcited.35 

 

1.2) Methods for Quantifying Cage Escape Yields 
 

An important question that needs to be addressed is: “How would an experimentalist know what 

percentage of products formed within the encounter complex escape to yield the sought-after products?” 

This is an important question as these products exist for long enough time periods to undergo subsequent 

diffusional reactions. Historically, the yield was measured by addition of reagents that “trapped” the freely 

diffusing radicals and formed stable molecules whose concentrations could be determined by 1H NMR or 

other common spectroscopic techniques. A shortcoming of this approach is that these trapping reagents 

could themselves become part of the solvent cage, particularly when high reagent concentrations were 

needed for short lived radicals like chlorine atoms or to test the Noyes cage escape model presented in 

Section 3.  

A closer look at Figure 2 highlights that the cage escape process is a simple kinetic competition 

between geminate charge recombination (kcr) and the rate constant for cage-escape (kce).82-84 As such, the 

cage-escape yield can be formulated as: 

Φ!" =
#!"

#!"$#!#
  Eq. 1.1 

 

and a number of authors have used a kinetic approach to determine fce. The charge recombination rate 

constant is often estimated through Marcus theory. Alternatively, and in several literature examples 

described below, the cage escape yield was determined experimentally (vide infra) and kcr was extracted 

from Equation 1.1 with a computed value of kce. While different equations and formulations have been 

utilized to estimate kce,85 the Eigen equation86 is the most common and highlights that cage escape is a 
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function of the radius of the solvent cage (r), viscosity (h), dielectric constant (ε), ionic strength (μ), and 

the charges of the diffusing ion-pair ZPS and ZQ (Eq. 1.2-1.4) where N is Avogadro’s number. 

 

𝑘!" =
%#&
'($)

	
%#
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*+"(
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  Eq. 1. 2 

𝜔( = 𝑧,-𝑧.𝑁 (
"+

/(
) (1 + 𝛽𝑟µ

,
+)
–*

  Eq.1.3 

𝛽 = ( 1'2
+"+

*333/4&
)
,
+  Eq.1.4 

 

Large uncertainties in fce are expected when kce is calculated from the Eigen (or related) Equation 

1.2 and kcr is estimated through Marcus theory since: i) the radius of the solvent cage is unknown and is 

typically approximated as the sum of the reactant radii; ii) the reorganization energy and coupling within 

the encounter complex are unknown; and iii) the charge of the photosensitizers and quenchers are usually 

estimated as spherical point charges.34, 84 Note also that only the overall charge is considered and these 

models do not account for situations where ions have multiple charges in specific locations. In theory, if the 

individual partial charge of every atom on the donor and acceptor was known along with the distance 

between each atom, the calculated partial charge could be used to provide a better understanding of cage 

escape yields.87-88 In any event, the kinetic approach for estimating cage escape yields is at best a crude one, 

most appropriate for comparative studies of homologous series of photosensitizers and quenchers. Our 

understanding of the encounter complex is simply too rudimentary to accurately predict these rate constants.  

This review differentiates cage escape yields estimated from rate constants from those determined directly 

from measuring the concentration of products. 

An alternative approach for quantifying cage escape yields is to measure the concentration (or 

moles) of escaped products divided by the moles of quenched excited states, Equation 1.5.  

ϕ!" =
[678"9	7;	"9!<=">	=(7>?!@9]

[678"9	7;	B?"C!D">	"E!F@">	9@<@"9]
  Eq. 1.5 

The escaped products in the numerator have been observed by techniques such as NMR, Raman, IR, 

photoacoustic, and UV-Vis spectroscopy.89 The latter technique has proven to be the most robust as the 

absorption changes are directly related to concentrations through the Beer-Lambert Law. Determination of 

the moles of quenched excited states requires knowledge of the moles of absorbed photons that is typically 



   
 

14 
 

determined through the use of actinometers.90-93 Both electronic and chemical actinometers may suffice, yet 

most often a chemical actinometer is used such as an excited state with a known extinction coefficient.90-93 

The fraction of the states that are quenched is available from a Stern-Volmer analysis (detailed in Section 

2.1).  

A representative example of determining the cage escape yield through transient absorbance 

spectroscopy is described here for oxidative excited-state electron transfer quenching of [Ru(bpy)3]2+* by 

an aryl diazonium (R-N2+).94-95 The sequence of relevant light-induced electron transfer follows the equation 

depicted in Eq. 1.6 and 1.7:  

[𝑅𝑢GG(𝑏𝑝𝑦)H]%$ 	
DI
9: [𝑅𝑢GGG(𝑏𝑝𝑦)%(𝑏𝑝𝑦•–)]%$∗	 Eq. 1.6: Excitation 

[𝑅𝑢GGG(𝑏𝑝𝑦)%(𝑏𝑝𝑦•–)]%$∗ + 𝑅 − 𝑁%$ 	
"@
→ [𝑅𝑢GGG(𝑏𝑝𝑦)H]H$ 	+ 𝑅 − 𝑁%•         Eq. 1.7: Electron transfer 

 
 

Figure 6a shows the time-resolved PL quenching of [Ru(bpy)3]2+* by 4-methoxybenzene diazonium 

in acetonitrile. The corresponding absorption change monitored at 450 nm allows the concentration of the 

oxidized [Ru(bpy)3]3+ product, more generally (𝛥𝐴,--), to be determined, Figure 6b. Note that with the 

concentrations of products typically formed in a transient absorption study, back electron transfer occurs on 

a millisecond time scale providing a tens of microsecond window to quantify the concentrations and hence 

the yield. The extinction coefficients of both the [Ru(bpy)3]2+ ground state and the [Ru(bpy)3]3+ product are 

needed and are in fact well known.91-93 In this example, an unquenched [Ru(bpy)3]2+* was used as the 

actinometer with a ∆e value of –11,000 M–1cm–1 at 450 nm.91-93  
 

ϕ = ?
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B	 Eq. 1.8 

 

The desired cage escape yield (fce) was obtained by comparing the relative yield of PS+ produced 

(f) determined by nanosecond transient absorption spectroscopy and using Eq. 1.8, relative to the 

percentage of quenched photoluminescence (%PL) determined by the time-resolved photoluminescence in 

Figure 6, Eq. 1.9. A concatenated linear regression of all the data points by constraining the Y-intercept at 

0 provided a slope that corresponded to a cage-escape yield of 0.34 (Figure 6c). 
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Figure 6. Representative data set for [Ru(bpy)3]2+ quenched by 4-methoxybenzene diazonium in argon-purged 
acetonitrile at room temperature. a) Excited-state lifetime at different concentrations of 4-methoxybenzene diazonium 
used to determine the percentage of PL quenched. b) Changes in absorption recorded at 450 nm following pulsed-
light excitation at similar concentration of 4-methoxybenzene diazonium as in panel a). c) Plots of the relative yield 
of PS+ formed (f) versus the percentage of quenched steady-state photoluminescence (% PL quenched) for 
[Ru(bpy)3]2+ in the presence of 4-methoxybenzene diazonium tetrafluoroborate. Each color represents a new 
experiment. The slope was used to extract a cage escape yield of 0.34. Reproduced with permission from references. 
94-95 Copyright 2023 Elsevier. 
 

An advantage of this approach is that many quencher concentrations are used to determine the yield. 

Indeed, literature reports often rely on measurements at a single quencher concentration. In constructing 

such plots, it is appropriate to weight the higher concentrations more significantly as they typically have 

less uncertainty in their determination. Indeed, experimentalists often determine fce with a large excess of 

quencher to completely quench all excited states and utilize this absorption change to determine the cage-

escape yields according to Equation 1.9. Ideally this approach should be repeated at several quencher 

concentrations where quenching is quantitative and signal-to-noise ratios are most optimal, so that standard 

deviations can be determined. The method described herein has been previously reported in the literature 

and allows one to investigate the cage-escape over a wide range of concentrations.94-95 This is important as 

the cage-escape yields may be a function of the quencher concentration, especially for ionic photosensitizers 

and/or quenchers that can undergo ion-pairing or ground state pre-association.96  

For optimal photophysical studies it is ideal to show that the two photoproducts form in equal 

concentrations with the same rate constant and undergo back electron transfer with the same kBET; this 
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requires that the radicals formed are persistent over the time scale of the reaction and that product 

accumulation is not a confounding issue. For cases where the radicals that escape the cage react before 

undergoing back electron transfer, it is often necessary to use a pump and flow the solution through the 

cuvette so that each laser pulse excites a fresh solution. 

There are several ways that this particular example could be perfected. First, the concentration of 

only the oxidized PS+ was determined spectroscopically. Ideally, both the reduced acceptor concentration 

and PS+ should be determined. These should be present in equal concentrations and appear with the same 

rate constant as the quenching rate constant extracted from Stern-Volmer analysis. Demonstration of the 

reduced/oxidized forms of the photosensitizer and quencher being formed in equal concentrations indicates 

that it is a true cage escape process as opposed to irreversible reactivity within the solvent cage. The data 

shown in Figure 6 corresponds to single observation wavelength that was utilized to determine the 

concentrations. A more robust analysis would be to exploit a broader spectral window and perform a global 

kinetic analysis at all relevant wavelengths, particularly when the products absorb light at multiple 

wavelengths.  

Finally, the actinometer utilized required knowledge of an excited-state extinction coefficient. It is 

indeed difficult to convincingly demonstrate that molecular excited states even follow Beer-Lambert’s law. 

Nevertheless, for well-known photosensitizers like [Ru(bpy)3]2+, the absorption spectrum and extinction of 

the metal-to-ligand charge transfer (MLCT) excited states have been rigorously measured through 

irradiance dependent and energy transfer studies.91-93 Yet, uncertainties in these changes in molar extinction 

coefficient often set a limit of two significant figures in the reported fce. When better estimates of excited 

state extinction coefficients or alternative actinometers become available, the data reported could be scaled 

and a more precise yield determined. Indeed, at some level all reported fce values reflect relative quantum 

yields and considering them as absolute values requires a critical evaluation of all the underlying data.  

In summary, this representative example shows some of the strengths and weaknesses of the 

transient absorption technique for quantifying cage escape yields. It is possible to measure cage escape 

yields within a few percent, but only when the cage escape yields are significant (fce > 0.1) and persistent 

radical products are formed that absorb light strongly and undergo quantitative back electron transfer. 

Indeed, careful consideration of the photosensitizer and the quencher are necessary for precise 

determination of yields. Very often, inherent shortcomings are present in photosystem of interest that result 

in large uncertainties in cage escape yield determination. Hence there is an opportunity for future research 

to provide a means to quantify cage escape yields more rigorously through the development of spectroscopic 
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methods that enable precise transient concentration determinations as well as new quenchers and 

photosensitizers that provide defined spectroscopic handles with large changes in the extinction coefficients 

when reduced and/or oxidized. 

2) Key Concepts 
2.1) Dynamic and Static Electron Transfer 
 
2.1.1) Stern-Vomer Model 
 

Section 4 of this review describes the research that has been published regarding cage escape yields 

for bimolecular photoredox reactions. Prior to the discussion of cage escape yields, the fundamental 

mechanism for bimolecular electron transfer reactions is introduced. Oxidative and reductive electron 

transfer may occur by two different electron transfer quenching mechanisms. The first one is termed 

dynamic quenching and implies that diffusion processes occur before excited-state electron transfer. Such 

dynamic quenching is also referred to as “diffusional” or “collisional” quenching and was highlighted in 

Figure 2. The second mechanism is termed static quenching, where a ground-state adduct is formed 

between the photosensitizer and the quencher, typically through non-covalent interactions or by forming 

aggregates with a large number of quenchers. Because the photosensitizer and quencher are associated in 

the ground state, the charge separation rate constant often becomes larger than the rate constant for radiative 

decay, often yielding the formation of a “non-luminescent” adduct.29 Both static and dynamic quenching 

mechanisms may be operative and can be disentangled using the model developed in 1919 by Otto Stern 

and Max Volmer.97 This is accomplished by measuring both the steady-state photoluminescence intensity, 

PLI, and the excited-state lifetime, t, as a function of the quencher concentration. When such data plotted 

as PLI0/PLI and t0/t (PLI0 and t0 being the steady-state PL intensity and the excited-state lifetime in the 

absence of quencher) versus the quencher concentration are linear and coincident, dynamic quenching is 

the primarily operable mechanism. The Stern-Volmer constant, KSV, extracted from the slope (Eq. 2.1) 

provides access to the bimolecular quenching rate constant (kq) using the excited-state lifetime in the 

absence of quencher, t0.  
(,NG<)
(,NG)

= Q<
Q
= 1 + 𝐾-R[𝑄] 	= 1 + 𝑘B𝜏3[𝑄]   Eq. 2.1 

Static quenching is assigned as the sole mechanism when the steady state PLI is quenched, yet the 

excited state lifetime is independent of the quencher concentration. In this case, the change in the initial 

amplitude, a0, of the time-resolved photoluminescence decays provides an estimate of the ground state 
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equilibrium constant for adduct formation.29 Plots of a0/a and PLI0/PLI versus the quencher concentration 

provide the equilibrium constant, Ks, for quencher-chromophore adduct, Eq. 2.2. Such adducts may be 

quantified through other spectroscopic measurements and the corresponding equilibrium constant 

determined through a Benesi-Hildebrand type analysis.98-99 
(,NG<)
(,NG)

= S<
S
= 1 + 𝐾9[𝑄]  Eq. 2.2 

In many cases however, excited-state quenching occurs by a combination of both static and dynamic 

quenching mechanisms. In this case, upward curvature in a Stern−Volmer plot of PLI0/PLI versus the 

concentration of quencher is typically observed. Such data has been accurately modeled using Eq. 2.3 which 

displays a quadratic dependence on the quencher concentration.  

 
(,NG<)
(,NG)

= S<
S
× Q<

Q
= 1 + (𝐾-R + 𝐾9)[𝑄] + 𝐾-R𝐾9[𝑄]%	  Eq. 2.3 

The model developed by Otto Stern and Max Volmer has withstood the test of time and represents 

the standard model to investigate excited-state reactivity that is probed either by steady-state or time-

resolved photoluminescence measurements or both. It is often assumed that only those photosensitizers 

with nanosecond or longer excited-state lifetimes are useful for excited-state electron transfer. However, 

static quenching via pre-association of the PS and the Q, often times through aggregates formed at high Q 

concentrations, enables quantitative excited-state electron transfer even with short lived excited states.100-

106  

2.1.2) Extraction of Elementary Rate Constants from Quenching Data 
 

As described previously, the quenching rate constant, kq, is often obtained from Stern-Volmer 

analysis (Eq. 2.1), however PL quenching is an indirect measurement and does not in itself establish that 

excited-state electron transfer is operative. Often times in the literature an electron transfer mechanism is 

assumed with well-established acceptors, such as quinones or pyridiniums, and donors, like amines or 

phenothiazines, however additional spectroscopic techniques are needed to firmly establish electron transfer 

quenching.55, 89 In addition, the kq value extracted from Stern-Volmer analysis of the quenching data is not 

an elementary rate constant but rather an observed rate constant for a composite reaction. The underlying 

charge separation rate constant, kcs, is of tremendous importance for fundamental study and for many 

practical applications.  
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It is hence of great interest to relate kq to kcs for quenching processes that are known to occur by 

oxidative or reductive excited-state electron transfer. This has historically been accomplished with the well-

established model for bimolecular excited state quenching shown generically in Figure 2. A steady-state 

kinetic assumption relating kq to the desired kcs through the diffusional rate constant, kdiff, and the 

equilibrium constant for encounter complex formation, Ka, has been derived in the literature and yields Eq. 

2.4.44, 107  
*
#=
= *

#>?44
+ *

T@#!7
  Eq.2.4 

Therefore, in order to determine kcs, it is necessary to consider the diffusional rate constant, kdiff, and the 

association constant for the formation of the encounter complex, Ka. The diffusional rate constant can be 

estimated using of Equation 2.5,40  

𝑘>F;; = 4𝜋𝑁U(𝐷< + 𝐷V)𝛽  Eq.2.5 

where 𝑁U is Avogadro’s number, 𝐷< and 𝐷V are the diffusion coefficients of the reactants, which are 

accessible experimentally by NMR spectroscopy and electrochemical methods or can be estimated through 

the Stokes-Einstein relationship.108-110 The final term, 𝛽, is the effective reaction radius. For neutral species, 

this is typically taken as the sum of the reactants’ van der Waals radii. However, if both species are charged, 

this term must account for the attractive (or repulsive) forces that modulate the diffusional rate constant. 

Multiple methods to account for diffusion of charged species have been evaluated extensively in the 

literature, both in dilute aqueous solutions, where simplified models are applicable, and in low dielectric 

constant organic solvents. The interested reader is directed to these references for a more detailed 

discussion.107, 111-112 

The second parameter needed to extract the charge separation rate constant from quenching data is 

the association constant, Ka.113 In addition, association constants may be determined experimentally through 

the use of spectroscopic techniques such as NMR, UV-Vis, IR or static PL quenching data. It is important 

to note, however, that these techniques report on the ground-state equilibrium, whereas the encounter 

complex Ka involves the photosensitizer excited-state. Deviations in the excited state are generally small 

but, in some cases, may be significant and have been studied quantitatively.44, 114-117 In the common case 

where the encounter complex is only transiently formed in low concentrations and is hence not directly 

observed experimentally, theoretical models such as those in the Fuoss expression have been used to 

estimate the magnitude of the association constant.107, 118 44, 114-117 Given the uncertainty that often exists in 

determining Ka, Sutin has suggested the term “activation controlled rate constant” kact with units of M-1 s-1, 

where kact = kcsKa.119 
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2.2) Marcus Theory 
 

The theoretical work of Rudy Marcus provides a conceptual method by which the rate constants for 

electron transfer occurring in an encounter complex can be understood and even predicted.33-34, 120-122 

Equation 2.6 is the canonical semiclassical expression that many refer to simply as “Marcus Theory”. Of 

course, Marcus had many theories, yet this expression is certainly the most celebrated as it applies to many 

classes of electron transfer reactions. An important aspect is that the electron transfer rate constant, kcs, is a 

function of only three variables that may be computed or determined experimentally: the Gibbs Free Energy 

change (ΔGo), the reorganization energy (λ), and the electronic coupling or the degree of quantum 

mechanical mixing between D and A (HDA). The semiclassical expression is valid when HDA is small relative 

to the thermal energy, kT, and is termed non-adiabatic or weakly adiabatic electron transfer. While 

educational and highly detailed reviews of Marcus Theory are available in the literature,32, 34, 120, 123-124 we 

provide here a brief overview with particular focus on electron transfer reactions occurring in solvent cages. 

𝑘!9 =	
%'
ℏ

XA/+

YZ'[#6&
exp (− (∆]B$[)+

Z[#6&
)  Eq.2.6 

An important pedagogical tool for visualizing electron transfer reactions is the Gibbs free energy surface, 

sometimes called the potential energy surface.125-129 Marcus suggested that inherently complex electron 

transfer reactions can be well modelled by only two potential energy surfaces, one for the reactants (R) and 

one for the products (P). These are plotted as a function of a nuclear coordinate in Figure 7. In one extreme 

the two reactants in the solvent cage are weakly interacting and undergo non-adiabatic electron transfer. In 

this extreme, an electron ‘hops’ from the reactant to product surface at the intersection point of the two 

potential energy surfaces when the free energies of the product and reactant are equal. Non-adiabatic 

reactions are constrained by the Born-Oppenheimer approximation, electron transfer is faster than nuclear 

translational, rotational, and vibrational motion.130 
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Figure 7. Isoenergetic Gibbs free energy surfaces for a Reactant R and Product P. The reorganization energy, λ, is 
shown as the vertical energy difference between the product and reactant surfaces. The electronic coupling matrix 
element, HDA, is a quantitative measure of the overlap of the wavefunctions at the instance of electron transfer.  For 
this self-exchange reaction, where the reactants and products are identical, the free energy barrier is ΔG‡ = λ/4.  
 

Marcus used a single force constant to determine the free energy surfaces and related them directly 

to the reorganization energy, λ, that is typically computed as a sum of ‘outer-sphere’ and ‘inner-sphere’ 

contributions, λ = λi + λo.129, 131 The inner-sphere components are the changes in bond lengths and bond 

angles that accompany electron transfer. Outer-sphere contributions represent the solvent dielectric 

response to electron transfer. The static dielectric properties of the solvent and the distance between the 

reactants determine the outer-sphere reorganization energy, which is often computed with dielectric 

continuum theory, Equation 2.7.33, 132-133   

𝜆7 =
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Z'/B
( *
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− *
%(/

+ *
4
) A *

/BC
− *

/7
B  Eq.2.7 

For many electron transfer reactions occurring within solvent cages, the inner-sphere changes are 

minimal such that λ = λi + λo ~ λo. Exceptions exist and one that is highly relevant to cage escape involves 

changes in the spin quantum number that are accompanied by significant changes in the bond lengths.134-

138  

Electron delocalization and mixing between the molecular orbital wavefunctions of the reactants and 

products impact the electron transfer kinetics.139-145 This phenomenon is referred to as electronic coupling, 

HDA. The wavefunctions are expected to decay exponentially with distance as defined by an attenuation 

factor, β, that is diagnostic of the media between the reactant and product, Equation 2.8.146-148  

𝐻^U =	𝐻^U7 exp A− _
%
(𝑅^U − 𝑅3)B  Eq.2.8 
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The electronic coupling HDAο when the reactant and product are at van der Waals separation, R0, is 

a maximum and decreases exponentially as the separation increases. After electron transfer in the solvent 

cage, the separation is expected to be small favoring charge recombination due to the strong coupling and 

the small reorganization energy. Indeed, since both λ and HDA are distance dependent it is often difficult to 

experimentally separate their relative contributions to the electron transfer rate constant. 

Marcus theory predicts that the rate constant should be dependent on the Gibbs free energy change, 

ΔGo, and in a very novel way. Note in Figure 7 the midpoint of the nuclear configuration corresponds to 

the Gibbs free energy of activation, ΔG‡, which is the thermodynamic barrier for thermal electron transfer. 

For the self-exchange rate constant shown, ΔG‡ = λ/4. It can be shown that the activation barrier is a function 

of the driving force, ΔGo, and reorganization energy as given in Equation 2.9.  

𝛥𝐺‡ =	 (a]
<$[)+

Z[
  Eq.2.9 

Hence a parabolic dependence of ΔG‡ on ΔGo is predicted, which results in a barrier that decreases with 

increased driving force, –ΔGo until it is zero when –ΔGo = λ and then subsequently increase as the driving 

force become more favorable. This gives rise to three kinetic regimes of electron transfer: 1) normal, |–ΔGo| 

< λ; 2) activationless, |–ΔGo| = λ; and 3) inverted, |–ΔGo| > λ, Figure 8. Hence Marcus theory predicts that 

very exergonic reactions slow down relative to lower driving forces and a maximum rate constant is 

achieved when the reaction becomes barrierless, at –ΔG0 = λ so ΔG‡ = 0. In solar energy conversion 

applications, the initial charge separation reactions are often optimized to store the maximum free energy 

that results in a highly favored charge recombination reaction in the solvent cage that has often been shown 

to fall in the Marcus kinetic inverted region.149-150  

 
Figure 8. Types of electron transfer reactions as defined by the reaction free energy, ΔGo, and reorganization energy, 
λ. (From left to right) ‘Normal’ electron transfer reactions, ‘Barrierless’ electron transfer reactions and ‘Inverted’ 
electron transfer reactions. 
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As stated at the outset, Marcus theory is appropriate for weak coupling at the non-adiabatic limit or 

for weakly adiabatic electron transfer. When the electronic coupling becomes very large, adiabatic electron 

transfer mechanisms become operative that require a different level of theory. 151-154 This raises the question: 

how does one know if electron transfer in the solvent cage is adiabatic or non-adiabatic? The answer is that 

one generally does not know and the answer will likely depend on the identity of the reactants; however, 

there is a large body of data that indicates Marcus theory will be applicable in the vast majority of cases. 

This data comes from thermal electron transfer reactions that also occur within an encounter complex 

surrounded by a solvent cage. Self-exchange rate constants, typically measured through line broadening 

experiments, are generally predicted by Marcus theory and are consistent with non-adiabatic transfer.155-157 

In addition, thermal electron transfer reactions between a reactant that differs from the product can often be 

predicted by the Marcus cross-relation, Equation 2.10.158-161   

𝑘!9 = (𝐾𝑘<<𝑘>>𝑓)
,
+  Eq. 2.10 

Here kaa and kdd are the self-exchange rate constants, K is the equilibrium constant, and f is a factor often 

taken to be one. The phenomenal success of the cross-relation indicates that reorganization energy and the 

electronic coupling for the self-exchange reactions are very similar to that for the cross reaction. Indeed, 

measured rate constants that differ significantly from that predicted by the Marcus cross-relationship are 

often taken as evidence of enhanced electronic coupling within the encounter complex. 

 

2.3) Spin and Magnetic Field Effects 
 
2.3.1) Spin Effects 
 
 

Spin is a quantum number that defines the directionality and magnitude of the angular momentum a 

species experiences. As presented in this review, electron spin is one parameter that has clearly been shown 

to impact cage escape yields. Most photosensitizers and quenchers have diamagnetic singlet ground states 

but there are certainly exceptions, the most important being molecular oxygen which has a triplet ground 

state. Quantum mechanical spin selection rules demand that the total spin is maintained upon light 

absorption and electron transfer. Hence, a photosensitizer with an excited singlet state is expected to 

generate a singlet radical pair that can either escape the cage or rapidly recombine to re-form the singlet 

ground-state products. On the other hand, a triplet excited state reacts to yield a triplet radical pair that 

introduces spin forbiddenness to geminate charge recombination to the singlet ground state in the solvent 
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cage. The result of this spin-forbidden nature of geminate charge recombination for triplet charge separated 

states within the encounter complex is an enhanced cage escape under many conditions (Figure 9). The 

early model for cage escape developed by Noyes and highlighted in Section 3 does not include spin 

multiplicity as a factor impacting cage escape yields.162 Lyon’s studies of azomethane were amongst the 

first to include some sort of spin correction.35 However, there is now clear evidence that the spin state is 

important for cage escape in chemistry and biology.24, 163-176 

 

Figure 9. Scheme depicting the fate of the triplet and singlet spin correlated geminate radical pairs following reductive 
electron transfer using the frontier highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of the 
ground state as an approximation for the excited state. Geminate charge recombination generates the ground-state 
products. In the case on the triplet geminate radical pair, this recombination process is spin forbidden, leading to larger 
cage-escape yields than in the case of the singlet geminate radical pair.  

 

Transitions between pure spin states of different multiplicity are forbidden by the spin selection rule; 

however, electron spin can be a poor quantum number, particularly for photosensitizers that contain a 

second or third row transition metal. This is a result of quantum mechanical mixing of the spin states through 

spin-orbit coupling termed the internal heavy atom effect. The spin-orbit coupling constant of an atom scales 
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as Zeff4 , where Zeff is the effective nuclear charge, and is hence most important for heavy atoms.177 Indeed, 

early photophysical studies of organic chromophores revealed that spin-disallowed phosphorescence was 

enhanced by heavy atoms present in the external solution in what has been termed the external heavy atom 

effect.178-180 Theoretical studies have shown that external heavy atoms enhance spin disallowed transitions 

by the same mechanisms as internal heavy atoms and has also been the subject of several cage escape 

studies.173, 175-176 In addition to spin-orbit coupling affecting the spin state of a PS and Q, magnetic fields 

have been shown to cause variations in spin transforming transitions. Hence there has been great interest in 

understanding the role(s) heavy atoms and magnetic fields have on fundamental cage escape yields that 

deserve further elaboration.179  

2.3.2) Magnetic Field Effects 
 

Interests in the impact of magnetic fields on radical chemistry emerged with the development of 

chemically induced dynamic nuclear polarization (CIDNP) as an analytical tool to quantify non-Boltzmann 

distributions of spin states formed during radical reactions. There are several reviews on CIDNP that include 

light-driven reactions of relevance to cage escape and provide a basis for understanding why electron spin 

and magnetic fields impact photo-initiated electron transfer reaction mechanisms and their yields.181-189  

Fundamental insights have emerged from the study of magnetic fields on spin-correlated radical 

pairs. This spin correlation is the main reason invoked for the distinct difference in cage escape yields 

measured after quenching of singlet and triplet excited states. Thus, the relative rate of the spin flip reaction 

versus the rate of cage escape dictates cage escape yields that are perturbed by the application of an external 

magnetic field.190 From studies of magnetic field effects on cage escape yields, three underlying 

mechanisms have been invoked: 1) hyperfine (hf): 2) Δ𝑔, and 3) triplet. As is detailed below, these 

mechanisms impact the rate of singlet-triplet transitions. Other mechanisms that have not been applied to 

the field of cage escape are highlighted in several reviews and textbooks, and are not discussed here.189-190  
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Figure 10. Vector representations of the different spin states that can be occupied under an external magnetic field.  
 

Consider first the hf and the Δ𝑔 mechanisms	for spin-correlated radical pairs. An external magnetic 

field splits the three triplet substates (Tx, Ty, Tz) into the three different spin states, T0, T+, T−, depicted in 

Figure 10.189-190 The transition rates between these triplet substates and the singlet spin state (S) are unique 

to each mechanism and are invoked to rationalize magnetic field effects on the cage escape yield.  

 

 
Figure 11. Scheme depicting the hf-mechanism. When the hyperfine field is greater than the external field, transitions 
between the S and all three T states are possible. When the external field is greater than the hyperfine field, the splitting 
between these states is too large and transitions between only the S and T0 state are allowed. 
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The hf mechanism considers spin correlated radical pairs with nuclear spin interactions189 and the 

balance between the internal and external magnetic fields via Equation 2.11. 

𝐵 = 𝐵3 + 𝐵D;!   Eq. 2.11 

Here B is the total field, B0 is the externally applied field, and Bhfc is nuclear hyperfine field. The hf 

mechanism is only applicable when B is dominated by Bhfc which corresponds to low external fields 

strengths of B0 < 100-1000 mT.190 Under these conditions the triplet substates begin to split and the spin-

flip transition becomes less probable (Figure 11).190 Thus, as the external magnetic field strength increases, 

with a greater splitting between the substates, an increase in the overall cage escape yield is expected 

(Figure 12). Once the splitting between these states becomes too large, spin-flip transitions become 

inaccessible allowing only the S-T0 transition. This causes an enhancement of the cage escape yield that 

reaches a maximum at relatively low field strengths. 

In the Δ𝑔 mechanism, the spin-correlated radicals are assumed to have no nuclear magnetic 

interactions with different 𝑔 factors, a value that defines the species magnetic moment. The spins precess 

at the Larmor frequency (𝜔) that is governed by the 𝑔 factor of the radicals and the external magnetic field 

strength (Equation 2.12). 

𝜔-&< =	∆𝑔𝛽ħ
–*𝐵3   Eq.2.12 

As the spins precess, there are intermittent configurations governed by the difference in the Larmor 

frequencies of the two radicals (Equation 2.12) that allow S-T0 transitions to occur Figure 10. As the 

external magnetic field strength is increased, the frequency of S-T0 transitions increases that in turn 

increases the rate of geminate charge recombination. Hence the Δ𝑔 model predicts a decrease in the cage 

escape yield with an increased magnetic field strength saturating at high fields (B0 < 5-7T), shown in Figure 

12b).189-190 Typically, both the hf and the Δ𝑔 mechanisms are operative. When this is the case, the hf-

mechanism is expected to dominate at smaller fields while the Δ𝑔 dominates at larger fields, resulting in 

the behavior depicted in Figure 12c.  
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Figure 12. Depictions of the relative Cage escape yield dependence for spin-correlated triplet radical pairs as a function 
of applied magnetic field for a) the hf-mechanism, b) the Δ𝑔-mechanism, c) both the hf- and Δ𝑔-mechanisms.  
 

The triplet mechanism has been invoked for cage escape with photosensitizers that bear heavy atoms 

and includes a triplet excited-state complex, i.e. an exciplex, that forms prior to electron transfer.191 Within 

the exciplex at zero field there are three triplet substates to consider (Tx, Ty, and Tz). Spin-orbit coupling-

induced intersystem crossing from the singlet excited state unevenly populates the triplet substates (Tx, Ty, 

and Tz) and a spin polarization results.192 After excited-state electron transfer, the triplet exciplex can either 

diffuse apart to yield free radicals or return to the ground state via charge recombination through substate-

selective intersystem crossing (Figure 13).192  
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Figure 13. Effect of an external magnetic field in the triplet mechanism, where an increase in magnetic field allows 
charge recombination from multiple states, thus decreasing cage escape yields.  
 

At zero field, the rate of spin-lattice relaxation between the unevenly populated triplet states dictates the 

cage escape yield. The effective spin-lattice relaxation rate between the substates increases with the external 

field strength and enhances recombination to ground state products. Additionally, the external field will mix 

the zero field states and allow intersystem crossing to occur from each substate with varying 

probabilities.190, 192 In summary, the triplet mechanism predicts that an external field will enhance 

intersystem crossing rates therefore promoting charge recombination and a decrease in the cage escape 

yield. Like the Δ𝑔 mechanism, the triplet mechanism predicts limiting cage escape yields that saturate at 

high field strengths. 

3) Unimolecular Bond Photo-Dissociation 
 

The first conceptual tests of the solvent cage were performed by visible light excitation of small 

molecules dissolved in organic solvents that populated dissociative excited states and resulted in homolytic 

bond cleavage. The classical example was molecular iodine, I2, where light excitation formed two iodine 

atoms that were envisioned to either escape the cage and form long-lived solvated atoms that could 

subsequently be trapped and quantified, or to undergo geminate recombination within the cage to form I2. 

The 1972 review of Lorand highlighted these studies and their extension to other molecules and ions that 

also have accessible dissociative excited states.79 Here we summarize some key aspects of this early work 

and review several of the subsequent studies that were inspired by these foundational studies. The examples, 

selected from a vast body of literature, are those that focused on quantifying the bond dissociation efficiency 



   
 

30 
 

that provided fundamental insight into cages and cage escape that can inspire the growing community of 

scientist interested in this field.   

3.1) The Noyes Model 
Richard M. Noyes was an early pioneer in cage escape processes who developed a model to provide 

a quantitative means to calculate and predict cage escape yields based on experimentally measured 

parameters. The key features of this model are shown schematically in Figure 14. Noyes considered 

spherical radicals that could recombine within the initially formed primary pair, i.e. geminate 

recombination. This pair is subjected to the frictional drag of the solvent (a viscous continuum) before 

entering a regime where the two radicals would move randomly ultimately forming a statistical mixture of 

products. The initial displacements of the primary pair are critical to this model. Noyes included reversible 

formation of a ‘secondary’ pair where a single, or a few, solvent molecule(s) separated the two radicals.  

These solvent molecules could diffuse away to reform the initial pair. Alternatively, the secondary pair could 

undergo additional displacements until future motions were taken as random motion of fully solvated 

radicals. Therefore, the Noyes model predicted three pathways by which the photodissociated radicals could 

recombine: 1) (geminate) recombination within the primary pair; 2) secondary pairs that partially 

dissociated and returned; and 3) freely diffusing radicals in solution.  Note that Noyes, and others in the 

older literature, referred to both 1) and 2) as being ‘geminate’ recombination.  This description is no longer 

common and was not used in this review as the experimental evidence for a secondary pair is poor and the 

available data points to more complex solvation mechanisms. Hence, while being physically reasonable, 

the existence of secondary pairs in cage escape processes remains uncertain, a point that is discussed later 

in this review. 

 

Figure 14. The Noyes model for the formation of an X–Y molecule after photoexcitation to a dissociative excited state 
occurring via a primary (geminate) pair, a secondary (solvent separated) pair, and from free radicals that had escaped the 
initial solvent cage.  
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Noyes considered five different statistical parameters to describe the relative reactivity of two 

radicals as follows:  

𝛽b = S_
*+_$S_

   Eq. 3.1 

 
𝛽3b = 𝛽3𝛽b   Eq. 3.2 

 

• a: The probability that the two radicals will react during a collision within an encounter. 

• b: The probability that two radicals that are separated from a non-reactive encounter will eventually 

encounter one another at least one more time. 

• b0: The probability that two radicals whose centers were initially separated by a distance r0 will 

encounter one another at least one more time. 

• b’: The probability that two radicals separating from a non-reactive encounter will subsequently 

react with one another. 

• b0’: The probability that two radicals whose centers were initially separated by a distance r0 will 

ultimately react with each other. This is also defined as the total probability of recombination and is 

typically unity for persistent radicals like iodine atoms.  

 

By virtue of the Franck-Condon principle, the initially formed radicals are present at the same internuclear 

distance as in the ground state. Instead, Noyes considered an initial separation distance, r0, during the entire 

separation event that assumed the kinetic energy vectors present in the primary radical pair maximized the 

initial displacement. For iodine, this was calculated using Eq. 3.3, where m is the mass of the particle, b is 

the diffusion radius, n is the frequency of the absorbed photon, E is the I–I bond dissociation energy, and h 

is the solvent viscosity.   

𝑟3 = 2𝑏 +	Y6(Dc+d)
H')V

   Eq. 3.3 
Hence, the probability that two separated iodine atoms will eventually encounter each other at least one 

more time can be calculated using Eq. 3.4, where the constants related to the reaction energetics have 

been gathered in the term AE (Eq. 3.5). 

𝛽3 =
%V
(<
= *

*$/3D
  Eq. 3.4 

 

𝐴d =
Y6(Dc+d)

e'V+
   Eq. 3.5 
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The probability that two separated radicals recombine is presumed to be unity when the distance between 

their centers is 2b, i.e. when they make contact.  

The second displacement occurs after a subsequent encounter with kinetic energy 3/2kt. Hence, this 

probability can be written as Eq. 3.6 where rT is the distance between their centers and where the kinetic 

energy is included in the term AT (Eq. 3.7). 

 
𝛽 = %V

('
= *

*$/'D
   Eq. 3.6 

 

𝐴& =
fg$+h6#&

e'V+
    Eq. 3.7 

 

Using equation 3.2, the reciprocal of the total probability of “geminate” recombination (1/b0’) can now be 

described as the product of the reciprocal of b0 and b’ (Eq. 3.8). 

 
*
_<E
= 1 + (U'$SU3

S)
) (*

)
) + (U'U3

S)+
)	  Eq. 3.8 

 
The Noyes model was initially described for the photo-dissociation of I2 and was later extended to 

the dissociation of any pair of reactive molecules/atoms, including those where other atoms or molecules 

separate the primary pair. Hence, an additional term for the initial separation (R0) was introduced to account 

for the distance of the reactive fragment within the chemical structure. (Eq. 3.9) This would be the case for 

azomethane for example, as described in the seminal example of Levy and Lyon (Figure 5) where the 

nitrogen gas provides an initial separation upon photolysis.  

*
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%
Z  Eq. 3.9 

 
Hence the reciprocal of the cage efficiency minus 1 is described as the total probability for geminate 

recombination, F (Eq. 3.10).  

𝐹 = ( *
!<i"	";;F!F"C!j

) − 1 = (4<+%V
%V

) + (4<
%V
) Y(U'$SU3

S
) (*

)
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S
) (*

)
)
%
Z  Eq. 3.10 

 
This final equation reveals that the cage escape process is quantitatively dependent on the following factors: 

the solvent viscosity (h), the initial separation of the primary pair induced by the chemical structure (R0), 

the translational energy of the separating fragments (AE), the mass and the radius of the fragments (AE and 

AT) and the probability that two radicals will react during a collision within an encounter (a).  
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A critically important advance to our understanding of the solvent cage that occurred after 1972 was 

the development of ultrafast spectroscopic techniques that enabled the quantification of reactivity and 

dynamics in real time. Elementary steps like photodissociation, recombination, and cage escape were ripe 

for study with these techniques and afforded the possibility of state-resolved reactivity and direct 

characterization of transition states that led to the 1999 Nobel Prize awarded to Ahmed Zewail.193 

Furthermore, ultrafast measurements provided a means to test the Noyes model. Indeed, as is detailed below, 

such kinetic data supplemented with computational study have provided keen insights into our 

understanding of the molecular events that lead to cage escape. Perhaps not surprisingly, and likely 

motivated by prior measurements performed under steady-state illumination, the early studies focused on 

the photodissociation of molecular iodine in organic solvents as the prototypical reaction.  A persistent 

radical product, like the iodine atom, is ideal for ultrafast study within a solvent cage and precluded 

complicating factors like H-atom abstraction from the solvent cage or the presence of vibrationally hot 

excited states. 

As these ultrafast studies were extended to higher nuclearity molecules and ions, it became vividly 

clear that the solvent cage concept was amenable to a whole host of light-induced chemistries that included 

the photoejection of an electron and/or a hydrogen atom to the solvent as well as ligand loss photochemistry 

in transition metal complexes.194-196 Below we review the findings most relevant to cage escape with 

selected examples from the pre-1972 literature that complement the more recent work and provide tests of 

the Noyes model. Our goal is to maintain a descriptive discussion that is understandable to most chemists. 

Those interested in the often-nuanced details should refer to the original citations and those interested in 

the older literature should consult the excellent review by Lorand.79 

3.2) Elemental Halogens 
3.2.1) Iodine 

The solvent cage that surrounds molecular iodine has emerged as the most well studied and 

understood.197 The early work of this prototypical cage by Noyes established the excitation wavelength and 

solvent viscosity dependencies of the iodine atom cage escape. Noyes and coworkers thoroughly 

investigated the photodissociation of I2 which qualitatively tested the predictions of Rabinowitsch and 

Wood in a series of articles that appeared in the 1950-70s.198 The quantum yields were determined under 

conditions of steady-state illumination with the quantification of iodine atoms that escaped the cage 

determined by the allyl iodide scavenging technique.199 They noted that the quantum yield for I2 

photodissociation was greatly decreased when the viscosity of hydrocarbon solvents was increased. Table 
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2 gathers these data with the viscosities given in centiPoise (cP) and compares them with calculated 

quantum yields according to the Noyes model.198 In this study, Noyes and coworkers noted that the 

calculated quantum yields varied significantly from the experimental values particularly in very viscous 

solutions, and hence developed two methods of determining b’, termed Calc method 1 and Calc method 2 

in Table 2.198 The second method resulted in a closer match between experimental and calculated yields for 

very viscous solvents.   
Table 2. Experimental and theoretical quantum yield for the photolysis of I2 in solvent of various viscosity. 

Solvent Viscosity (cP) fce Calc meth 1 Calc meth 2 

Hexane 0.29 0.66 ± 0.04 0.52 0.47 
CCl4 0.92 0.14 ± 0.01 0.242 0.235 

Bayol D 1.7 0.18 ± 0.025 0.145 0.155 
C4Cl6 3.0 0.075 ± 0.009 0.086 0.107 
NF 65 54 0.086 ± 0.010 0.0052 0.040 
NF 95 80 0.048 ± 0.008 0.0035 0.038 

USP 180 180 0.038 ± 0.004 0.0016 0.037 
USP 335 380 0.036 ± 0.005 0.0007 0.036 

 
Noyes et al. also investigated the impact of the excitation energy as Rabinowitsch and Wood 

predicted that the cage escape yield would increase as the wavelength of light decreased. The rationale was 

that the excess energy, beyond that needed to break the I–I bond, would be translated as kinetic energy to 

the iodine atom photoproducts providing a larger initial displacement and enabling them to more effectively 

escape the cage as indicated by Equation 3.3. Indeed. Table 3 reveals that in hexanes the cage escape yields 

did increase with decreasing excitation wavelength. The more energetic blue photon increased cage escape 

by greater than 7-fold relative to red light.  However, the yields predicted by the Noyes model did not fully 

account for the measured excitation wavelength dependence, and instead predicted values that were too 

small with blue light and too large with red light. In hexachlorobutadiene, the expected wavelength 

dependency was apparent, yet the Noyes model consistently predicted higher yields than were measured 

(Table 3).  

Table 3. Experimental and theoretical quantum yield for the photolysis of I2. 

lexc 
(nm) 

hn 
(kcal/mol) 

fce  
hexane 

Noyes 
Model 

fce  
hexachlorobutadiene 

Noyes Model 

404.7 35.0 0.83 0.54   
435.8 30.0 0.66 0.52 0.075 0.087 
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546.1 16.6 0.46 0.46 0.036 0.070 
579.0 13.9 0.36 0.44 0.018 0.065 
643.0 8.9 0.14 0.40 0.023 0.055 
735.0 3.3 0.11 0.31 0.020 0.040 

 

Early ultrafast spectroscopic studies provided the first descriptions of cage escape in condensed 

media. Visible light excitation of I2 yields a pre-dissociative state that underwent collisionally-induced 

crossing to a dissociative state that yielded the two iodine atoms. During the separation process, the solvent 

cage induced geminate recombination for a large fraction of the dissociated pairs to ultimately yield I2. 

Hence a key conclusion was that the “caging effect” is primarily due to the initial collision of the atoms 

with the solvent. This recombination process yields I2 molecules in a ground electronic state with a large 

excess of vibrational energy due to the formation of the bond.43-44, 200  

The geminate recombination time for iodine atoms was first time resolved by Eisenthal and 

coworkers to be 140 ps in CCl4 and 70 ps in hexadecane.200 The transient kinetic data acquired in CCl4 are 

shown in Figure 15. Pulsed 530 nm light promoted I2 into the bound pre-dissociative B state or the 

dissociative A/A’ states with relative oscillator strengths of 5.2:1.0. The kinetic data show a peak in the 

transmission about 20 ps after light excitation. This growth was assigned to I–I bond-breaking in the pre-

dissociative excited state induced by collision with the solvent walls to yield iodine atoms. This represented 

a remarkable observation in its time. Indeed, early cage escape researchers were confounded by the issue 

of whether their steady state light excitation was quantitatively generating radical products or was instead 

accessing a pre-dissociative excited state that could relax to the ground state without bond rupture. At the 

time of the 1972 review, very few clear examples of pre-dissociative excited states were known, and the 

kinetic data shown is widely accepted as the first kinetic evidence for collisionally-induced dissociation of 

a pre-dissociative excited state occurring with an estimated rate constant of ~ 1011 s–1. 

 
Figure 15. Transmittance change measured at 530 nm after pulsed 530 nm excitation of I2 dissolved in CCl4. Time-zero 
is indicated with a vertical line. The rise time is attributed to the reaction of a pre-dissociative B state with the solvent 
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walls to generate iodine atoms.  The decrease over the first 500 ps is attributed to geminate recombination of the iodine 
atoms in the solvent cage and the nearly constant change at observation times greater than 500 ps is attributed to those 
iodine atoms that escape the cage.  Overlaid on the data are fits to a random-walk model with emphasis on the short (solid 
line) and long (dashed line) time kinetic data. See text for additional details. Reproduced with permission from reference 
200. Copyright 1974 Elsevier. 
 

At observation times greater than about 500 ps, the transmission change was nearly constant, Figure 

15. This long-time absorption change was attributed to iodine atoms that had escaped the cage and indicated 

a yield of fce = 0.25. This value agreed reasonably well with prior scavenger studies fce = 0.19 and the 

theoretical model of Noyes that predicted fce = 0.21. The close agreement of these values further indicated 

that these researchers had directly quantified the impact of the solvent cage on geminate recombination and 

cage escape.200 

The probability of recombination in a random walk model was considered with the form ae-b/t/t3/2 

where a and b are constants related to the encounter diameter, average displacement of a displacement step 

and the frequency of such displacements. The authors considered modelling the early time data (solid line 

fits in Figure 15) and the long observation time data (dashed lines) and favored the long time analysis as 

more representative of a random walk model. The values extracted indicated a displacement size of 0.5 – 1 

Å and a displacement “jump” frequency of 1-5 x 1012 s–1. In hexadecane, the displacement distance was 

smaller (0.1 Å) and the frequency was somewhat larger, 2-20 x 1012 s–1. Hence this ultrafast data provided 

the first quantification of the dynamics of cage escape. 

In a subsequent study, the initial yield of I• atoms and the cage escape yield were determined by 

picosecond spectroscopy.201 The initial yield of atoms was independent of the bulk solvent parameters and 

was instead dependent on the discrete nature of the solvent, and more specifically its compressibility. In 

contrast, the cage escape yield was dependent upon the solution viscosity and hence the diffusion coefficient 

calculated from the Stokes-Einstein relation. The authors used the original description of geminate 

recombination presented by Noyes: primary recombination, when the original iodine atom partners had not 

escaped the solvent cage, and secondary recombination of those atoms that escaped the first solvent shell 

and recombined through diffusive-like motion. The authors’ instrumentation did not have the temporal 

resolution required to time resolve the initial separation and instead monitored these so-called secondary 

recombinations. Such secondary recombination, while key to the Noyes model, have little experimental 

validation. Indeed, the authors concluded that there was most likely no distinction between primary and 

secondary recombination of iodine atoms. This conclusion was consistent with early trapping studies of the 

cage-escaped products by Hammond and coworkers who could not distinguish primary and secondary 
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recombination and concluded that there was no evidence for secondary recombination until the scavenger 

concentration was so high that the scavengers themselves were present in the solvent cage.202-204   

 Collectively, the picosecond data reported for iodine in weakly coordinating solvents like CCl4,  

have been summarized with the potential energy surfaces shown in Figure 16 and appear to be well 

established.152 Rapid 1-2 ps dissociation or predissociation is followed by recombination on the X, A or A’ 

states or cage escape into solution on a ~ 15 ps time scale. Hence the 15 ps predissociation time initially 

reported for the B state has since been revised.155 Crossing from the A/A’ to the X potential energy surface 

is solvent dependent and occurs on a 60 ps to few nanosecond time scale to generate vibrationally hot I2. 

Vibrational relaxation on the ground potential energy surface X is also strongly solvent dependent occurring 

in 50-200 ps.  

 
Figure 16. The potential energy surfaces relevant to the geminate recombination of iodine atoms after light excitation of 
I2 in weakly coordinating solvents like CCl4. Replotted from ref 197. 
 

3.2.2) Bromine 
 

The photodissociation of Br2 in carbon tetrachloride was directly quantified by flash photolysis.205 

The authors measured a cage escape yield fce = 0.22, value that was about 100 times larger than expected 

based on steady state bromine exchange measurements.206 The cage escape yield was comparable, but 

slightly larger than that for I2 measured under the same conditions. 

The authors used the Noyes model with a Br–Br bond dissociation energy of 45.5 kcal/mol to predict 

the cage escape yield. This analysis was complicated by the fact that a pulsed lamp was used to initiate the 

bond cleavage reaction. In other words, a well-defined excitation energy did not exist. This is important as, 

in the Noyes model, excitation energies greater than the bond dissociation energy provide kinetic energy to 
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the atoms that enable them to escape the solvent cage. Nevertheless, assuming an ‘average’ excitation 

wavelength of 440 nm and a separation distance of 4.8 Å, a cage escape yield of 0.065 was calculated, 

which was about a factor of three smaller than what was measured. Given the distribution of excitation 

wavelengths used, the agreement was satisfactory. Interestingly, the non-geminate rate constant for 

recombination of those Br• atoms that escaped the cage was 1 x 1010 M–1 s–1, almost a full order of magnitude 

smaller than that expected for a diffusion-controlled reaction leading to some speculation that there may be 

a barrier for Br–Br bond formation.207 

The photodissociation of Br2 was also quantified by photothermal grating spectroscopy (Figure 

17).208 Interestingly, the authors used 532 nm light excitation that was not expected to result in 

photodissociation. Previous authors had indicated that such relatively low energy visible light would not 

provide the Br atoms enough kinetic energy to escape the solvent cage.209 Fitting transient kinetic data 

measured as a function of the concentration and laser irradiance, Figure 17 provided evidence for solvated 

bromine atoms.  Indeed, a cage escape yield of fce = 0.12 ± 0.01 was extracted from this data. The authors 

reported a non-geminate recombination rate constant of 1.5 x 1010 M–1s–1, slightly larger than that previously 

reported and concluded that the results were consistent with the Noyes model.    

 
Figure 17. Diffraction signals observed at different laser energies from a CCl4 solution containing 1.5 mM of Br2. 
Reproduced with permission from ref 208. Copyright 1991 Elsevier.  
 

A novel time-resolved X-ray scattering technique was used to track Br• atoms that underwent both 

geminate and non-geminate recombination.210 After correcting for thermal artifacts by scaling the transient 

solvent response, the data revealed a cage escape yield of fce = 0.12 ± 0.01, with geminate recombination 

accounting for 30% and a metastable Br2 excited state accounting for the rest. 

Interestingly, compressed gases have been shown to lower cage escape yields after pulsed-laser 

excitation of Br2. Two models have appeared to rationalize the behavior. The first is a gas-phase caging 

effect analogous to that in fluid solution and operative for high pressure gases. The second is the formation 
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of gas phase “cluster complexes” envisioned to be adducts between bromine and the gaseous molecules 

held together by weak non-covalent van der Waals interactions.211-214 

 
3.2.3) Chlorine 
 

Ultrafast transient infrared studies were conducted to probe the impact of the solvent cage on two 

chlorine atoms.215 Picosecond infrared studies after excitation of Cl2 in hexane and per-deuterohexane were 

reported. Each pulse of 355 nm light excitation generated a remarkably high 0.17 M concentration of 

chlorine atoms. The cage escape yield was estimated fce = 0.19 in good agreement with previous 

photoacoustic studies.216 It appears that this estimate was based on the assumption that only the chlorine 

atoms that escaped the cage abstracted H atoms from the solvent. In other words, the photogenerated 

chlorine atoms did not react with the solvent molecules that comprised the cage. Figure 18 shows the steady 

state infrared absorption spectrum of HCl (solid lines) and the transient spectra measured 400 ps after 

photoexcitation of Cl2 (dashed lines). The good agreement indicates that the Cl• atoms escaped the solvent 

cage and extracted a H atom in less than 400 ps. Interestingly, no kinetic isotope effect was noted for D 

extraction from per-deuterohexane. This study reveals some of the many challenges associated with 

quantifying cage escape yields when reactive radicals are formed in organic solvents. 

 
Figure 18. Transient spectrum recorded at a 400 ps delay time (open circle).  Overlaid is the FTIR spectrum of HCl in 
C6D12 (solid line). The negative absorbance spectrum of C6H12 is also shown, scaled to the data at 2690 cm–1, and using 
the HCl spectrum as the baseline. Reproduced with permission from ref 215. Copyright 1993 Elsevier.  
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3.3) Tri-Atomic Species 
 
3.3.1) Cyanogen iodide (ICN) 
 

Ultraviolet light excitation of ICN in the energy range of 248-350 nm yields the iodine atom and the 

cyano radical that has been the subject of many studies. The initially formed excited state is one of three 

electronic states or an admixture of multiple states.  The electronically excited ICN dissociates on a few 

hundred femtosecond time scale through two excitation wavelength dependent channels. Both channels 

yield a CN radical (CN•) in a rotationally hot state and an iodine atom that is either in the ground or an 

excited spin state as shown in Equation 3.11. The energy difference between the two channels corresponds 

to the spin-orbit splitting of iodine, ~ 21.7 kcal/mol.217 

 

ICN + hn à ICN* à CN• + I 2P1/2 + I 2P3/2   Eq. 3.11 

 

Cage escape studies were complicated by interesting reactivity of the CN• with the solvent molecules that 

comprised the cage. In chloroform solvents, H atom abstraction by CN• was slower than that measured in 

the gas phase. The kinetic data suggested that the cyano radical must first reorient within the cage before H 

atom extraction occurs. A “dynamical cage effect” was proposed wherein an activationless reaction was 

controlled by diffusion of the cage solvent molecules that must be properly aligned in order to react with 

CN•. This proposal was supported by the expected temperature dependence of the reaction rate.218 An 

alternative interpretation was probed by molecular dynamics simulations: a finite barrier exists in fluid 

solution that is absent in the gas phase. 

Molecular dynamics simulations were conducted on a single ICN dispersed in 215 chloroform 

molecules in a truncated box that replicated the expected density.219-223 Additional details of the simulations 

can be found in the original text. Consistent with experiment, the simulations revealed ballistic transport of 

the caged products.  In other words, the mean free path was larger than the solvent cage and the products 

alter their motion only through collisional interactions with the solvent walls.223-225 Interestingly, the 

percentage of trajectories that escaped the cage was almost identical to that observed after dissociation of 

the high spin triplet excited state, even though these products have about 1/3 less kinetic energy relative to 

the singlet state. 

The distance between the primary radical pair is central to the Noyes model and was investigated 

recently by Winter and Do using quantum calculations with ICN as model.226 A distance greater than 6 Å 
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was found to be necessary for cage escape regardless of the solvent. This distance is permitted by the 

strength of the solvent cage, as studied comparatively for water and ethanol. The recombination probability 

computed was 0.58 in ethanol and reached 0.82 in water, values that were correlated with the solvent ability 

to deplete energy upon collisions. Vibrational relaxation is slower in ethanol than in water, which eventually 

allows the ICN to maintain a longer bond distance and decreases the proportion of recombination. 

Interestingly, they also pointed out that aside from recombination and cage-escape, 5% of the deactivation 

pathways did not involve geminate recombination or cage escape and involved species in high vibrational 

energetic states.  

 

3.3.2) Ozone 
 
Excitation of ozone with 266 nm light yields two equivalents of O2 through reactions 3.2 and 3.3.227 

O3 + hn à O2 + O•  Eq. 3.2 

O• + O• à O2  Eq. 3.3 

In the gas phase and in neat ozone, temperature independent quantum yields for O2 formation have been 

reported to be 2.0 ± 0.3. This high yield indicates that the cage escape of the oxygen atom is unity, and that 

the escaped atoms quantitatively react with an oxygen atom to form the second equivalent of O2.  

Interestingly, low temperature studies conducted in the presence of added argon gas revealed that the yields 

were decreased to values below 2, behavior attributed to caging of the oxygen atom by argon atoms.  

Variable temperature measurements from 10-30 K revealed an activation energy Ea = 0.38 ± 0.08 kJ mol–1 

attributed to collective vibrations of the ozone lattice that provided favorable orientations for escape of the 

oxygen atom.  

3.3.3) Tri-iodide (I3–) 
 

Visible or ultraviolet light excitation of I3– in iodide solutions results in the transient formation of 

I2•–.  The quantum yield has been reported to reach 2 through equations 3.4 and 3.5, indicating quantitative 

cage escape of the iodine atom in the initial photochemical step. 

I3– + hn à I2•– + I•  Eq. 3.4 

I• + I– à I2•–   Eq. 3.5 
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However, studies in condensed media have shown that the yield of iodine atoms in the photochemical step 

can be less than unity. Pulsed ultraviolet light excitation of I3– yields vibrationally hot I2•– and the iodine 

atom (I•), equation 3.4, that recombine geminately by at least two processes. One leads to ground state I3– 

and the other forms a long-lived species of unknown origin that lives for about 40 ps in alcohols, acetonitrile 

and water at room temperature.228 A recent temperature dependent study in ethanol revealed that the cage 

escape yield decreased from 0.36 ± 0.01 at 300 K to 0.02 ± 0.02 at 135 K. The more viscous ethanol present 

at the lower temperature precluded cage escape within experimental uncertainty.229 

 A recent nanosecond study in CH3CN revealed that the iodine atoms that escaped the solvent cage 

quantitatively produced a second equivalent of I2•– when the iodide concentration was greater than 1 mM. 

When lower concentrations of iodide were present, clear evidence for a photochemical reaction was evident 

by a decrease in the I3– concentration indicating that the iodine atoms did not quantitatively recombine with 

I2•–.230 

 

3.4) Metal-Metal Bonded Species  
 

Bimetallic complexes with a single M–M bond often have photodissociative excited states. Light 

excitation results in homolytic bond dissociation to yield a geminate radical caged pair. Systematic study 

of this photochemistry by Tyler and coworkers have provided keen insights into the factors that control cage 

escape.231-237 The yields decreased significantly when the solvent viscosity was increased, behavior 

consistent with that reported for iodine atom cage escape and the Noyes model (Figure 19). However, as 

had been reported previously, the viscosity alone was not a predictor of cage escape and instead the details 

of the solvent, or solvent mixture, had to be considered. Importantly, the detailed nature of solvation was 

not needed when diffusion ordered NMR spectroscopy (DOSY) was utilized to quantify the translational 

diffusion coefficient D of a diamagnetic model complex, whose structure was similar to that of the 

paramagnetic radical. The reciprocal of the diffusion coefficient was termed the ‘microviscosity’ and was 

shown to be an excellent descriptor of the cage escape yield in a wide variety of polar, non-polar, aromatic 

and H-bonding solvents. These studies revealed that neither the solvent polarity or rotation of the radical 

were correlated with the cage escape yield. 
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Figure 19. a) Photochemical production of caged radicals and subsequent trapping by CCl4. Photochemical cage recombination 
efficiency (FcP) as a function of bulk viscosity (b), or microviscosity (c and d). Each sample contains 20 wt% CCl4 and error bars are 
1s. Curves are only a visual aid. Adapted with permission from ref 235. Copyright 2003 American Chemical Society.   
 

Green light excitation of the metal-metal bonded [Mo(CH3-Cp)(CO)3]2 complex yielded the radical 

pair shown in brackets, Figure 19a. Those radicals that escape the cage with rate constant kce extract a Cl 

atom from carbon tetrachloride present in 20 weight percent as a radical scavenger.  The concentration of 

the Mo–Cl species was quantified to determine the cage escape yield. Like Noyes, these authors quantified 

the fraction of radicals that recombined within the solvent cage, F = 1/[1+(kce/kcP)] such that fce = 1 – F.  The 

left-hand side of Figure 19 shows the yields measured as a function of the solvent viscosity. In these data 

the viscosity of n-hexane, toluene, HMDS, and glyme were increased by addition of an organic species with 

a greater viscosity, termed a viscogen. To avoid selective solvation and significant changes to the solvent 

cage, viscogens with structures most similar to the solvent were selected. For example, paraffin was added 

to n-hexane and is abbreviated n-hexane/paraffin and is shown as the green circles. Note that the addition 

of the paraffin viscogen greatly increased the fraction of radicals that underwent geminate recombination. 

When polybutenes were added to n-hexane, i.e. n-hexane/polybutenes, geminate recombination also 

increased but to a lesser degree than when paraffin was added even when the bulk viscosity was the same. 

Even more dramatic effects were observed when the solvent itself was changed, such as the addition of 1-

bis(3,4-dimethylphenyl)ethane (DXE) to toluene, toluene/DXE. The addition of poly(dimethylsiloxane) 

(Mw= 3800) PDMS to hexamethyldisiloxane (HMDS) had a negligible impact on cage escape. Note that 
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the solid lines connecting the solvent/viscogen data points have no physical meaning and were simply 

included to guide the eye. 

The translational diffusion coefficient D was measured with a stable chromium surrogate 

[(C6H6)Cr(CO)3] that has a mass and size similar to that of the radical Mo species formed in the cage. The 

fraction that recombined within the cage is plotted against the “microviscosity” equal to the reciprocal of 

D. These data are shown in Figure 19d. Note that all the experimental data now resides on the same curve. 

This is in sharp contrast to the disparate curves noted when the same data was plotted against the bulk 

solution viscosity (Figure 19b). Even H-bonding methanol and polar N-methyl 2-pyrrolidone solvents 

displayed viscosity dependent cage escape efficiencies that could be predicted by the measured diffusion 

coefficient. An explanation for the negligibly small impact of PDMS addition to the HMDS solvent now 

becomes apparent, the addition did not significantly impact the diffusion coefficient. 

These experiments suggest that the direct measurement of the translational diffusion coefficients of  

radical surrogates will provide a metric by which the cage escape yield can be quantified.  The translational 

diffusion coefficient for a particular radical pair enables the yield to be determined regardless of the nature 

of the solvent or solvent mixture. The authors noted also that the reverse should be true, if the cage escape 

yield is known, then the diffusion coefficient of the radicals can be determined. There was no experimental 

evidence supporting the notion that the relative orientation of the two radical species dictated the fraction 

that recombined.  

Tyler and coworkers considered in more detail how viscosity impacts the solvent cage. In their work, 

they assessed the fact that despite having similar viscosities values, some bulk solvents show very different 

cage efficiencies (FCP), indicating that the bulk viscosity is sometimes an incorrect metric for cage escape 

determination. To better describe the behaviour of the cage itself, they sought to understand why the 

“microviscosity”, defined as the reciprocal diffusion coefficient, was such a good metric for cage escape.235 

To this end, they investigated a large variety of solvents like aromatics nonpolar (toluene/1,1-bis(3,4-

dimethylphenyl)-ethane (DXE); toluene/polystyrene), aliphatics (hexane/paraffin; hexane/polybutene), a 

siloxane system (hexamethyldisiloxane (HMDS)/polyHMDS) and one polar system (glyme/tetraglyme). 

Remarkably, geminate recombination was not correlated with bulk viscosity across the different solvent 

mixtures with the polystyrene/toluene displaying little to no significant change in cage escape yield despite 

a significant change in the solution viscosity. This behaviour was attributed to a viscosity in the solvent 

cage that was independent of the bulk solution viscosity. In other words, since the polystyrene viscogen had 
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no impact on the cage escape yield, it must not be part of the solvent cage. The importance of this work is 

the fact that the diffusion coefficient of a diamagnetic surrogate for the photogenerated radical allowed 

quantitative predictions across different solvent systems that had not been previously achieved.  It would 

be of particular interest to extend these findings to the diffusional quenching studies described in Section 4. 

 
3.5) Transition Metal Complexes  
 

An important application of cage escape is in ligand loss photochemistry of transition metal 

complexes in biology and chemistry.195, 238-239 The classical example is carbon monoxide and dioxygen 

photorelease from heme complexes.240 Cobalamin and Vitamin B12 photochemical cage escape also has a 

rich history.241 On the other hand, some classes of ligand loss photochemistry are not amenable to cage 

escape study simply because the yields are too small. For example, photoinduced ligand loss through 

thermally activated population of d–d excited states from charge transfer excited states typically have very 

low yields, especially for second- and third- row metals.242-246 In addition, the photoreductive elimination 

of ligands, that had been ligated through thermal oxidative addition reactions, often occur with quantum 

yields < 0.01.247 Such reactivity is easily characterized by prolonged steady state illumination with 

quantification of the products formed as the photo-released ligands and the solvated transition metal 

complex are typically stable thereby facilitating characterization. Much like the early days of halogen 

photochemistry, it is experimentally difficult to know if the low yields are a result of geminate 

recombination and hence a cage effect or if instead a metastable excited state is populated that is not fully 

dissociative.196, 244-246, 248-253 Future studies are likely to provide greater insights into the factors that underlie 

the low yields, yet at the time of this writing they remain unclear. Below we summarize the advances in 

cage escape yields of iron porphyrins (hemes) as well as cobalamins that have an extensive literature.238, 240, 

254-256 

In now classical experiments, Quentin Gibson and coworkers first utilized the flash photolysis technique to 

photorelease CO from a heme carbonyl center in myoglobin and hemoglobin in particular.257 Importantly, 

the photorelease of CO in the presence of O2 allowed the kinetics for O2 binding to the heme to be quantified 

for the first time. Such ‘flash and trap’ experiments, where a thermodynamically stable complex is 

photoexcited and a kinetic product is subsequently trapped, represent important advances key to the 

improvement of the flash photolysis technique in biology. These were early days of flash photolysis that 

were aided by the large color changes that accompany ligand loss in hemes and intrinsically high yields of 

cage escape. A challenge in quantifying the exact cage escape yield in these pioneering studies was the 
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unknown nature of the ‘solvent cage’ in a complex protein environment. Indeed, a photodissociated ligand 

could be trapped in nearby protein pockets and subsequently undergo ‘geminate recombination’ over a large 

range of distances and time scales. Such data ultimately led to an understanding of pathways in the protein 

matrix by which CO and O2 access the heme site. In addition, Gibson reported yields of unity for CO and 

much lower yields for O2 release from myoglobin and hemoglobin, data that have withstood the tests of 

time.258 For example, Table 4 provides more recent data for CO and O2 photorelease in horse and human 

myoglobin and O2 release from human hemoglobin. The data are reported at 8 K, yet temperature dependent 

measurements revealed no variation in yields for CO. In contrast, significant geminate recombination 

occurred for O2 down to temperatures of 150 K; below this temperature there was no evidence for geminate 

recombination lowering the cage escape yield.  

 

Table 4. Stable photoproducts yields of Hemoglobin and Myoglobin at 8K after CW photolysis.259 The columns 
represent the spectral region used to measure the yield.  

Sample Soret 760 nm Far-IR (1950 cm–1) 

Horse MbCO 1.0 ± 0.1 0.95 ± 0.05 0.95 ± 0.05 

Human HbCO 1.0 ± 0.1 0.90 ± 0.10 N/A 

Horse MbO2 0.4 ± 0.1 0.45 ± 0.05 N/A 

Human HbO2 0.4 ± 0.1 N/A N/A 

 

The continued and near ubiquitous use of carbon monoxide in flash photolysis studies of heme and related 

complexes is due to several factors, including an ability to form meta-stable adducts, a competitive inhibitor 

of O2 reduction at protein/model complex active sites, a stability toward unwanted redox reactions, and 

intense characteristic visible and infrared absorption bands. Shank, Rentzepis and Hochstrausser were 

amongst the first ultrafast spectroscopists to characterize CO and O2 cage effects in hemoglobin.260-262   

Ultrafast studies have also found a cage escape yield for CO release of unity at the earliest 

observation times.  This high yield has been attributed to a spin change.  The initial heme carbonyl is a low 

spin complex wherein all 6 d-electrons are paired.  The release of CO generates a high-spin Fe(II) complex 

in the solvent cage and subsequent geminate recombination with CO is inhibited by the spin change and 

instead affords quantitative cage escape. Studies of a Cu(I) carbonyl complex where spin change and the 

presence of unfilled d-orbitals were precluded by the d10 electronic structure revealed cage escape yields of 

0.30.263 In addition, pressure dependent studies of CO coordination to ferrous hemes reveal a mechanism 

dominated by activation rather than diffusional contributions.264-265 
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Ultrafast kinetic studies revealed that the release of O2 from oxyhemoglobin was due to both 

ultrafast relaxation to non-reactive sites and to geminate recombination. About 40% of the photodissociated 

O2 was found to geminately recombine in a 200 ± 70 ps time scale corresponding to a cage escape yield of 

about 0.60. Ultrafast studied revealed an even smaller yield for oxymyoglobin, fce = 0.30.266-267 The 

coordination of O2 to hemes generates a species that is best formulated as a ferric superoxide complex.  

Hence in this formalism, photorelease and rebinding of dioxygen are electron transfer reactions, likely 

occurring by inner-sphere mechanisms, i.e. PFeIII–O2– + hv à [PFeII, O2] à PFeIII–O2–.  The transient data 

have hence been evaluated based on orbital correlations among the electronic states of the heme center. 

Further insights have been gained through the study of synthetic oxy-hemes that have been shown to 

photorelease O2 with quantum yields very close to the value known for oxy-myoglobin and oxy-

hemoglobin.268  At a minimum, this indicates that the protein matrix and structure of the heme pocket are 

not strict requirements for modeling the photorelease of O2 from heme proteins.  

Heme-copper oxidases, such as cytochrome c oxidase, CcO, catalyze the four-electron reduction of 

dioxygen to water which is coupled to membrane proton translocation utilized by ATP synthase.269-270 As a 

result there has been and continues to be tremendous interest in dioxygen activation at the heme-copper 

(hemea3/CuB) center (Figure 20).271-272  

 

Figure 20. Structure of the fully reduced (hemea3/CuB) active site of bovine cytochrome c oxidase, Fe•••Cu = 
5.19Å. Reproduced with permission from ref 272. Copyright 2005 American Chemical Society. 
 

Gibson pioneered the use of flash photolysis to characterize CO and O2 coordination to CcO273-274 that has 

been further investigated by others,275-283 and Alben provided early evidence that CO can migrate between 
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the heme and Cu centers.284 Time-resolved infrared (TRIR) and visible absorption measurements were made 

to investigate CO and O2 binding in a synthetic heme-CO/copper complex, [(6L)FeII(CO)•••CuI]+ (Figure 

21), in CH3CN and in acetone at room temperature. In both solvents, photodissociation of CO from the 

heme occurred with a quantum yield of unity. Interestingly, a significant fraction of the photodissociated 

CO molecules were shown to transiently bind to copper (2091 cm–1) yielding [(6L)FeII•••CuI(CO)]+ , 

followed by direct transfer of CO from copper back to the heme (1975 cm–1) with a measured rate constant 

of 1600 s–1. Eyring analysis yielded ∆H‡ = 43.9 kJ mol–1 for CO transfer from Cu to Fe that was similar to 

that for CO dissociation from a copper model complex, [CuI(tmpa)(CO)]+, ∆H‡ = 43.6 kJ mol–1, providing 

evidence that CO dissociation from copper regulates the binding of small molecules to the heme.  

 

 
Figure 21. Structure of the heme-CO/copper complex 

Reversible photodissociation of O2 from hemes and bimetallic Cu/heme and non-heme Fe/heme 

compounds have also been reported in low temperature THF solutions to understand the impact of the 

second metal center on O2 cage escape and rebinding.268 Light excitation of (6L)FeIII(O2–) yielded O2 with 

a yield of 0.22. Interestingly, the presence of the non-heme Fe center had only a minimal impact on the 

yield while the presence of CuI resulted in a significant increase in the yield (Table 5). The data suggest 

that Cu also regulates O2 binding to the heme, however unlike the case for CO migration, there was no 

direct evidence for O2 coordination to Cu. 
Table 5. Quantum yields for O2 Cage Escape and O2-rebinding rate constants 

Photosensitizers kO2 (M–1s–1) fce 

(F8TPP)FeIII(O2-) 5.7 x 105 0.60 ± 0.02 

(6L)FeIII(O2-) 6.4 x 105 0.22 ± 0.03 
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[(6L)FeIII(O2-)CuI]+ 6.8 x 105 0.34 ± 0.04 

[(6L)FeIII(O2-)FeII(Cl)]+ 9.0 x 105 0.18 ± 0.02 
aAll experiments performed in THF at 198 K with 532.5 nm excitation (2-5 mJ/pulse, fwhm 8-10 ns).  

The ‘flash and trap’ technique has also been applied to synthetic copper complexes that are of 

relevance to CcO.  For example, the photorelease of CO from [CuI(tmpa)(CO)]+ occurs with a yield of 0.30 

in THF at 188 K.  In the presence of O2, a copper superoxide species was trapped [CuII(tmpa)(O2–)]+. 

Temperature dependent measurements with extrapolation to room temperature indicated that this simple Cu 

complex binds O2 more rapidly than do hemes, kO2 = 1.3 x 109 M–1s–1.285 This and related Cu-superoxo 

complexes display intense superoxide-to-CuII ligand-to-metal charge-transfer (LMCT) absorption bands in 

the visible region, lmax = 425 nm. It was later shown that under some conditions, LMCT excitation results 

in photo-ejection of O2.286-287 Interestingly, a marked wavelength dependence of the yield for O2 release 

was noted that was 0.029 with 436 nm blue light and decreased to 0.078 with red 683 nm light excitation. 

It would be of interest to compare this excitation wavelength dependent data to the Noyes model. 

Vitamin B12 has a rich history in photochemistry with a notable impact of sunlight being recognized 

decades ago.288 A review article has recently appeared.241 Common to Vitamin B12 and all its cobalamin 

analogues is a tetrapyrrole macrocyclic structure that chelates a Co metal center with an intramolecular 

axial base (Figure 22). A unique aspect of the Co center is that the coordination number often depends on 

the formal oxidation state of the metal; Co(III) is low spin six-coordinate, Co(II) is five coordinate and 

Co(I) is four coordinate. The classical crystal structure first reported by Dorothy Hodgkin is in fact of 

cyanocobalamin, which is generally referred to as Vitamin B12.289 The photochemical studies of most 

relevance to cage escape were performed on 5’-deoxy-adenosylcobalamin (also called coenzyme B12 or 

AdoCbl) and methyl cobalamin (MeCbl) where the cobalt center is in the formal oxidation state of three.  

Vitamin B12 is in fact the only organometallic complex with a metal-carbon bond found in nature. 
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Figure 22. Structure of Vitamin B12 derivatives with variable upper and axial ligands.  

Within 400 ps of light excitation, AdoCbl undergoes nearly quantitative Co–C bond cleavage.290 

This photochemistry is nearly insensitive to the excitation wavelength. While the initial quantum yield is 

near unity, there is a consensus in this field that the cage effect lowers the effective yield of radicals to 0.20 

± 0.02.291-292 Studies in viscous ethylene glycol revealed a lower yield of 0.08, indicating that diffusion out 

of the solvent cage impacts the yield.293-295 Protonation of the axial base also has a significant impact on the 

yield,296 behavior that has been attributed to the spin state of the products.297-299 

In sharp contrast to the cage effect for AdoCbl, there is a notable excitation wavelength dependence 

on the yield of long-lived radicals for methyl (and other alkyl) cobalamins.291, 300-301 For example, the cage 

escape yield for blue light excitation (~0.3) is almost double that of green light (~0.15). In addition, and 

unlike AdoCbl, the Co–C bond breaks heterolytically generating a Co(II) product in the radical pair.302-303 

Like heme carbonyl complexes, the higher yield measured with blue light excitation may result from a spin 
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effect. The initial Co(III) methylcobalamin is low spin d6 and light excitation yields a high spin d7 Co(II) 

whose spin state is expected to inhibit recombination within the solvent cage. Indeed, magnetic studies 

suggest the presence of both triplet and singlet radical pair states, the former having the higher cage escape 

yield.241, 297-298 

4) Cage Escape From Diffusional Excited States 
 

Section 4 is focused on the cage escape process following diffusional bimolecular excited-state 

electron transfer using organic (section 4.1) and inorganic (section 4.2) photosensitizers. Each of these 

sections is further divided by the type of photosensitizer that was utilized. Seminal literature contributions 

that have reported specific cage escape yields are included and provide a fruitful discussion of the 

parameters that impact the yields. Studies that investigated bimolecular excited-state electron transfer but 

did not report cage escape yields were not included. Similarly, studies where the cage escape yields were 

determined for only one quencher, with no specific discussion, are not presented herein unless they provided 

key insight in context with the larger body of literature. Nevertheless, all cage-escape yields found in the 

available literature, whether discussed in detail in this section or not, are tabulated for clarity in the 

appendices (section 6) at the end of this review. 

 
4.1) Organic Light Absorbers 
 
In the following section, cage-escape yields employing organic photosensitizers, such as anthracene, other 

(polycyclic) aromatic hydrocarbons, pyrylium, thiopyrylium, xanthene, thiazine and ketone-containing 

photosensitizers are reported. The structures of these photosensitizers are represented in Figure 23.  
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Figure 23. Structures of organic photosensitizers utilized for cage escape yield determination and described in this section.  

4.1.1) Anthracene and acridinium derivatives 
 

As an aromatic molecule with a well-defined singlet and triplet state, anthracene continues to be of 

interest to photosensitize redox reactions and as a molecular probe.304 The ground state absorption spectra 

shows well defined vibronic structure that is perfectly mirrored in the fluorescence spectra providing a 

textbook example of vibration structure in the excited singlet and ground state.29 The triplet excited state is 

non-phosphorescent at room temperature with a well-defined visible absorption spectrum that was widely 
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studied in the early days of flash photolysis. The singlet and triplet energies, as well as the intersystem 

crossing yields, have been tuned through introduction of substituents on the aromatic rings, much of this 

data is included in the early review by Birks and in a more recent review.305-306 Anthracene also has well 

defined electrochemical behavior and early studies showed that photoexcitation of the one electron reduced 

species provided a means to create a ‘super reductant’ capable of generating solvated electrons in fluid 

solution.307 With these desirable photophysical and redox properties it is perhaps unsurprising that 

anthracene and its many derivatives have emerged as an exceptional probe of spin, Coulombic, sterics, and 

driving force effects on cage escape yields. These particular advances are described below. 

4.1.1.1) Spin 
 

Anthracene derivates have been used as photosensitizers to quantify the impact of spin on cage 

escape yields. Indeed, anthracene has been used as an energy transfer shuttle to enhance the cage escape 

yield in the classical [Ru(bpy)32+, MV2+] assembly described in Section 4.2.1. While anthracene has well-

defined singlet and triplet states, intersystem crossing is inefficient and the use of derivatives with larger 

triplet yields have been used. For example, Kikuchi et. al. utilized acriflavine, a nitrogen containing 

anthracene derivative, and demonstrated reductive excited-state quenching from aniline and para-

halogenated anilines.308 It was shown that the cage escape yield after electron transfer from the acriflavine 

triplet excited state decreased from 0.82 with aniline to 0.49 with para-iodoaniline. This was attributed to 

an increased rate constant for charge recombination within the solvent cage due to the enhanced spin-orbit 

coupling induced by the heavy halogen para- substituent.  

In a related study, a series of para-halogenated anisole, aniline, and N,N-dimethylaniline derivates 

were utilized to reductively quench the triplet excited state of 9,10-dicyanoanthracene.309 Cage escape after 

electron transfer decreased when heavy atoms were introduced onto the anisole donors, similarly to the 

previously described example. However, the aniline and dimethylaniline quenchers did not show a clear 

trend when heavy atoms were introduced, behavior attributed to the presence of an exciplex formed within 

the solvent cage.  

Acridinium photosensitizers were recently utilized to perform light-initiated C–N coupling 

reactions.310 In this study, various benzene derivatives were photo-oxidized in the presence of a cyclic 

amine. Time-resolved studies revealed very small (0.05) cage escape yield of the benzene radical cation 

that underlie the need for prolonged irradiation times to achieve high product conversion. The small cage 
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escape yields were rationalized with the singlet nature of the geminate radical pair, leading to rapid spin-

allowed recombination to yield the ground state reactants. 

 

4.1.1.2) Coulombic Interactions 
 

Conjugated aromatic hydrocarbons form p-p adducts with other aromatic compounds and were the 

subject of a series of studies by Gould, Farid, and coworkers.96, 311-321 Tetra- and dicyanoanthracene were 

utilized as excited-state acceptors with a series of aromatic donors. For 2,6,9,10-tetracyanoanthracene 

(TCA), the p-p donor-acceptor interactions resulted in the appearance of a new charge transfer absorption 

band at lower energy, ~ 460 nm, where the free TCA did not absorb light, Figure 24. The authors found 

that light excitation into this band resulted in different photophysical and cage escape properties than did 

direct excitation of the anthracene with higher energy light.  The change in absorption upon forming the p-

p adduct provided a convenient means to selectively form contact radical ion pairs (CRIPs) through a static 

quenching mechanism while higher energy excitation of the cyanoanthracenes generated solvent separated 

radical ion pairs (SSRIP). Through a wavelength dependent excitation, it was found that the CRIPs 

consistently displayed lower cage escape yields (fce)cp than did the SSRIPs (fce)ss, Table 6. Interestingly, 

the magnitude of the difference was acutely sensitive to the nature of the donor.  For 1,2,4-trimethylbenzene 

as the donor, the solvent separated cage escape yield was only about 15% lower than that for the contact 

pair, while over an order of magnitude was reported for hexamethylbenzene. The yields for both pairs 

decreased with decreasing driving force for charge recombination as estimated by the difference in the 

reduction potentials, Eo’(TCA0/–) – Eo’(D+/0). The smaller cage escape yields measured after light excitation 

of the CRIPs were attributed to strong electronic coupling and a smaller solvent reorganization energy than 

that present in the SSRIP. Marcus theory predicts that both these factors will increase the charge 

recombination rate constant and hence lower the cage escape yield. The lower yields measured after 

excitation of low energy charge transfer were consistently found for other p-p adducts.313, 316, 318 This data 

provides perhaps the best evidence for the presence of both a primary and secondary radical pair  proposed 

in the Noyes cage escape model.   
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Figure 24. Absorption spectra of 2,6,9,10-tetracyanoanthracene (solid line) and the adduct formed between 2,6,9,10-
tetracyanoanthracene (TCA) and pentamethylbenzene in CH3CN. Variable concentration studies provided an equilibrium 
constant of 3.2 M–1. Reproduced with permission from reference 318. Copyright 1991 American Chemical Society.  
 
Table 6. Cage escape yield from solvent-separated radical ion pairs (SSRIPs) and contact radical ion pairs (CRIPs) of 
tetracyanoanthracene radical anion and substituted benzene radical cations in acetonitrile at 25°C. Subscripts ss and cp 
refer to data of the solvent-separated and contact pairs, respectively. 

Electron Donor Eo’(TCA0/-) – Eo’(D+/0) (fce)ss (fce)cp 

 
2.36 0.058 0.052 

 

2.28 0.042 0.020 

 

2.27 0.041 0.018 

 2.22 0.041 0.016 

 
2.15 0.035 0.0063 

 
2.03 0.031 0.0028 

 

When naphthalene was used in place of alkylbenzene as an electron donor,  the same excited-state 

cyanoanthracene acceptors were found to yield 1:2 anthracene:naphthalene p-p adducts. It was shown that 

the cage escape yield decreased at larger concentrations of donor upon which the equilibrium favors 

formation of the 1:2 adduct. These adducts similarly to ones previously described will increase the rate 

constant for charge recombination and decrease the ability for products to escape the solvent cage.96 This 
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low yield was attributed to the same Marcus parameters invoked to rationalize the lower yield of CRIPs 

relative to SSRIPs. Due to this, a concentration dependence was borne out where at larger concentrations 

of donor, the cage escape yield decreased with the formation of 1:2 adducts.   

In these examples, the ground state adducts were formed by non-covalent intermolecular p-p 

interactions. After excited-state electron transfer, the radical ion pairs also experienced an electrostatic 

(Coulombic) attraction that impacts the so-called work terms for electron transfer that could in turn 

influence cage escape yields.  To better understand the possible role(s) of electrostatic interactions, this 

same research group utilized monocationic N-methylacridinum in place of the neutral cyanoanthracenes.  

With N-methylacridinum the cationic charge is “shifted” to the alkylbenzene donor. Such “charge shift 

reactions" are often utilized to understand the role of electrostatics.315 In comparisons with the 

cyanoanthracenes at the same driving force for excited-state electron transfer, the ratio of the charge 

recombination rate to the cage escape rate was reported to be smaller for the charge shift reaction, resulting 

in a larger cage escape yield for the charge shift than the charge separation reaction. The difference between 

the ratio of rates for each reaction was dependent on the driving force for charge recombination, whereas 

the driving force increased the difference too increased. To the extent that the structure of the p-p adducts 

for N-methylacridinum and cyanoanthracene can be equated, the data suggest that a higher cage escape 

yield is expected for electron transfer reactions that yield products with less coulombic attraction.  

  

4.1.1.3) Distance/Sterics 
As previously described, ground state intermolecular 1:1 p-p adducts of 2,6,9,10-

tetracyanoanthracene and alkylbenzenes have been shown to give rise to unique long wavelength charge 

transfer absorption features; charge transfer excitation gives rise to what has been termed contact radical 

ion pairs (CRIPs) whereas direct light excitation yields solvent-separated radical ion pairs (SSRIPs). The 

electron transfer distances were approximated to be 3.5 Å in the CRIP and 6-8 Å in the SSRIP, and hence a 

much larger electronic coupling and smaller outer-sphere reorganization energy were expected in the 

CRIPs.318 This distance effect further emphasizes the observed cage escape yields for ground state p-p 

adducts of cyanoanthracene derivatives and alkylbenzenes discussed in Section 4.1.1.2. As another means 

to probe the distance/steric dependence on cage escape yields, a series of hindered alkylated benzenes 

donors were used to quench the excited state of 9,10-dicyanoanthrancene (DCA) and 2,6,9,10-

tetracyanoanthracene (TCA).319  
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Figure 25. Structure of alkylated benzene electron donors 

The alkylated benzenes donors were categorized into two groups as shown in Figure 25. Donors 1-

4 contained at least one 5-member ring with hydrogen atoms in the alpha position to the benzene ring that 

provided hyperconjugation to stabilize the radical cation formed after electron transfer. The second group 

5-9 did not have this same hyperconjugation. To account for variations in the thermodynamic driving force 

for electron transfer that were introduced by these substituents, comparisons were made to previously 

published values of non-hindered alkylbenzenes that had nearly the same driving force as determined by 

the reduction potential of the benzene donor, Table 7. 

Table 7. Cage escape yield for sterically hindered (sh) substituted benzene donors with cyanoanthracene acceptors. Cage 
escape yields are compared to literature values of non-hindered (nh) alkylbenzenes that had nearly the same driving force. 

PS Donor 𝑬⬚𝒐
′
(𝑫 +/𝟎) (V vs SCE) (fce)sh (fce)nh 

DCA 1 1.90 0.582 0.344 

 2 1.82 0.403 0.245 

 3 1.68 0.307 0.135 

 4 1.63 0.208 0.111 

 8 1.77 0.549 0.205 

 9 1.64 0.397 0.112 

TCA 1 1.90 0.113 0.0517 

 2 1.82 0.0861 0.0408 

 3 1.68 0.0665 0.0302 

 4 1.63 0.0625 0.0282 

 5 2.13 0.364 0.125 

 6 2.03 0.266 0.0830 

1 2 3 4

5 6 7 8 9
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 7 2.01 0.325 0.0769 

 8 1.77 0.109 0.0369 

 9 1.64 0.0736 0.0283 

DCA = 9,10-dicyanoanthracene, TCA = 2,6,9,10-tetracyanoanthracene.  

Table 7 shows that the cage escape yield from the hindered donors was consistently larger than that 

of the non-hindered donors, (fce)sh > (fce)nh. The degree to which the electronic coupling and reorganization 

energy contributed to the enhanced yields measured for the sterically hindered donors was difficult to 

disentangle.319 Nevertheless, the data presented point towards the use of sterics to control cage escape 

yields. These steric dependencies previously discussed have also been demonstrated by other groups using 

similar photosensitizers and quenchers.322 However, Braun and coworkers interestingly noted that the 

magnitude of the steric effect was solvent dependent. In polar solvents, the recombination rate will decrease 

with steric bulk and the rate of escape will increase, overall increasing the yield. In non-polar solvents 

however, the observed steric dependence is caused by an increase in the initial separation distance of the 

PS and Q.322 This is anticipated to be smaller due to an enhancement of attractive Coulombic forces and as 

such decrease the cage escape yield in non-polar solvents.  

Interestingly, and of some relevance to these sterically hindered benzene studies, are the reductive 

quenching studies of DCA* and TCA* by  cis- and trans-stilbene derivatives.317 It was consistently found 

with each substituted stilbene that the cage escape yields were larger for the trans- isomer than for the cis- 

isomer. The authors hypothesized that the electron density is delocalized in the planar trans- isomer and 

was localized in the non-planar cis- isomer. For this reason, the average charge recombination distance was 

larger for the trans- and the cage escape yield was larger. Similar delocalization discussions have been 

invoked for the quenching of di- and tetracyanoanthracene by biphenyl and phenanthrene derivatives.316 

4.1.1.4) Driving Force 
Reductive quenching of 9,10-dicyanoanthracene and 2,6,9,10-tetracyanoanthracene by a series of 

substituted benzene donors as well as biphenyl, naphthalene, and fluorene donors were investigated to 

understand the impact of driving force on cage escape yields.311, 315-316, 319-321 As the caged radical products 

were not directly observed, the rate constant for charge recombination kcr was calculated from the measured 

cage escape yield and using an estimate of the rate constant for diffusion out of the cage, kce.. With this 

analysis, it was found that kcr decreases with increasing driving force, consistent with electron transfer 

occurring in the Marcus kinetic inverted region, Figure 26a. Interestingly, driving force was not the only 
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important parameter as the nature and radius of the donor were also found to play a role, presumably due 

to differences in the reorganization energy and electronic coupling for electron transfer.314 The extracted 

charge recombination rate constants were fit to the semiclassical Marcus expression that provided estimates 

of the total reorganization energy (l) and the electronic coupling matrix element HDA.  The coupling was 

small in all cases with HDA < 12 cm–1, consistent with non-adiabatic electron transfer and appropriate for 

the theory used. The authors determined an inner sphere reorganization energy of 0.25 eV for all donors 

used from which they reported that the outer sphere reorganization energy decreased from 1.63 eV to 1.48 

eV to 1.40 eV as the number of aromatic rings was increased from 1 to 2 to 3. An important subtlety in the 

use of 9,10-dicyanoanthracene and 2,6,9,10-tetracyanoanthracene as photosensitizers and benzene 

derivatives as donors is the formation of stable 1:1 p-p adducts formed in the ground state (Section 

4.1.1.2).313  

 
Figure 26. Selected plots from the literature investigating the impact of the Gibbs free energy change for geminate charge 
recombination, –∆GGCR, on the cage-escape yield. a) Cage-escape yields vs –∆GGCR for radical-ion pairs of 9,10-
dicyanoanthracene and 2,6,9,10-tetracyanoanthracene radical anions with one-ring, two-ring and three-ring donor radical 
cations. Replotted from data available in reference 316 b) Cage-escape yields vs –∆GGCR for stilbenes (green diamonds), 
aromatics (pink triangles), conjugated alkenes (blue triangles), non-conjugated alkenes (red circles), amines (black 
squares), anilines (blue triangles) and miscellaneous (purple triangle) donors. Replotted from data available in reference 
323 c) Cage-escape yields vs –∆GGCR for the reaction between cyanoanthracene derivatives and amino- and 
methoxybenzene derivatives in dichloromethane (black squares) and acetonitrile (red circles). Replotted from data 
available in reference 324. d) Cage-escape yields vs –∆GGCR for the reaction between different photosensitizers and TCNE 
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(orange circles) and DCNE (purple squares). Replotted from data available in reference 325 e) Cage-escape yields vs –
∆GGCR for several pyrene-quencher combination in acetonitrile. The quenchers are classified into four categories: amines 
(purple squares), nitriles (orange circle), esters (red triangles), and anhydrides (green triangles). Replotted from data 
available in reference 326 f) Cage-escape yields vs –∆GGCR for the quenching of pyrene and dibenz[a,h]anthracene by 
cyanobenzenes in methanol (purple squares) and in acetonitrile (orange circles). Geminate recombination is calculated 
assuming recombination to the triplet state (solid line and filled symbols) or towards the singlet ground state (dashed lines 
and open symbols). Lines and parabolas are used to guide the eye. Replotted from data available in reference 327. 

 

Jaques and coworkers conducted a thorough study of 9,10-dicyanoanthracene quenching by a series of 

42 electron donors, including amines, alkenes, and aromatics.323 A plot of the cage escape yield versus the 

driving force for geminate recombination was “Marcus-like,” particularly for stilbene and aromatic donors, 

with a decrease in yield as the driving force became highly favorable, Figure 26b. For other families of 

electron donors, a weaker driving force dependance was observed . With a variety of possible contributions 

to the weak dependence, the internal reorganization energy (λ) and the specific vibrational acceptor mode 

(ν) were posited as the most critical. Qualitatively, the magnitude of the dependence was attributed to the 

degree of charge delocalization within the radical pair, with greater delocalization translating to a broader 

–log(fce) vs –ΔG plot. 

Miyashi and coworkers studied the quenching of anthracene derivatives quenched by substituted 

pyridines donors in CH2Cl2324 to compare to previous work done by their group and others in CH3CN, 

Figure 26c.96, 311-320, 328-330 They assumed that electron transfer occurred over the same distance for these 

two solvents. The authors calculated the cage escape rate constant utilizing a model proposed by Tachiya,331 

and calculated kcr with Eqn 1.1. From the calculated kce and the measured cage escape they extracted kcr and 

plotted it as a function of driving force. The free energy dependent kcr data were fit to the Marcus equation, 

providing a l = 1eV and HDA = 18 cm–1 in CH2Cl2. Importantly, included in their analysis was a solvent 

dependent reaction radius that was most relevant in low polarity solvents at low driving forces, where low 

polarity solvents reduced the reaction radius and resulted in decreased cage escape yields. Note that Gould 

and coworkers also reported lower cage escape yields in CH2Cl2 than in CH3CN.96, 318  

The presence of competitive quenching mechanisms has complicated study of the free energy 

dependence on cage escape yield.  A case in point is the work of Kikuchi and coworkers who quantified the 

quenching of a series of fluorophores, including fluoranthene, 9,10-dicyanoanthracene, 2,9,10-

tricyanoanthracene, and 2,6,9,10-tetracyanoanthracene, quenched by tetracyanoethylene and fumaronitrile 

(Figure 26d).324-325, 330 Evidence for exciplexes were found in some cases and not in others leading to a 

complicated plot of the charge recombination rate constant versus the driving force. Following a method by 
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Mataga and coworkers,332 they were able to measure the biexponential excited-state decay and assigned the 

faster component as relaxation via exciplex and the slower component to kcr. This kinetic data when overlaid 

with the  kcr values determined indirectly provided more compelling evidence for charge recombination 

occurring in the Marcus normal, activationless, and inverted regions.  

 

4.1.3) Other (Polycyclic) Aromatic Hydrocarbons 
 

Mataga and coworkers studied the quenching of pyrene by 21 quenchers, that included aromatic 

amines, nitriles, esters, and anhydrides, in acetonitrile and acetone.326 The goal of this study was to 

understand the free energy dependence of the measured cage escape yields. A plot of the relative yield 

versus the driving force was most consistent with electron transfer in the Marcus normal region, Figure 

26e. This was true even for driving forces that were much larger than the expected reorganization energy 

and hence where inverted behavior was anticipated. The authors attributed the lack of inverted behavior to 

result from additional pathways for charge recombination that included population of the pyrene triplet state 

rather than the ground state.333-335 

Zanini et. al. quantified the quenching of pyrene with substituted benzenes in both methanol and 

acetonitrile.327 The Eigen equation was utilized to determine kcr values from measured cage escape yields. 

When plotted against ΔG, they too found that the data were most consistent with normal electron transfer 

rather than the expected Marcus kinetic inverted region when recombination produced ground state 

products. These authors then replotted the data assuming that triplet pyrene, and not ground state pyrene, 

was a product of the charge recombination reaction (Figure 26f). This resulted in a good fit to the Marcus 

expression with normal electron transfer occurring with driving forces that were smaller than the expected 

reorganization energy.  

The data in Figure 26f imply a small change in the outer sphere reorganization energy in changing 

the solvent from methanol to acetonitrile, while the cyanoanthracene data indicated a more significant 

impact in going from CH3CN to CH2Cl2. Hence, solvent appeared to impact kinetics of geminate charge 

recombination and cage escape, but the magnitude to which it does so is less clear. In 1975, Masuhara and 

co-workers classified the solvent effects on cage escape into two groups: 1) those that impact the nature of 

the dissociative states (which translates to the nature of the excited state, singlet/triplet); and 2) those that 

impact the rate of charge recombination and cage escape yield. The first classification refers to excited-state 

dynamics that can be highly solvent dependent as was recently emphasized by Orr-Ewing and 
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Venkatraman.336 The second classification is implicit in Marcus theory and the expectation that a polar 

solvent will help stabilize the charge-separated products. To provide a more rigorous quantification for cage 

escape, tetracyanobenzene-toluene and pyrene-donor systems were investigated.  For both systems, the cage 

escape yields were enhanced in solvents with a larger dielectric constant. The authors associated this 

behavior with the dissociative excited state. A linear relationship was proposed for log(1/ fce – 1) and 1/ε.334 

Four years later, the same research group investigated oxidative quenching of photoexcited pyrene and 

suggested that other solvent dependent paths were competing with cage escape.337  

It hence appears that solvent polarity, as quantified by the dielectric constant, plays an important 

role in the cage escape yields. For example, in benzene, concerted electron and proton transfer from 

photoexcited acenaphthene to tetrachloro-1,4-benzoquinone (chloranil) was observed while no proton 

transfer occurred in dichloroethane.338 In dichloroethane, the primary ion pair products were considered to 

be spatially separated in the solvent cage, weakening the coulombic attraction between the two partners and 

resulting in very low activation energies for ionic dissociation and back electron transfer. In contrast when 

benzene was the solvent, a strongly associated triplet primary pair was formed with strong coulombic 

interactions that prevented cage escape.  

Coulombic interactions were also found to be important for cage escape associated with light-

induced symmetry breaking (self-quenching) of perylene that yields a geminate radical ion pair comprised 

on an oxidized and a reduced perylene.339 In nonpolar solvents, such as toluene, chloroform and THF, there 

was no evidence of cage escape. In solvents of increasing polarity, such as acetone, acetonitrile and DMSO, 

cage escape yields between 0.003 and 0.16 were determined. These yields were shown to increase with the 

solvent dielectric constant. In ionic liquids, i.e. extremely polar solvents, the cage escape yields increased 

dramatically to values between 0.46 and 0.55. The trend in cage escape yields was explained by Coulombic 

attraction within the radical ion pair that was very large in nonpolar solvents, leading to no escaped products. 

Charge screening by more polar or ionic solvent molecules lead to larger cage escape yields. It is interesting 

that the yields were most optimal in the high viscosity ionic liquids that would not have been predicted by 

the Noyes model. The strong solvent dependency also suggest that solvent-separated radical ion pairs are 

important to the cage escape process.  

  

Gould et al. studied the quenching of 1,2,4,5-tetracyanobenzene by substituted benzene donors.320-

321, 329 Much like cyanoanthracenes, 1:1 adducts were formed with low energy charge transfer bands. Log 

plots of kcr values, extracted from an evaluation of the emission rate constant and luminescence lifetimes, 
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as a function of –ΔGGCR were linear. Hence, like the cyanoanthracene studies, the extracted charge 

recombination rate constants decreased with increased driving force but not in the parabolic form expected 

based on Marcus’s semiclassical expression, Figure 27.  

 
Figure 27. Plot of log measured geminate charge recombination rate constant (kcr) vs the driving force (–∆Gcr) for contact 
radical-ion pairs of 1,2,4,5-tetracyanobenzene and methylbenzenes. The solid lines represent the calculated driving force 
dependencies for the reorganization parameters characteristic of each radical-ion par (the slopes of the approximate 
straight lines are –4.6 eV–1). The dashed line represents the apparent driving force dependence of the data (slope of the 
approximate straight line is –2.2 eV–1) if the variation of the reorganization parameters with the structure of the radical-
ion pair is not taken into account. Reproduced with permission from ref 320. Copyright 1993 Elsevier.  
 

A number of groups studied the ionic dissociation of di- and tetra-cyanobenzene (TCNB) exciplexes 

with methyl-substituted benzenes, most commonly toluene. A representative example by Masuhara et al. 

studied the cage escape yield for ionic dissociation of TCNB and toluene as a function of solvent dielectric 

as controlled by a 1:2 mixture of toluene to solvent.334 They discovered that cage escape yields increased 

from fce <0.01 in 1,2-dichloroethane (e = 10.4) to fce = 0.1 in acetonitrile (e = 37.5). The authors also 

studied how the addition of toluene to a dichloromethane solution of TCNB affected the cage escape yield. 

They observed that cage escape yield increased as the bulk solvent dielectric increases. These results were 

confirmed by other groups.337, 340-342 Other studies observed a number of photo-induced substitutions that 

can occur between TCNB and such aromatic quenchers, but those reactions are not of interest in the scope 

of this review, so interested readers should refer to the original source.342 

 
4.1.4) Pyrylium 
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The internal heavy atom effect on cage escape yields has been studied using the singlet excited states 

of pyrylium and thiopyrylium photosensitizers quenched by electron transfer from a series of benzene, 

toluene, and anisole donors.343-344 In acetonitrile, the pyrylium photosensitizers consistently gave larger 

cage escape yields than did the heavy atom containing thiopyrylium, behavior attributed to spin-orbit 

coupling induced charge recombination to ground state reactants. In addition, a series of halogenated 

benzene, toluene, and anisole derivatives were also used to test whether an internal heavy atom impacted 

the cage escape yield. For example, when halogenated benzene derivatives were added to pyrylium 

solutions, the cage escape yield decreased from benzene (fce = 0.75) to chloro- (fce = 0.56), to bromo- (fce 

= 0.33), and to iodo- (fce = 0.10) benzene. The entire family of halogens (Cl, Br, I) were not rigorously 

quantified for the toluene and anisole derivatives however the expected heavy atom effect was present with 

these quenchers as well.343 With the thiopyrylium photosensitizer, the same trend in cage escape yield was 

observed when heavy atoms were introduced into the quencher solutions, however the effect was much 

smaller in magnitude.344 Additionally, using the pyrylium photosensitizer, the cage escape yields were 

measured in acetonitrile and chloroform. The cage escape yields were markedly different in each solvent 

and those measured in chloroform were consistently 1.5-2 times less than the values in acetonitrile. The 

difference between these solvents was attributed to a generally larger separation between the radicals 

formed after charge separation in acetonitrile due to a greater degree of solvation.343  

Apart from the spin effect on cage escape yield, a driving force dependence on calculated  charge 

recombination rate constant was presented. Using the pyrylium photosensitizer with the quenchers 

mentioned previously, Marcus inverted behavior was observed where the charge recombination rate 

constant decreased with increasing driving force.344 Assuming a constant rate of cage escape for the different 

quenchers, this would imply that the cage escape yield will increase with increasing driving force, placing 

the charge recombination rate constant in the “inverted” region.  

4.1.5) Xanthene 
 

A series of common xanthene dyes (fluorescein, ethyl eosin, erythrosine, and rose bengal) 

conveniently contain different halogen atoms present in various positions on the molecules.345 For this 

reason, these organic compounds have been used to study the internal and external heavy atom effect as 

well as the magnetic field effects on cage escape yields. Under the application of a magnetic field, an 

increase in the cage escape yield at low magnetic field strengths (0 - 0.1 T) was observed. This study found 

that the cage escape yield increased sharply and at a field strength of ∼50 mT reached a maximum 
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enhancement of fce = 1.0 for fluorescein and fce = 0.5 for the other dyes.345 The saturation of the 

magnification of the cage escape yields at relatively low field strengths is evidence for the hf radical pair 

mechanism and while data were not presented to suggest this, the authors note that the Δ𝑔 mechanism 

becomes operative at high field strengths (B0 >> 0.1 T). In addition to seeing an enhancement in the cage 

escape yield in the presence of a magnetic field, an internal and external heavy atom effect was considered. 

After excited-state electron transfer from the xanthene dyes to p-cresol as the acceptor, the cage escape 

yields decreased when halogen atoms with larger atomic numbers were present on the xanthene dye.345 

However, the influence of an external heavy atom, in this case iodomethane, was less clear. In general, the 

effect of the external heavy atom was dye and viscosity dependent. It was found that at the extreme 

viscosities studied (less than 0.0295 cP or greater than 0.236 cP), there was no noticeable impact of an 

external heavy atom. For the dyes fluorescein and erithrosine, there was a slight dampening of the magnetic 

field enhancement upon addition of external heavy atom at moderate viscosities. It was hypothesized that 

the presence of the heavy atom decreased the magnetic field enhancement due to an increase in spin-orbit 

coupling and charge recombination in the solvent cage. Interestingly, the dyes, ethyl eosine and rose bengal, 

showed a slight increase in the magnetic field enhancement at moderate viscosities. This was explained as 

being due to “some special cases [where] there can be compensation of spin orbit coupling under the 

interaction of two species each containing a heavy atom”.345 Another study that considered the effect of 

spin state on cage escape yields looked at the quenching of xanthenium and thioxanthenium excited states 

by various aromatic donors.170 Here the cage escape yield after electron transfer from biphenyl to excited 

9-arylxanthenium was measured to be fce = 0.04. While cage escape yields using the heavy atom substituted 

thioxanthenium were not measured, the authors noted that much more effective cage escape was achieved 

with the triplet states relative to singlet states and thus the inclusion of the heavy atom was anticipated to 

decrease cage escape yields with these singlet excited states. 

The xanthene dyes, rose bengal and eosin Y, contain charged substituents that have been used to 

understand the effect of ground-state adduct formation on cage escape. In particular, electron transfer 

reactions from anionic xanthene excited states to the cationic methyl viologen electron acceptor have been 

studied.346 Ground state adducts were formed due to a Coulombic attraction between the anionic xanthene 

and the cationic methyl viologen that ultimately resulted in very low cage escape yields. The small yields 

were attributed to the close proximity and increased electronic coupling of the donor and acceptor leading 

to rapid recombination. In contrast, the same study examined xanthene dyes quenched by zwitterionic 

viologens, 2,2’- and 4,4’-bipyridinium-N,N’-di(propylsulphonate) and reported less ground-state adduct 
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formation with these compounds. The cage escape yields increased slightly with the use of these neutral 

viologens providing some evidence that ground state adduct formation does indeed result in smaller cage 

escape yields.346 To further probe this behavior, an ionic strength dependence on the cage escape yield of 

the rose bengal/methyl viologen adduct was studied. At high ionic strength, using potassium nitrate as an 

ionic moderator, no significant dependence on the cage escape yield was observed, though a fairly small 

range of ionic strengths were studied. However, it was shown that the association constant for ground-state 

adduct formation decreased with increasing ionic strength, as one would expect. While the authors provided 

no further hypotheses for the observed behavior, the data suggest that coulombic interactions within the 

solvent cage are important even when absent in the ground state.  

Eosin Y has also been used as a photosensitizer to probe the steric effect on cage escape yields.347 

In one study, the triplet excited state of eosin Y underwent oxidative quenching by a series of phenol donors 

with varying steric bulk. The authors note that this series of phenols were particularly useful for isolating 

the impact of steric effects on cage escape yields as their reduction potentials, and hence the driving force 

for charge recombination, were nearly the same. The least sterically hindered phenol, o-cresol, escaped the 

solvent cage with fce = 0.028 once reduced. The cage escape yield increased to fce = 0.07 for 2,4,6-

trimethylphenol, fce = 0.17 for 2,6-di-tert-butyl-4-methylphenol, and fce = 0.14 for 2,4,6-tri-tert-

butylphenol. While the slight decrease in yield with addition of a third tertiary butyl group was unexpected, 

the other quenchers trend with anticipated steric bulk. The results for the other phenols were explained by 

an increase in the electron transfer distance and a decrease in the electronic coupling due to the steric bulk.347 

Iwa et. al. studied the quenching of oxonine by 24 aromatic amines and methoxy-benzenes in 

methanol with particular attention paid to the driving force for the electron transfer, Figure 28.348 Plots of 

the cage escape yield vs. –ΔG showed an increase in cage escape yields as the charge recombination reaction 

was made more favorable, consistent with electron transfer in the normal region. Ohno et. al. investigated 

the cage-escape process following the excited-state electron transfer from tetraiodofluorescein (2,4,5,7-

Erythrosin) to benzo-, dimethyl-, naphthyl-, tetramethyl-, and anthraquinones in methanol.349 They reported 

behavior consistent with Marcus normal region.  
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Figure 28. Cage-escape yield as a function of the driving force for charge separation for the reaction between oxonine 
and aromatic amines and methoxy-benzene derivatives in methanol.  
 

4.1.6) Thiazine 
 

The triplet excited state of thionine, a thiazine derivative, was quenched by various halogenated 

aniline derivatives.  The impact of a magnetic field on the cage escape yields was quantified along with the 

heavy atom effect in methanol. In the low field regime (B0 < 1T), a steep increase in the cage escape 

efficiency was observed in line with expectation based on the hf mechanism.191 Studies in the high field 

regime revealed a gradual decrease in cage escape efficiency leveling off around 5 T, which they attributed 

to the triplet mechanism.350 In contrast, the thiazine derivative, methylene blue, quenched with p-iodoaniline 

displayed cage escape yields that decreased as the field strength was increased.351 Overall, a decrease in the 

cage escape yield as a function of the applied field was observed.351 Excited state electron transfer studies 

from ferrocene to methylene blue yielded similar behavior with ferrocene acting as a heavy atom that 

inherently decreased the cage escape yield as well.352  

The viscosity dependence on the magnetic field effect for cage escape yields was studied with 

methylene blue and p-iodoanisole photosensitizers.351 Ethylene glycol was added in controlled amounts to 

increase the viscosity of a methanol solution. The decrease observed under the presence of an external 

magnetic field was largest in the most viscous solvents where the cage escape yields were the smallest. This 

is consistent with the anticipated effect of solvent viscosity where the most viscous solvents slow down the 

rate of cage escape and lower overall yield.  
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Several publications have reported quenching of the triplet state of thionine with halogenated aniline 

derivatives as a means to observe the heavy atom effect on cage escape yields.191, 350-351, 353 While in many 

studies heavy atom effects were noted when changing the mass of the halogen substituent, Steiner and 

Winter published a full comparative study where the halogen atom identity on the aniline ring was changed 

from fluorine to iodine. In addition, the position of the halogen on the aniline quencher (ortho-, meta-, and 

para-) was varied. As an internal control, the cage escape yield of triplet thionine with unsubstituted aniline 

was determined to be fce = 0.91. Within experimental error, fluorine substituents on each position of the 

aniline ring had no impact on the cage escape yield. The substitution of chlorine saw a slight decrease from 

the control while bromine and iodine substituents resulted in significant decreases in the cage escape yields 

(Table 8). Hence the impact of spin-orbit coupling on mixing more singlet state character into the triplet 

radical pair was evident with these quenchers. Interestingly with each halogen substituent, the para- 

substitution resulted in the lowest cage escape yields that increased in the ortho- and meta- positions, 

respectively. It was found that this trend correlated with the p-electron spin density on the carbon adjacent 

to the halogen substituent for the oxidized aniline compound.  

Table 8. Standard reduction potentials (V vs SCE) and observed cage escape yields for the quenching of triplet thionine 
with various halogenated aniline derivatives. 
Quencher fce Eo’ 

aniline 0.91 0.87 

o-fluoro-aniline 0.91  

m-fluoro-aniline 0.91  

p-fluoro-aniline 0.90 0.85 

o-chloro-aniline 0.88  

m-chloro-aniline 0.91  

p-chloro-aniline 0.86 0.90 

o-bromo-aniline 0.63  

m-bromo-aniline 0.75  

p-bromo-aniline 0.48 0.89 

o-iodo-aniline 0.21  

m-iodo-aniline 0.46  

p-iodo-aniline 0.11 0.88 
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Substitution of cationic and anionic groups onto the nitrogen atom of a phenothiazine 

photosensitizer has also been employed to investigate Coulombic effects on cage escape yields. In one 

study, a relationship between the cage escape yield and the work terms for the electron transfer products 

and reactants was discovered.354 The coulombic work term (ΔGw) describes the free energy difference 

associated with electrostatic interactions between the reactants and products throughout the electron transfer 

reaction. A positive ΔGw value indicates that the products have more electrostatic interaction than the 

reactants, while a negative value indicates the reactants have more electrostatic interaction than the 

products. The cage escape yields were found to decrease as the ΔGw values increased from negative to 

positive values. In other words, the photosensitizers and quenchers that had stronger Coulombic interactions 

in the reactants relative to the products displayed larger cage escape yields.  

 

4.1.7) Ketones 
 

One of the earliest studies examining the impact of external magnetic fields on cage escape yields 

dates back to 1979 when Periasamy and Linschitz studied the quenching of fluorenone by 1,4-

diazabicyclo[2.2.2]octane (DABCO).355 In this study, the triplet fluorenone accepted an electron from the 

DABCO donor to form a spin-correlated triplet radical pair. The cage escape yield increased with the field 

strength from 50-270 mT at which the yield reached a plateau and remained constant up to 900 mT.  This 

study also quantified the cage escape yield with and without an external field of 270 mT at a range of 

temperatures (–60 °C to 70 °C). The yield enhancement under a magnetic field decreased with increasing 

temperature, likely due to an increase in the spin-rephasing rate. Similar behavior has also been observed 

using ruthenium tris(diamine) complexes as well (Section 4.2.1.2).The data were interpreted in accordance 

with the hf mechanism as detailed in Section 2.3 of this review.189-190, 355 Another study examined the triplet 

excited states of benzophenones quenched by anilines and phenols without an external field and with a 

single field strength of 450 mT.  An increase in the cage escape yield was observed with the applied field 

and the same hf mechanism was proposed.356  

Several studies have reported heavy atom effects on cage escape yields using ketone-based 

photosensitizers.338, 356-359 In one example, Levin and Kuzmin reported cage escape yields after the 

quenching of triplet benzophenone and 4-bromobenzophenone by 4-phenylphenol and 4-phenylaniline.356 

The cage escape yields were consistently smaller for the halo-substituted benzophenone, both with and 

without a magnetic field, attributed to an increase in spin-orbit coupling that enhanced charge recombination 

within the encounter complex.  
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Khydyakov, Levin, and Kuzmin also reported magnetic field effects on the photoreduction of the 

triplet excited state of 1,4-benzoquinone.360 In this study, the triplet benzoquinone can accept a hydrogen 

atom from hydrogen-donating solvent, in this case glycerol. The application of a moderate magnetic field 

decreased the rate of geminate recombination and therefore increased the cage escape yield as the 

dissociation into free radicals would not be impacted by an external magnetic field. It was also shown that 

an increase in the overall temperature decreased the viscosity of the solvent and in turn increased the cage 

escape yields.  

Kobashi and coauthors used tetrachloro-1,4-benzoquinone (chloranil) as the photosensitizer and 

naphthalene derivatives as quenchers that form 1:2 chloranil:naphthalene adducts in the ground state.338, 357 

As discussed throughout this review, the formation of ground-state adducts can have a considerable effect 

on the cage escape yields. However, in this system the authors noted that the barrier for dissociation from 

the adduct was relatively small. With unsubstituted naphthalene, fce = 0.54 and decreased slightly to fce = 

0.52 and fce = 0.46 upon chlorine substitution in the 1 and 2 positions respectively. Substitution of bromine 

in the same positions decreased the cage escape yield more dramatically to fce = 0.08 and fce = 0.16 

respectively, in line with other studies of heavy atom effects. 

 Benzophenone as a photosensitizer was studied with a much wider range of substituted quenchers, 

primarily phenol derivatives, some of which include heavy atom substituents.359 Similar to other studies, a 

decrease in the cage escape yield was observed when a heavy halogen atom was present in the para- position 

of the phenol quencher. This same study employed p-methoxypropiophenone as a quencher and reported 

larger cage escape yields than benzophenone with p-bromophenol and p-iodophenol. Sul’timova et.al. 

studied halo-substituted phenols as quenchers with 4-carboxybenzophenone as the photosensitizer. The 

decrease in cage escape yield with increasing halogen atomic number was observed.358 The decrease in cage 

escape with the heavy atom was quite dramatic and was near unity for the unsubstituted phenol and 

decreased to fce = 0.18 for iodo-substituted phenol.  

Dielectric constant and solvent polarity have been found to impact the reaction mechanism and cage 

escape yield. For benzophenone with N,N-diethylaniline quenchers, a clear solvent dependent reaction 

mechanism was evident.337 In acetonitrile, cage escape was evident by appearance of the radical ions 

products whose formation was coincident with the decay of the benzophenone triplet. In sharp contrast, in 

benzene a ketyl radical was observed after the triplet had fully decayed. In acetone and pyridine with a 

dielectric constant between CH3CN and benzene, both phenomena were observed and the sum of the 
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respective yields were around unity, indicating that hydrogen abstraction competes with cage escape in 

these solvents. In this case, only two paths were identified that could be controlled with solvent. Similar 

observations were made in other nitrile solvents with dielectric constant ranging from 17.4 to 37.5 for 

hexane-, butyro-, propio- and acetonitrile where solvents with lower dielectric constants favour the 

formation of the ketyl radical.361  

Another example of solvent control was reported by Jones et al., where the efficiency of 

quadricyclene to norbornadiene isomerization was quantified in solvents with different dielectric constants. 

The solvents (ε; relative polarity) ranged from cyclohexane (2; 0.006), dioxane (2; 0.164), acetonitrile (37.5; 

0.46) to 80% acetonitrile/water (46; 0.568) and the isomerization efficiencies dropped from 0.71 to 0.15 

when going from cyclohexane to dioxane, and lowered to 0.049 in CH3CN/H2O mixture. They described a 

“short-circuit decay” in polar solvents, where electron transfer occurs over a longer distance resulting in 

spin-correlated ion pairs that are solvent separated. The long distance prevents the collision of the donor 

and acceptor leading to a predominant recombination process. In non-polar solvents, a closer encounter 

with the photosensitizer results in more efficient isomerization.341 For electron transfer quenching of β-

lapachone by β-amino alcohols, the products obtained were different in polar solvents relative to nonpolar 

solvents. In benzene, charge recombination was dominant relative to cage escape while in polar solvents a 

higher cage escape yield was evident.362 

 
4.2) Inorganic Light Absorbers 
 

In the following section, cage-escape yields measured with inorganic photosensitizers based on 

transition metals Ru(II), Ir(III), Rh(III), Os(II), Cu(I), Cr(III), Fe(III), Pt(II), and Re(I) are reported. The 

cage-escape yields are discussed in the following sections and are tabulated for clarity in the appendices 

(section 6) at the end of this manuscript.  

 
Figure 29. Excited-state reaction between excited [Ru(bpy)3]2+* and methyl viologen (MV2+) 
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Special attention is called to the oxidative quenching of the metal-to-ligand charge transfer (MLCT) 

excited state of [Ru(bpy)3]2+* by dicationic methyl viologen, Figure 29. This reaction is certainly the most 

well characterized dynamic (diffusional) electron transfer reaction from a cage escape point of view.  T.J. 

Meyer, D. Whitten and coworkers at UNC Chapel Hill first reported time resolved absorption studies that 

provided unambiguous evidence for oxidative excited-state electron transfer.363 An important aspect of the 

reaction is that the Gibbs free energy stored in the charge separated products is sufficient to drive the water 

splitting reaction. Indeed, with elemental Pt catalysts, the reduced viologen will generate hydrogen gas and 

the [Ru(bpy)3]3+ will mediate oxygen gas evolution with the appropriate catalyst.364 It was soon discovered 

that excited-state quenching was essentially quantitative in water, but a cage escape yield of fce ~ 0.4 

severely limited the retention of useful products. These findings motivated studies to understand the factors 

that impacted cage escape, for both oxidative and reductive quenching, and the use of alternative transition 

metal complexes with higher intrinsic cage escape yields and lower costs. 

4.2.1) Ruthenium 
 

Ruthenium(II) photosensitizers represent the most prominent class of transition metal 

photosensitizers that have been used to study cage-escape processes. Indeed, more than 80% of the literature 

dealing with transition metal complexes for cage-escape yields uses [Ru(bpy)3]2+ or derivatives thereof. As 

such, some of these photosensitizers that are discussed in the following sections are gathered in Figure 30.  
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Figure 30. Structure of Ru(II) photosensitizers and useful ligands discussed in the present section. 
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[Ru(bpy)3]2+/MV2+ system displayed a cage escape yield of fce = 0.27 that decreased slightly to fce = 0.22 

when naphthalene was covalently linked to a 2,2’-bipyridine ligand through an ethylene spacer. With the 

same ethylene spacer, the cage escape yield increased for pyrene to fce = 0.88 and to almost unity for 

anthracene,  fce = 0.96.366 These behaviors were rationalized by the relative energy of the lowest energy 
3MLCT and 3arene excited states. For the Ru-naphthalene complex that showed cage escape efficiencies 

comparable to [Ru(bpy)3]2+, intramolecular energy transfer from the 3MLCT to 3napthalene did not occur 

because the triplet state of naphthalene was too high in energy. In contrast, intramolecular energy transfer 

for the Ru-pyrene and Ru-anthracene complexes was energetically favored and yielded a triplet arene 

excited state that was not impacted by spin-orbit coupling from the remote Ru center. As described 

previously with organic photosensitizers, the spin selection rule inhibits charge recombination for triplet 

charge separated states generated in a solvent cage; mixing singlet character through the external heavy 

atom effect lowers the yield significantly.  

In 1987, Olmsted and Meyer reported quenching of [Ru(bpy)3]2+* by MV2+ using two anthracene 

derivatives as energy shuttles to probe the impact on cage escape.82 The 3MLCT excited state was shown to 

quantitatively transfer energy to the anthracene shuttles, the 3An subsequently transferred an electron to 

MV2+(Figure 31). Both 9-methyl and 9-bromoanthracene were utilized to probe the internal heavy atom 

effect. The cage escape yield for the 9-methyl anthracene shuttle was fce = 1.00, relative to fce = 0.23 in the 

absence of the energy transfer shuttle (Table 9). With 9-bromoanthracene the yield was fce =  0.74, behavior 

that was reasonably attributed to an internal heavy atom effect.82 The presence of iodomethane in the 

acetonitrile electrolyte impacted the cage escape yield though the external heavy atom effect, while the 

presence of dichloromethane had no measurable impact. In the presence of iodomethane, the fce values 

decreased from 1 to 0.7 in the case of 9-methylanthracene and from fce =0.74 to fce = 0.3 in the case of 9-

bromoanthracene. A clear effect was thus observed upon the addition of an external heavy atom implying 

that these additives were present in, or very proximate to, the solvent cage.  

Table 9. Cage escape yields for methylviologen (MV2+)-anthracene charge-transfer pairsa 
Shuttle Compound Solvent additivesb Relative fce

c 

9-methylanthracene CH2Cl2 1.0 

9-methylanthracene CH3I 0.70 

9-bromoanthracene CH2Cl2 0.74 

9-bromoanthracene CH3I 0.30 
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a [Ru(bpy)3]2+ as photosensitizer. b Solvent was 8:5 (v/v) 0.1M TEAClO4/CH3CN to halocarbon. c Relative to fce = 0.23 for 
[Ru(bpy)3]2+-MV2+. 

 

Figure 31. Approach used by Olmsted and Meyer to increase the cage-escape yields by population of a “pure” triplet 
anthracene excited state by energy transfer from [Ru(bpy)3]2+*.82  
 

Interestingly, the reductive quenching of [Ru(deeb)3]2+, where deeb is 4,4’-(CO2Et)2-2,2’-

bipyridine, by aniline occurred with a cage escape yield of unity.372 This high yield stands in sharp contrast 

to the oxidative quenching by methyl viologen with cage escape yields that are typically less than half this 

value. The authors attributed the high yield to the molecular orbitals involved in the reductive quenching 
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one might reasonably conclude that the electronic coupling between the reduced ligand and the oxidized 
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were reported.171 Another interesting study using covalent energy shuttles looked at a series of [Ru(bpy)3]2+ 

derivatives with an anthracene moiety covalently bound to one of the 2,2’-bipyridine ligands through an 

alkyl chain (Figure 30).376  

In covalently linked [Ru(bpy)2(bpy-anthracene)]2+ complexes, the MLCT excited state is expected 

to transfer energy to anthracene and the triplet state of anthracene is then oxidatively quenched by methyl 

viologen. These types of intramolecular energy shuttles have been used as a means to negate the spin-orbit 

coupling contributions from the metal center and decrease S-T spin flip transitions to the ground state 

analogous to the intermolecular energy transfer studied by Meyer and Olmsted.82 With the 4,4’-dimethyl-

2,2’-bipyridine-substituted complex shown in Figure 30, the non-rigid alkyl chain allows the triplet 

anthracene to approach the Ru metal center and the enhanced spin-orbit coupling that results was proposed 

to decrease the cage escape yield to fce = 0.26. Substitution on the ancillary bipyridine ligands with di-tert-

butyl groups, resulted in fce = 0.55 that was attributed to a larger separation distance between the Ru and 

triplet anthracene within the encounter complex with methyl viologen. 

Finally, Sutin and co-workers quantified the oxidative quenching of [Ru(bpy)3]2+* by [Rh(bpy)3]3+ 

and reported a quenching rate constant kq =  3.9 x108 M–1s–1.377 Transient absorption spectroscopy 

confirmed that oxidative electron transfer occurred with the formation of [Ru(bpy)3]3+ and [Rh(bpy)3]2+ 

with a corresponding cage escape yield of fce = 0.13 ± 0.03. The cage escape yields for this reaction are 

likely small due to the heavy ruthenium and rhodium metal centers. The low cage-escape yield was 

proposed to limit the overall efficiency for hydrogen production.  
 

4.2.1.2) Magnetic Field 
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Figure 32. Relative magnetic field effect on the cage escape efficiency measured with the series [Ru(bpy)n(phen)3–n]2+* and 
[Ru(bpy)n(deeb)3–n]2+* (n = 3 (circle), n = 2 (triangle), n = 1 (diamond) and n = 0 (+)) after oxidative quenching by MV2+. The solid 
lines are results of theoretical calculations. Reproduced with permission from reference 370. Copyright 1993 de Gruyter.  
 

The magnetic field effect of excited state reactions involving metal complexes has primarily focused 

on [Ru(bpy)3]2+ derivatives oxidatively quenched by methyl viologen or propyl viologen sulfonate,365, 367-

374, 378 and reductively quenched by halogenated anilines.191, 308-309, 350-351, 353, 372 As spin-orbit coupling is 

known to be important, a significant difference in 𝑔 factors is anticipated with the [Ru(bpy)3]2+/MV2+ 

radical pair. This provides some indication that magnetic field effects may be dominated by the Δ𝑔 

mechanism. This was indeed confirmed by the work of Steiner and others, however a hybrid of the Δ𝑔 and 

triplet mechanisms is often invoked.371-373 With these two dominant mechanisms, one would predict that 

magnetic field effects on cage escape of [Ru(bpy)3]2+ sensitized redox reaction will be negative. In other 

words, an externally applied magnetic field will lower the yields. This is indeed what has been disseminated 

in several reports.365, 367-368, 370-374 The magnetic field effect for {[Ru(bpy)3]3+; MV•+ } cage escape saturates 

to a value of –0.20 to –0.30 at relatively high field strengths in line with the Δ𝑔 and triplet mechanisms.365, 
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368 The sensitivity to ligand substitution has been studied extensively. The examples presented in Figure 32 

shows this trend effectively. Substitution of the 2,2’-bipyridine ligands in [Ru(bpy)3]2+ with 1,10-

phenanthroline (phen) (Figure 32 top) or with 4,4’-(CO2Et)2-2,2’-bipyridine (deeb) (Figure 32 bottom) 

ligands decreased the magnitude of the magnetic field effect quite dramatically.369 This behavior has been 

attributed to a change in the spin relaxation lifetime of the photosensitizer due to ligand substitution.370 As 

the spin relaxation lifetime decreases so too does the magnitude of the negative field effect on cage escape 

yields. In a related study, a 4,4’-dicyano-2,2’-bipyridine was shown to yield similar effects, suggesting that 

the electronic coupling for the recombination reaction might also increase with the presence of cyano 

groups.367  

The temperature and viscosity dependence of the magnetic field effect have also been investigated 

for the [Ru(bpy)3]2+/MV2+ system. Recall that the Noyes model predicts a larger cage escape yield at higher 

temperatures and in less viscous media. This was borne out in all studies of [Ru(bpy)3]2+/MV2+. The 

negative magnitude of an external magnetic field was smaller at high temperatures than it was at room 

temperature.355, 374 The viscosity dependence was quantified by adding controlled amounts of ethylene 

glycol to the solvent system. As the viscosity increases at low magnetic field strengths (B0 < 1 T) the 

(negative) magnitude of the field effect first increases and then decreases at high viscosities.345, 365, 372 At 

high field strengths, the field effect simply decreases with an increase in viscosity. This behavior was 

attributed to the impact of solvent dielectric relaxation on the rate of geminate charge recombination.  

4.2.1.3) Ionic Strength 
 

Several studies have investigated the impact of ionic strength on the cage escape yield in the 

[Ru(bpy)3]2+/MV2+ system. 83-84, 111, 373, 379-383 These studies consistently reported a decrease in the cage 

escape yield as the ionic strength was increased. An example is shown in Figure 33. The decreased yield 

was attributed to screening of the coulombic repulsion of the positively charged primary pair, {[Ru(bpy)3]3+; 

MV•+}.83, 111, 373, 379-380, 383 Decreased coulombic repulsion in the solvent cage was proposed to result in more 

favorable charge recombination relative to cage escape. Such data indicate that both solvent and ions are 

present in the “solvent cage”. This interpretation was consistent with the work of Scandola and coworkers 

in their evaluation of the ionic strength dependence for caged products of like charge.111 
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Figure 33. The cage escape yield dependence on ionic strength of a few additive inert salts (NaClO4 (filled squares), 
NaCl (open squares), NaH2PO4 (filled circles)). Reproduced with permission from reference 84. Copyright 1996 
American Chemical Society.  
 

In addition to the ionic strength dependence, a counterion dependence became evident in the 

[Ru(bpy)3]2+/MV2+ system. Clark and Hoffman performed a detailed study of the counterion dependence 

of cage escape in aqueous solutions with Na+ salts of the following anions: F–, Cl–, Br–, I–, H2PO4–, HPO42–

, SO42–, ClO4–, CH3CO2– at a constant ionic strength.84 For the oxyanions, the cage escape yield decreased 

in the order ClO4– >> SO42– ~ HPO42– > H2PO4– ~ CH3CO2– and for the halide anions in the order I– > Br– 

> Cl– > F– .  These trends were explained by specific ions being present in the encounter complex and 

impacting the outer sphere reorganization energy for charge recombination. The anions with a larger 

reorganization energy slow charge recombination and increased cage escape yields. Similar trends have 

been shown in other studies, however in these, ionic strength was not constant making comparative analysis 

more difficult.379, 382 

Interestingly, a related study examined the impact of the cation identity on cage escape in the 

[Ru(bpy)3]2+/ MV2+ system. A very weak cation dependence was noted relative to that reported for anions. 

At constant ionic strength, cation chloride salts slightly impacted the cage escape yield in the following 

order La3+ > Ca2+ ~ Li+ > Na+ > Cs+.381 For example, the cage escape yields spanned a narrow range (0.10-

0.15) when 0.2 M of cation chloride salts were used. The small cation dependence was attributed to a change 

in the solution viscosity or dielectric properties. Since both the [Ru(bpy)3]2+ and MV2+ are dicationic, the 

nature of the anion is expected to impact cage escape yields more dramatically than a cation that would be 
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coulombically repelled from the cage. This data suggests that electrolyte anions of opposite charge to the 

reactants in the solvent cage will have the largest impact.  

A reductive quenching study of [Ru(bpy)3]2+* by tetra-anionic tungsten (IV) octacyanide donors 

reported a very slight increase in the cage escape yield of 10-11% as the solution ionic strength was 

increased from 0.12 M to 1.32 M. However, ionic strength had no measurable impact on the cage escape 

yields with tetra-anionic iron (II) hexacyanide, suggesting that the structure of the cage is also an important 

parameter.384 The ionic strengths used in these studies were large and Chiorboli et. al. have shown that cage 

escape yields begin to plateau at these concentrations.111 A mechanistic understanding of the small or 

immeasurable impact of ionic strength on primary pairs with opposite ionic charge have not been thoroughly 

investigated.346, 384 More detailed studies looking at a wider range of ionic strengths could prove useful to 

the overall understanding of the field.  

A comparative study of oxidative quenching of [Ru(bpy)3]2+ by MV2+ in acetonitrile and an ionic 

liquid, (1-butyl-3-methylimidazolium hexafluorophosphate), reported a decrease in the cage escape yield 

in the ionic liquid, especially at high temperature, and this was likely due to the high viscosity of the ionic 

liquid.385  

4.2.1.5) Ground-State Adducts 
 

Non-covalent interactions have been used to position quenchers in specific locations relative to a 

photosensitizer in the ground state providing new opportunities to study the impact of the solvent cage on 

cage escape.384 In one example, a series of [Ru(bpy)3]2+ photosensitizers were synthesized to control the 

overall ionic charge during reductive quenching by anionic hexa- (Os and Fe) and octacyanometallates (W 

and Mo). Four photosensitizers bearing carboxylate groups in the 4,4’ positions of the 2,2’-bipyridine 

ligand, a neutral photosensitizer bearing two carboxylate ions on one of the 2,2’-bipyridine ligands, the 

[Ru(bpy)3]2+ dication, and a Ru(bpy)-dimer with an overall 4+ charge were investigated (Figure 30). 

Evidence for ground state adducts between the cationic and neutral ruthenium complexes with the anionic 

cyanometallates were obtained from non-linear Stern-Volmer plots, an indication that static quenching may 

be operative. The measured cage escape yields for both the hexa- and octacyanometallates were the smallest 

when the photosensitizer bore an overall 4+ charge, behavior that was expected based on the optimal 

Coulombic attraction. The cage escape yields for the hexacyanometallates also followed an expected trend 

wherein increased electrostatic attraction lowered the yield. The octacyanometallates however, did not show 
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an obvious trend with ionic charge and in general had much larger cage escape yields than did the 

hexacyanometallates. 

Other non-covalent interactions may also be relevant to cage escape as revealed in a comparative 

study of the reductive quenching of [Ru(bpy)3]2+* and [Ru(bpy)2(deeb)]2+*, where deeb is 4,4’-(CO2Et)2-

bpy, by iodide in dichloromethane solutions. Ground state adduct formation between iodide and these 

photosensitizers was evident through UV-Vis titration experiments, from which an equilibrium constant of 

Keq ~ 60,000 M–1 was obtained for [Ru(bpy)2(deeb)]2+, which was much larger than that for [Ru(bpy)3]2+. 

Cage escape yields of the iodine atom and the reduced photosensitizer were largest for the parent 

[Ru(bpy)3]2+ (fce = 0.50) compared to [Ru(bpy)2(deeb)]2+ (fce = 0.25), providing another example where a 

large equilibrium constant for ground state adduct formation resulted in a small cage escape yield.386 It 

should be emphasized however that the generation of an iodine atom removed the Coulombic incentive for 

association in the primary pair suggesting that other non-covalent interactions were operative with highly 

polarizable iodine.  

 Dicationic trimethylammonium substituents on a bipyridine ligand have also been employed for 

association of anions to photosensitizers.118, 387-393  An example relevant to cage escape is the association of 

salicylate anions with cationic Ru(II) photosensitizers that undergo excited state proton-coupled electron 

transfer (PCET) reactivity when illuminated with visible light.392 In this study [Ru(bpy’)2(tmam)]4+ 

photosensitizers, where bpy’ is bpy, a 4,4’-disubstituted 2,2’-bipyridine, or 2,2’-bipyrazine and tmam is 

[4,4′-bis[(trimethylamino)methyl]-2,2′-bipyridine]2+, were quenched by a family of substituted salicylate 

ions in acetonitrile solutions. Visible absorption and 1H NMR spectroscopies provided clear evidence for 

ground state adduct formation from which equilibrium constants in the range Keq = 0.5 – 2.4 x 105 M–1 were 

extracted. Excited-state PCET quenching yielded the reduced Ru photosensitizer and the oxidized 

salicylate. The cage escape yields were notably large in the range of fce =  0.60 - 0.70.  This was attributed 

to both the neutral charge of the salicylate product and the mechanistic details of the geminate 

recombination that required both proton and an electron transfer. 

4.2.1.8) Solvent 
 

In 1995, Previtali reported the quenching of [Ru(bpy)3]2+ by aromatic amines and nitrobenzenes in 

different solvents to investigate how the solvent dielectric impacted reactivity.394 Methanol and acetonitrile 

were selected as they have similar macroscopic dielectric properties (ε = 32.6MeOH and 35.9MeCN; ηMeOH = 

1.331 and ηMeCN = 1.342). The quenching rate constants were systematically greater in MeOH than in MeCN 
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and, in addition, the cage escape yields were 50-60% larger in methanol than in acetonitrile where fce < 

0.10. In accordance with Marcus theory, several parameters were considered that could account for this 

behavior: i) solvent stabilization of the primary radical pair that impacts the driving force for electron 

transfer; ii) a change in the outer sphere reorganization energy (λout) associated with the solvent static and 

optical dielectric constants; and iii) the relevant nuclear frequency that may be solvent dependent. In 

methanol, hydrogen bonding was proposed to fix the photosensitizer and quencher in an ordered structure 

that was absent in an aprotic solvent like acetonitrile.  

The influence of viscosity on cage-escape yields was studied by Wolff et al. through the oxidative 

quenching of [Ru(bpy)3]2+* by methylviologen in H2O/CH3CN mixtures with increased amounts of 

ethylene glycol at a constant ionic strength of 0.2M NaCl.365, 372 The solvent viscosity, assessed via a 

Höppler viscosimeter, was tuned between values of 0.834 cP and 13.40 cP which led to cage-escape yields 

that gradually decreased from fce = 0.19 in neat H2O/CH3CN to fce = 0.06 when the solution contained 80% 

ethylene glycol (Figure 34). The cage-escape yield only marginally decreased when 95% ethylene glycol 

was used with 5% of water. The change in ethylene glycol proportion also led to a change in solvent 

dielectric constant which changed from 57.8 in H2O/CH3CN to 38.3 when 95% of ethylene glycol was used.  

 
Figure 34. Viscosity dependence of kq (filled circles) and cage-escape yields (open circles). Reproduced with permission 
from ref 365. Copyright 1995 de Grutyer. 
 

The rate of cage escape yields as well as the rate of charge recombination were calculated through 

Eq. 1.1 and 1.2 and were both shown to decrease as the solvent viscosity was increased. The rate for cage 

escape yields was decreased by a factor of 35 and the rate of charge recombination was decreased by a 
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factor of 17. Quenching rate constant, cage escape yields and secondary recombination were shown to be 

viscosity dependent and approximately proportional to h–0.5. The viscosity dependence of fce was 

approximately linear with 1/h and calculated kcr values followed an approximate square root dependence 

(h–0.65). However, it should be emphasized that in both cases, the data without any ethylene glycol was 

located significantly above the correlation line.  

The effect of solvent polarity on ∆Gcr was further estimated using the Born equation where e1 and 

e2 are the static dielectric constant of the solvent without and with ethylene glycol, respectively, and r12 is 

the reaction distance, which was estimated at 10Å in the present case, Eq. 4.1. The authors determined that 

the geminate charge recombination driving force was 0.012 eV more favored in mixtures containing 

ethylene glycol.  

∆𝐺!(3 (𝜀%) − ∆𝐺!(3 (𝜀*) ≈
"<+

(,+
( *
/,
− *

/+
)  Eq. 4.1 

Even though the author suggested that the solvent mixture was directly impacting geminate charge 

recombination through the dielectric solvent relaxation, they could not unambiguously identify the factors 

that impacted cage escape yields. They concluded that a more rigorous treatment of spin, electron transfer 

through nuclear tunneling, and dielectric solvent relaxation should be further developed.  

 Further information about the influence of viscosity was provided by Sun in a comparative study of 

cage-escape yields in water, acetonitrile and propylene carbonate.395  The reductive quenching of a series 

of homoleptic and heteroleptic Ru(II) photosensitizers bearing 2,2’-bipyridine, 2,2’-bipyrimidine and 2,2’-

bipyrazine ancillary ligands by MV2+ was investigated in solutions that contained a large 0.6 M 

concentration of triethanolamine (TEOA) as a sacrificial electron donor. The sequence of events depicted 

in Figure 35 following light excitation were proposed where reductive quenching by TEOA yielded the 

monoreduced photosensitizer and an oxidized TEOA. Both products are known to reduce methyl viologen, 

either directly, like in the case of monoreduced [Ru(bpy)3]+, or following an irreversible degradation 

pathway for the oxidized TEOA. The kinetics associated with the growth of the reduced methyl viologen 

were then used to determine the cage escape yields for the reductive quenching of [Ru(NN)3]2+* by TEOA, 

where NN are diamine ligands shown in Figure 30.  
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Figure 35. Reaction scheme for the [Ru(NN)3]2+/TEOA/MV2+ reaction.  

In water with a viscosity of 0.89 cP at 25°C, the cage escape yields were fce ~ 0.5-0.6, and increased 

slightly with increasing driving force (Figure 36). When solvent with lower viscosity were used, like 

acetonitrile with a viscosity of 0.3334 cP at 25°C, fce ~ 0.8 were determined. Finally, propylene carbonate, 

with its viscosity of 2.45 cP at 25°C, led to cage escape yields that were fce ~ 0.4 throughout the series of 

ruthenium photosensitizers. Overall, the data showed a weak trend with ∆G0cr in water, but not in propylene 

carbonate and acetonitrile, which prevented general conclusion to be reached. Qualitatively,  the cage escape 

yields do reflect variation of solution medium parameters, especially the viscosity.  

 
Figure 36. Plots of cage-escape yields versus the driving force for geminate charge recombination in water (green 
triangles), acetonitrile (purple squares) and propylene carbonate (orange circles). Data replotted from reference 395.  
 

Finally, the reductive quenching of [Ru(bpy)3]2+* by 2,4-dichlorophenolate, 2,5-dichlorophenolate 

and 2,6-dichlorophenolate anions was studied in deareated methanol and methanol/water mixtures at 

30°C.396 The cage escape yields were determined by transient absorption spectroscopy using the 

comparative actinometry method with the formation of the triplet state of zinc tetraphenylporphyrin as an 

actinometer.396 The cage escape yields followed the expected trend with solvent viscosity, i.e. the cage 

escape yields increased from fce = 0.1-0.2 in aqueous solutions containing 25% methanol (1.24 cP) to fce = 

0.5-0.6 in neat methanol (0.511 cP). The Eigen equation was used to estimate the rate constant for cage 
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escape (kce) that was larger in methanol than in methanol/water mixtures. The geminate charge 

recombination rates, calculated from the measured cage escape yields were found to vary only slightly 

across this series of solvents. The authors conclude that solvent viscosity led to an increase in kce while less 

polar solvent led to weaker cage which in turn produced a decrease in kcr.  

 

4.2.1.9) Micelles 
 

Charge separation in micelles, microemulsions, vesicles and liposomes have been investigated to 

understand how these structures might inhibit charge recombination and thus increase the cage escape 

yields. Historically, several early studies focused on organic light absorbers, such as ketone derivatives, 1,2-

diphenyl-2-methyl-1-propanone or other alkyl-substituted derivatives.397-401 Oftentimes, the micelle was 

found to be beneficial to the cage escape process relative to that measured in the absence of the micelle. For 

example, Turro et al. showed that the yield of benzaldehyde and a-methylstyrene after light excitation of 

1,2-diphenyl-2-methyl-1-propanone was enhanced by a factor of 10 when the reaction was performed in 

micellar environment compared to homogeneous organic solvents.398 In addition, Atik et al. investigated 

excited-state electron transfer between photoexcited pyrene derivatives and dimethylaniline or 

dibutylaniline quenchers in organized assemblies.402 It was found that an increase in micelle (or 

microemulsion) size and/or rigidity led to decreased cage escape yields. The cage escape yields increased 

when polar derivatives of pyrene were utilized, an observation consistent with localization of the pyrene 

chromophores in the polar regions within the organized assemblies.  

Micelles or lipid bilayer have been chemically engineered to tune the cage escape yields by 

introduction of ionic charges, micelles or lipid bilayers that attract or repel redox active species.7, 403-410 In 

these assemblies, charge separation was modulated and facilitated by pre-association of the photosensitizers 

and the redox active quenchers at the micelle interface. After excited state electron transfer, the cage escape 

process was impacted by the hydrophobicity and ionic charges of the radical products that differed from 

those of the ground state.  

One of the most comprehensive micellar examples that emphasized the above-mentioned 

considerations comes from the works of Adams and Schmehl who studied ruthenium polypyridyl 

photosensitizers integrated into micelles. This was achieved with a series of [Ru(bpy)2(LL)]2+ complexes, 

where LL is  2,2’-bipyridine or a 4-R-4'-methyl-2,2’-bipyridine where R was pentyl, terdecyl, heptadecyl, 

and 4,4’-di(heptadecyl)-bpy. Reductive quenching of these photosensitizers by a [Ru(NH3)6]2+ donor was 

thermodynamically favored.  In fluid aqueous solution, the cage escape yields were fce  ~ 0.1.411 Upon the 



   
 

86 
 

addition of a surfactant, cetyltrimethylammonium bromide (CTAB), micelles were formed and the cationic 

ruthenium polypyridyl photosensitizers with the ancillary alkyl chain were envisioned to organize within 

the micelle structure. Interestingly, the cage escape yields in these micelles increased to fce = 0.40 for the 

terdecyl, and fce =  0.70 for heptadecyl, photosensitizer. The significantly increased cage escape yields were 

attributed to the positively charged micelle surface that coulombically repulses the cationic quencher after 

charge separation thereby decreasing the charge recombination rate constant.  

In a related study, electron transfer between excited [Ru(bpy)3]2+* and methyl viologen was studied 

in aqueous solutions and in the presence of sodium dodecyl sulfate (SDS) and sodium laurate (SL) 

micelles.412 In aqueous solutions, the cage escape yields varied from fce = 0.2-0.4 and were dependent on 

the ionic strength and the pH. The behavior was quite different in the micelles where the cage escape yields 

plummet to zero in SDS and to fce = 0.08 in SL micelles. SDS is an anionic micelle, thus the cationic 

reagents were expected to be electrostatically attracted to the micelle surface and thus recombine with a 

larger rate. Despite SL also being anionic, some cage escape products were observed. The authors noted 

that SL micelles hydrolyze fairly readily in water and proposed that protonation of the anionic carboxylate 

group decreased the effective charge on the micelle surface that enabled the cationic reagents to escape 

more readily. In addition, 23Na NMR experiments demonstrated that the sodium ions associated with the 

surfactants penetrated the surface of the SL micelle more significantly than in SDS. It was suggested that 

the sodium ions present could repel the cationic reagents, favoring escape. Under the application of an 

external magnetic field, the cage escape yield was enhanced by about 25% from 0-0.2 T and remained 

constant upon increase the external field strength to 0.5 T. This enhancement is in agreement with the hf 

mechanism and the expect enhancement and saturation at relatively low magnetic field strengths.412  

 
4.2.1.10) Driving Force 
 

The stability of ruthenium polypyridyl complexes in adjacent oxidation states and the ability to tune 

reduction potentials with electron withdrawing or donating functional groups is particularly amenable to 

fundamental electron transfer studies as a function of the driving force. To this end, the Hoffman group 

reported the reductive quenching of [Ru(bpy)3]2+* by nine different aromatic amines in 1:1 H2O/CH3CN.413 

The cage escape yields and quenching rate constants were measured as a function of temperature over a 

50°C range in 1:1 H2O/CH3CN.413  With the exception of the para-anisole donor, the cage escape yields 

ranged from fce = 0.25-0.53 at 10°C and increased to fce = 0.40-0.75 at 60°C. The Debye-Smoluchowski 
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and Eigen expressions were utilized to extract the electron transfer rate constants, kcr. Evidence for Marcus 

‘inverted’ kinetics within the solvent cage were presented, with a total reorganization energy that was 

dependent on the number of aromatic rings present on the amine donor.  

Ohno et. al. also studied the reductive quenching of [Ru(bpz)3]2+, bpz is 2,2’-bipyrazine, by 

methoxybenzenes and aromatic amines in 1:1 H2O/CH3CN solutions.414 The quenchers included 1,3,5-

trimethoxybenzene, 1,2-dimethoxybenzene, 1,4-dimethoxybenzene, 1,2,4-trimethoxybenzene, 

diphenylamine, 1,4-anisidine, phenothiazine, 3,3’-dimethylbenzidine, diphenyl-1,4-phenylenediamine, and 

tetramethyl-1,4-phenylenediamine. The cage escape yields varied between fce = 0.55 – 0.88. This study 

was later extended to the reductive quenching of [Ru(LL)3]2+* photosensitizers (where LL is 2,2’-bipyridine, 

1,10-phenanthroline and 4,7’-(C6H5)2-1,10-phenantroline (dpphen) by aromatic amines in the same solvent 

mixture (Figure 37).415 The cage escape yields showed a marked dependence on the photosensitizers that 

increased in the order [Ru(dpphen)3]2+ < [Ru(phen)3]2+ < [Ru(bpy)3]2+.  The cage escape yields for 

[Ru(bpy)3]2+ varied between fce = 0.56 – 0.91. Plots of the cage escape yields versus the driving force for 

geminate recombination showed some evidence for a parabolic dependence suggesting that recombination 

occurs in the Marcus ‘normal’, ‘activationless’, and ‘inverted’ kinetic regions.  

 
Figure 37. A plot of fce versus the free energy change for geminate recombination of [Ru(bpy)3]+ (purple squares), 
[Ru(phen)3]+ (orange circles) and [Ru(dpphen)3]+ (green triangles) with oxidized aromatic amines. The lines are drawn 
to guide the eye. Date replotted from reference 415. 
 

Ohno and Hoffman reported the quenching and cage escape of nine different ruthenium complexes 

with MV2+ in 4:1 H2O/CH3CN.383 A complex dependence of fce on ΔG was discussed that seemed to be 

more dependent on the identity of the photosensitizers.  Very similar conclusions were drawn by Mallouk 

and coworkers for oxidative quenching by MV2+ and related pyridiniums where no clear dependence on 
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ΔG was observed, suggesting that details of the encounter complex structure were instead responsible for 

cage escape.416-417 

Creutz, Sutin and coworkers assembled a number of studies in order to compare cage escape yields 

across different inorganic systems.418 These studies were extended to the oxidative quenching of 

[Ru(LL)3]2+ photosensitizers by caged Co(III) amine complexes.419 The cobalt cages rendered the metal 

center less susceptible to ligand loss chemistry with decreased electronic coupling within the encounter 

complex. The quenching data were complicated by the presence of a competitive energy transfer pathway, 

however the electron transfer products were identified by transient absorption spectroscopy and appeared 

with cage escape yields that varied from fce = 0.3 – 1.0. The cage escape yield decreased as the free energy 

stored in the charge separated state increased, data consistent with charge recombination in the Marcus 

normal region.  

Sutin and coworkers also reported the oxidative quenching of [Ru(LL)3]2+* photosensitizers by 

Cu(II) ions in 0.5 M sulfuric acid.382 An electron transfer mechanism was established and was important as 

the Cu(II) aquo species was colored and energy transfer quenching was possible. Dependent on the identity 

of the photosensitizer, the cage escape yields for the oxidized photosensitizers and the Cu(I) aquo complex 

varied from fce = 0.3 – 1.0. To our knowledge this work provides the highest cage escape yield reported for 

oxidative quenching of a [Ru(bpy)3]2+* excited state. The cage escape yields decreased as the free energy 

change for geminate recombination increased (Figure 38). This behavior was consistent with that measured 

for the cobalt cage quenchers but occurred at a much smaller |–DG|. The possible origins of the driving 

force dependence were discussed and may be a result of the significant inner-sphere reorganization energies 

that are inherent to Cu(II/I) redox chemistry.  

 
Figure 38. A plot of fce  vs –ΔGcr for the quenching of [Ru(LL)3]2+* by Cu(II) ions in 0.5 M sulfuric acid. 
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Several cage escape studies have appeared that utilize sacrificial donors, such as triethanolamine 

(TEOA), ascorbate, oxalate, and ethylenediaminetetraacetic acid (EDTA). Because these reagents are 

sacrificial and undergo irreversible chemistry, the use of pulsed lasers and transient absorption to 

characterize yields is complicated. Furthermore, in some cases such as triethanolamine oxidation, a second 

equivalent of MV•+ was generated through thermal reactions that artificially increased the theoretical yield 

of MV•+ to 2.395, 418, 420-423  Interpretation of such data often requires assumptions about the sequence of 

electron transfer events and their respective yields. For these reasons, this important work is not reviewed 

in further details here and interested readers are directed towards the primary references.395, 418, 420-423  

 

4.2.1.11) Distance/Sterics 
Few studies have systematically investigated the impact of steric bulk on cage escape yields using 

ruthenium polypyridyl photosensitizers. Nevertheless, several studies have pointed to distance and sterics 

as explanations for some observed behavior. One example was reported by Mallouk and coworkers that 

was discussed in detail in Section 4.2.1.5 in the reductive quenching of a series of variably charged Ru 

polypyridyl complexes by hexa- and octacyanometallates.384 It was found that the cage escape yields were 

significantly higher for larger octacyanometallates than for the smaller hexacyanometallates, behavior 

consistent with a size dependent changes in the electronic coupling and/or reorganization energy.384 Other 

studies have qualitatively found relationships between cage escape yields and the size of photosensitizers 

and quenchers.419, 424  

 
4.2.2) Iridium 
 

Ir(III) photosensitizers are considered as widely utilized in fields such as photoredox catalysis and 

photochemotherapy.45, 52, 425-428 In photoredox catalysis, these photosensitizers have likely surpassed the 

Ru(II) photosensitizers due to their increased photostability and wider range of accessible excited-state 

reduction potentials. Nevertheless, cage-escape yield determinations are rare, likely because of their excited 

state absorption spectra that are often broad and structureless and the reduced or oxidized spectra often 

exhibit moderate molar extinction coefficients, which makes detection more difficult, especially when the 

cage escape yields are small. Yet, the various fields using iridium photosensitizers would gain immensely 

from cage escape yield determinations, as these have also been proposed to influence product yields51, 429 

or product distributions.430 In this section, we briefly summarize cage escape yields employing the Ir(III) 

photosensitizers represented in Figure 39.  
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Figure 39. Ir(III) photosensitizers described in the present section.  
 

In a comparative study, Ripak et al. investigated the cage escape yields of three iridium 

photosensitizers, i.e. [Ir((dFCF3)ppy)2(dtb)]+, [Ir(ppy)2(dtb)]+ and [Ir(ppy)3] with a series or aryldiazonium 

electron acceptors.94 The three Ir(III) photosensitizers were all competent for excited-state oxidative 

electron transfer to the 4-methoxy, 4-bromo, 4-carboxyethyl ester and 4-nitro benzene diazonium 

tetrafluoroborate derivatives. For [Ir((dFCF3)ppy)2(dtb)]+ and [Ir(ppy)2(dtb)]+, the cage escape yields were 

almost unitary in all cases, with the exception of 4-methoxybenzene diazonium where cage escape yields 

of fce = 0.43-0.44 were determined. This cage escape yield increased to fce = 0.61 when [Ir(ppy)3] was used. 

The cage escape yields with this photosensitizer and 4-carboxyethyl ester and 4-nitro benzenediazonium 

tetrafluoroborate derivatives could not be measured as irreversible ground-state electron transfer occurred 

that was attributed to thermal reduction of the diazonium derivative. As the reduction of diazonium liberates 

N2, the oxidized photosensitizer accumulated in solution. Similar observations were made with two iron 

photosensitizers that exhibited similar reduction potentials.94 In all cases, the approach of using aryl 

diazonium derivatives that liberate N2 after electron transfer and cage escape was successful. 

Large cage-escape yields of fce = 0.78 were also obtained by Castellano and co-workers in the 

reductive quenching of [Ir(NBI)2(phen)]+* by N,N-dimethyltoluidine (DMT). Such cage escape yields are 
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larger than the fce = 0.52 determined with [Ru(bpy)3]2+ analogues. This increased yield could stem from the 

significant triplet ligand-centered (3LC) character of the lowest excited state of [Ir(NBI)2(phen)]+ compared 

to the increased singlet character in the MLCT excited state of Ru photosensitizers. The authors further 

emphasized that, due to the smaller contribution of the d-orbitals in Ir(III) photosensitizer compare to Ru(II) 

analogues, the excited state has less spin−orbit coupling than the MLCT state of the Ru photosensitizers 

that resulted in radical ion pairs with more triplet character and thus a higher cage escape efficiency. An 

alternative explanation, similar to the one of Hoffman and co-workers, is related to the different geometries 

of the encounter complex and the orbitals involved in the forward and reverse electron transfer that could 

prevent recombination and increase cage escape yields. Overall, these large cage-escape yields also led to 

enhanced performances for H2 solar fuel production.  

Also within the context of solar fuel formation, De Kreijger et. al. investigated the excited-state 

reductive quenching of two Ir(III) dinuclear complexes, Ir-TAPHAT and Ir-TPPHZ, by chloride, bromide 

and iodide in acetonitrile/water mixtures.431 Evidence for excited-state electron transfer from the three 

halides to both iridium photosensitizers was obtained by transient absorption spectroscopy as the reduced 

form of these photosensitizer exhibits intense absorption in the visible range which facilitate the cage escape 

yields measurements. Whether in acetonitrile or acetonitrile/water, 50/50, fce followed the periodic trend I 

> Br > Cl (Figure 40). In acetonitrile, the yields were always large, with values upwards of fce = 0.5 (Table 

10). Those yields dropped significantly when 50% water was added but remained larger for Ir-TAPHAT 

than for Ir-TPPHZ. It should also be emphasized that, in acetonitrile, the data for Ir-TPPHZ evolved linearly 

with the percentage of excited-state quenching with fce values determined from the slope while for Ir-

TAPHAT the data was only linear until approximately one equivalent of halide was added. The initial slope 

was hence used by the authors to estimate the cage escape yields reported in Table 10. The authors 

hypothesized that since the change of slope occurred around 1 equivalent of added halide, an underlying 

static quenching mechanism may be operative.118, 432-434 At any rate, this result highlights the importance of 

determining the cage escape yields at multiple data points and not relying on single concentration 

measurements. This would indeed help in providing a better description and understanding of cage escape 

process that are ionic strength dependent.  
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Figure 40. Cage-escape yields recorded using Ir-TPPHZ (top) and Ir-TAPHAT (bottom) in argon-purged CH3CN (open 
symbols) and CH3CN/H2O 50/50 (closed symbols) in the presence of iodide (purple), bromide (orange) and chloride 
(green). Reproduced with permission from ref 431. Copyright 2023 American Chemical Society. 
 
Table 10. Cage-escape yields (fce ) recorded in argon-purged CH3CN and CH3CN/H2O 

 fce Ir-TAPHAT fce Ir-TPPHZ 

 CH3CN CH3CN/H2O CH3CN CH3CN/H2O 

I– 0.90 0.32 0.96 0.11 

Br– 0.70 0.03 0.81 0.02 

Cl– 0.55 0.04 0.80 0.02 

 

Bernhard and co-workers highlighted the importance of cage-escape yields in one of their highly 

parallelized studies looking at the activity of 1440 photosensitizers.435 Relative cage escape yields were 

determined with respect to a single photocatalyst as true cage escape yields would have required knowledge 
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of the photon flux. They proposed that the excited state electron transfer in the encounter complex occurred 

in the Marcus ‘normal’ region and hypothesized that geminate recombination occurred in the Marcus 

‘inverted’ region and was faster than irreversible amine oxidation. Within the series that they investigated 

for cage escape yields, photosensitizers presenting a 1,10-phenanthroline ligand exhibited small cage escape 

yields. The authors proposed that this ligand offered minimal reorganization energy relative to the torsional 

bond rotation within a 2,2’-bipyridine ligand that was deemed important for cage escape. The trends 

observed among the set of photosensitizers suggested that nuclear reorganization strongly influenced cage 

escape yields.  

Finally, Tobita and co-coworkers studied the cage escape yields following oxidative electron transfer 

quenching from [Ir(ppy)2(acac)], [Ir(btp)2(acac)] and [Ir(F2ppy)2(pic)] to 1,4-dinitrobenzene. The cage 

escape yields were overall small and ranged from fce = 0.1 to 0.17, as determined by nanosecond transient 

absorption spectroscopy. The authors suggested that charge recombination was fast and facilitated by triplet 

to singlet spin conversion within the primary radical ion pair.436 

 

4.2.3) Rhodium 
 

Ohno et. al. studied the reductive quenching of [Rh(dpphen)3]3+*, where dpphen 4,7-diphenyl-1,10-

phenanthroline, in 1:1 H2O/CH3CN solutions by a series of 11 electron donors that included methoxy-

substituted benzenes, i.e. methoxybenzene, 1,3,5-trimethoxybenzene, 1,2-dimethoxybenzene, 1,4-

dimethoxybenzene, 1,2,4-trimethoxybenzene and functionalized aniline derivatives, i.e. diphenylamine, 

3,3’-dimethylbenzidine, 1,2-phenylenediamine, 1,4-phenylenediamine, N,N,N’,N’-tetramethylbenzidine 

and N,N,N’,N’-tetramethyl-1,4-phenylenediamine.349 The methoxybenzene derivatives efficiently 

quenched the excited-state of [Rh(dpphen)3]3+* with quenching rate constant of (0.25-7.4) x109 M–1s–1. The 

radical cation of the quenchers and mono-reduced [Rh(dpphen)3]2+ were observed by transient absorption 

spectroscopy. Similar results were obtained with the aniline derivatives, with quenching rate constant of 

(6.1-9.7) x109 M–1s–1.437 The concentration  of oxidized quenchers after excited-state electron transfer was 

quantified spectroscopically.  The cage escape yields varied from fce = 0.38 – 0.88 and depended on the 

electron donor. When aniline derivatives were used, the cage escape increased and the driving force for 

geminate charge recombination decreased. When methoxybenzene derivatives were used, the cage escape 

yields were all around fce = 0.51 ± 0.07 and no clear trend with driving force could be obtained. (Figure 

41). 



   
 

94 
 

Additional cage escape yields were measured with [Rh(dpphen)2Cl2]+, [Rh(phen)3]3+ and 

[Rh(phen)2Cl2]+ in CH3CN/H2O 1:1 mixtures with 1,3,5-trimethoxybenzene, 1,4-dimethoxybenzene and 

1,2,4-trimethoxybenzene electron donors.437 The cage escape yields ranged from fce = 0.065 for 

[Rh(phen)2Cl2]+ with 1,2,4-trimethoxybenzene to fce = 0.48 for [Rh(dpphen)2Cl2]+ with 1,4-

dimethoxybenzene. Taken altogether, the cage-escape yields followed the trend [Rh(dpphen)3]3+ > 

[Rh(dpphen)2Cl2]+ ≥  [Rh(phen)3]3+ > [Rh(phen)2Cl2]+. 

 
Figure 41. Structure of the Rh(III) photosensitizers discussed in the present study alongside the efficiency of cage 
escape versus the Gibbs free energy change for geminate charge recombination measured after reductive quenching 
of Rh(dpphen)3

3+* by amine- and methoxy- benzene derivatives. The yields drop off steeply with driving force (open 
purple circles) and then then appear to saturate (closed orange circles). Data replotted from reference 437 
 
4.2.4) Osmium 
 

Cage escape yields after oxidative quenching of osmium photosensitizers have been reported. T.J. 

Meyer and co-workers quantified the cage-escape yields of three osmium photosensitizers, 

[Os(bpy)2(das)]2+, [Os(phen)2(dppm)]2+ and [Os(phen)2(dmpp)2]2+ (Figure 42) that were oxidatively 

quenched by methyl viologen in a solvent mixture composed of 0.1 M tetraethylammonium perchlorate in 
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acetonitrile to dichloromethane in 8:5 v/v proportions.  The cage escape yields were reported relative to 9-

methylanthracene that was taken to be unity. Cage-escape yields of fce = 0.21, 0.18 and 0.14 were 

determined for [Os(bpy)2(das)]2+, [Os(phen)2(dppm)]2+ and [Os(phen)2(dmpp)2]2+, respectively. Similar 

yields were also obtained for ruthenium analogues, and it was concluded that, despite variation of sensitizer, 

quencher and solvent, the geminate charge recombination within the solvent cage occurred about 4 times 

faster than the rate of charge separation. The difference in yields observed between Os(II) photosensitizers 

and “pure” triplet photosensitizers such as 9-methylanthracene have been detailed previously. However, if 

electron spin were the only factor, the large ~3000 cm–1 spin-orbit coupling for the third row Os should 

have given lower yields than the second row Ru. Therefore, other factors such as the driving force for 

forward and reverse electron transfer must also play a role. This was also proposed by Ripak et al. that 

reported the oxidative quenching of [Os(bpy)3]2+* by 4-methoxy, 4-bromo, 4-carboxyethyl ester and 4-nitro 

benzene diazonium tetrafluoroborate derivatives. The cage escape yields were shown to linearly increase 

with the driving force for excited-state electron transfer with fce = 0.18, 0.61, 0.89 and 0.97 for 4-methoxy, 

4-bromo, 4-carboxyethyl ester and 4-nitro benzene diazonium, respectively.  

 

 
Figure 42. Os(II) Photosensitizers discussed in the present section.  
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4.2.5) Copper 
 

The oxidative quenching of a [Cu(dpp)2]+* photosensitizer (Figure 43) by methyl (MV2+) and benzyl 

(BV2+) viologen were reported in CH3CN solution, where dpp is 2,9-(C6H5)2-1,10-phenanthroline. The cage 

escape yields measured after MV2+ quenching were near unity fce = 0.95 ± 0.05 and were fce = 0.57 ± 0.05 

for BV2+ quenching. The authors attributed the higher cage escape yields than those measured for 

[Ru(bpy)3]2+ to a smaller spin orbit coupling and more pure triplet state for copper.378 In addition, the large 

inner-sphere reorganization change that accompanies the reduction of the d9 Cu(II) from a flattened 

geometry to the d10 Cu(I) tetrahedral geometry was also considered. Such structural changes within the 

encounter complex may increase the cage escape yield and also be operative when Cu(II) is used as an 

electron acceptor.382 

 

Figure 43. Structure of [Cu(dpp)2]+ 
 
4.2.6) Chromium 
 

Ohno and coworkers reported reductive quenching of the ligand field excited states of [Cr(bpy)3]3+ 

and [Cr(dpphen)3]3+ in acetonitrile using a series of organic donors that included methoxy-substituted 

benzenes, i.e. 1,3,5-trimethoxybenzene, 1,4-dimethoxybenzene, 1,2,4-trimethoxybenzene and 

functionalized aniline derivatives, i.e. triphenylamine, diphenylamine, N,N-dimethylaniline, 1,4-anisidine, 

2-aminonaphthalene, 3,3’-dimethylbenzidine, 1,2-phenylenediamine, 1,4-phenylenediamine, N,N,N’,N’-

tetramethylbenzidine, N,N’-diphenyl-1,4-phenylenediamine, N,N,N’,N’-tetramethyl-1,4-

phenylenediamine as well as phenothiazine.349 The cage escape yields ranged from fce = 0.019 to 0.80 over 

a driving force for charge recombination of  –2.0 eV to –0.67 eV. The cage-escape yields were shown to 

decrease as the driving force for charge recombination increased from –0.67 to ~ –1.4 eV before reaching 

a plateau of negligible cage escape yields at the most favorable driving forces (Figure 44). Very low cage 
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escape yields of fce = 0.01 were also obtained by Pizzocaro et al. for the reductive quenching of [Cr(bpy)3]3+ 

by acrylamide, although thermodynamic considerations for the geminate charge recombination were not 

provided.438  

 
Figure 44. Structure of some Cr(III) photosensitizers described in the present section alongside a plot of the cage escape 
as a function of driving force after reductive quenching of [Cr(bpy)3]3+(purple circles) and [Cr(dpphen)3]3+ (orange 
squares). 
 

Wenger and co-workers reported the reductive quenching of the 2E/2T1 excited [Cr(dpq)2]3+* by a 

series of electron donors (Figure 45). The cage escape yields were only determined for the aromatic tri-(p-

anisyl)amine (TAA) electron donor in dry argon-purged acetonitrile at 20°C.439 The cage-escape yields were 

moderate, fce = 0.13, which is smaller than values obtained with prototypical Ru(II) photosensitizers but 

greater than values obtained with the doublet excited state of iron photosensitizers in acetonitrile (vide 

infra). This moderate cage escape likely stems from the doublet character of [Cr(dpq)2]3+* rendering the 

charge recombination to the ground state spin allowed.  
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Figure 45. Structure of [Cr(dpq)2]3+ described in the present section a well as the cage-escape yield measurement of a 
solution containing 35 µM of [Cr(dpq)2]3+ in the presence of 10 mM of tri-(p-anisyl)amine (TTA) in aerated dry 
acetonitrile at 20°C. The blue trace corresponds to the TTA•+ concentration whereas the red trace corresponds to the 
[Ru(bpy)3]2+ actinometer at 455 nm from which fce = 0.13 was determined. Reproduced with permission from ref 439. 
Copyright 2022 American Chemical Society.  
 
In a follow-up study, Wenger and co-workers determined the cage-escape yields after reductive quenching 

of the [Cr(dpq)2]3+* 2E/2T1 excited by a series of 12 electron donors and compared them with analogous 

reactions carried out with [Ru(bpz)3]2+*.440 The electron donors encompassed tri-p-arylamine derivatives, 

anilines as well as aliphatic amines. The cage escape yields were significantly lower with the  [Cr(dpq)2]3+ 

photosensitizer (fce = 0.07-0.19) relative to [Ru(bpz)3]2+ (fce = 0.35-0.87). Although an explanation based 

on spin might have satisfactorily explained this difference, an additional analysis in the broader context of 

Marcus theory revealed that the driving force for charge recombination was more favored for [Ru(bpz)3]2+ 

resulting in Marcus inverted kinetic behavior that favored cage escape relative to charge recombination.  In 

contrast, charge recombination was closer to the normal region for the Cr photosensitizer and charge 

recombination was dominant. The results suggest that by tuning the ground and excited state reduction 

potentials it may be possible to enhance cage escape yields with earth abundant Cr photosensitizers. 

Heinze and co-workers reported visible-light induced fixation of SO2 to yield sulfones and 

sulfonamides with a [Cr(tpe)2]3+ photosensitizer, where tpe in 1,1,1-tris(pyrid-2-yl)ethane.441 A three-

component reaction between alkylfluoroborates, SO2 and alkenes was characterized, alongside the visible-

light mediated aminosulfonylation of diaryliodonium salts. In both cases, a single-electron transfer 

intermediate was proposed, i.e. cyclohexyltrifluoroborate or 4-aminomorpholine, respectively. Large cage 

escape yields of 0.73 were determined when 4-aminomorpholine was used as quencher. These yields 
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dropped to 0.27 when cyclohexyltrifluoroborate was employed. Other reaction partners, such as DABSO 

and DABCO led to cage escape yields that were smaller than 0.08. The cage escape yields were shown to 

be important for these photoredox catalytic transformations. Interestingly, it appears that in this case the 

cage escape yields did not track with the driving force for geminate charge recombination.  However, this 

conclusion may be challenged as some of the quenchers were sacrificial reagents where subsequent 

reactivity within the cage may impact the cage escape yields.  

 
4.2.7) Iron 
 

Iron photosensitizers have been scarcely reported in the literature for bimolecular reactivity.442-443 

This stems from very short excited-state lifetimes that inhibit diffusional electron transfer. Nevertheless, 

there have been some recent reports that forecast great opportunities for applications of these 

photosensitizers in the future.51, 429 For example, Wärnmark and co-workers recently reported 

[Fe(phtmeimb)2]+ (phtmeimb = phenyl[tris(3-methyl-imidzaolin-2-ylidene)] borate), an Fe(III) 

photosensitizer with a doublet Ligand-to-Metal Charge Transfer (LMCT) excited state with a ~2 ns lifetime 

in several solvents (Figure 46).51, 444-450 This relatively long excited-state lifetime was sufficient for 

bimolecular excited-state reactivity with highly soluble quenchers. Oxidative and reductive excited-state 

electron transfer with methyl viologen and diphenylaniline were quantified in acetonitrile, respectively.444 

The cage escape yields were quite small, fce  ~0.05. The photocycle of charge separation and recombination 

was investigated further down to ultrafast timescales451 that highlighted donor-dependent charge separation 

rates of up to 1.25 ps–1 that exceed the rates found for typical RuII-based systems and are instead more 

similar to those reported for organic sensitizers. 452-453 It hence appears that the low cage escape yields in 

acetonitrile were due to rapid subpicosecond charge recombination. 

 

Figure 46. Structure of the Fe(III) photosensitizers discussed in the present section 
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Troian-Gautier and co-workers recently used the same Fe(III) photosensitizer for dehalogenation 

reactions and cage escape yield studies.51, 429 Visible light excitation of [Fe(phtmeimb)2]2+ led to efficient 

diffusional quenching with a series of electron donors in acetonitrile, DMF, acetone, butyronitrile and 

dichloromethane. The corresponding dehalogenation yields were much larger in dichloromethane than in 

any other solvent. Hence, the cage escape yields were quantified in acetonitrile, dichloromethane, and 

dimethylformamide using three electron donors, i.e. N,N-dimethyl-p-toluidine (DMT), N,N-

dimethylaniline (DMA) and tri-p-tolylamine (TTA). The cage escape yields in the polar CH3CN and DMF 

were small fce  =  0.01 – 0.07 and were significantly larger in dichloromethane,  fce  =  0.36 – 0.63. These 

solvent dependent cage escape yields paralleled the isolated product yields obtained during the photoredox 

catalysis.  

The authors proposed several hypotheses to explain the solvent-dependent cage escape yields. The 

electrostatic repulsion was expected to be larger in low dielectric dichloromethane than in acetonitrile or 

DMF. This hypothesis was further supported by experiments that showed that fce  decreased by ~70% in 

CH2Cl2 (from fce = 0.60 to fce = 0.17) when the ionic strength was increased by the addition of 1.0 M 

tetrabutylammonium hexafluorophosphate (TBAPF6). Note however that decrease in cage escape yields 

with ionic strength have been reported already, albeit to a smaller extent.381, 422  

Another plausible hypothesis was that electron spin underlies the solvent dependent cage escape 

yields. Geminate charge recombination is expected to be a spin-allowed transition due to the doublet nature 

of the iron excited state. However, the external heavy Cl atoms in CH2Cl2 may induce more quartet character 

thereby introducing some spin forbiddenness to the charge recombination reaction (Figure 47). This 

hypothesis was further substantiated by additional experiments in CH2Br2 and in acetonitrile:iodomethane 

mixtures, that may enhance excited-state intersystem crossing.82, 454-457 The cage escape yields determined 

in CH2Br2 and CH2Cl2 were equal within experimental error. The addition of iodomethane into a solution 

of acetonitrile led to a ~5 fold increase in cage escape yields from fce = 0.02 to 0.09. Noteworthy is the fact 

that the cage escape yields in these CH3CN/iodomethane mixtures never reached values as high as those 

reported in CH2Br2 and CH2Cl2, suggesting that state-mixing might not be the sole contributor to these large 

cage escape yields.  
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Figure 47. Schematic representation of the light-induced electronic transition involving iron(III) based LMCT 
photosensitizers (left), and ruthenium(II) based MLCT photosensitizers (right), together with an electron donor 
quencher (Q). Reproduced with permission from reference 51. Copyright 2021 American Chemical Society.  
 

[Fe(phtmeimb)2]+ was also recently used as photosensitizer for hydrogen photo-production in the 

presence of Pt-colloids or [Co(dmgH)2(py)Cl] as proton reduction catalysts, [HNEt3][BF4] as a proton 

donor, and triethanolamine or triethylamine as sacrificial electron donors.458 Turnover numbers greater than 

1000 without significant photosensitizer degradation were obtained. The cage escape yields in acetonitrile 

were however very small (fce = 0.02 - 0.03) and it was suggested that hydrogen production could be further 

improved by increasing the cage escape yields. Unfortunately, using solvent such as dichloromethane, 

previously shown to increase cage escape yields, did not lead to increased yields in hydrogen 

photoproduction.  

Photoinduced symmetry-breaking charge separation was also observed using [Fe(phtmeimb)2]+ as 

a photosensitizer. This rare process involves the formation of an excited state capable of undergoing electron 

transfer with a ground-state photosensitizer to generate the corresponding pair of mono-oxidized and 

monoreduced photosensitizer (PS* + PS à PS+ + PS–).459-460 This symmetry-breaking charge separation  to 

generate the corresponding [FeII(phtmeimb)2] and [FeIV(phtmeimb)2]2+ in equimolar concentration was 

reported to proceed with a cage escape yield fce =0.04. 

Finally, the cage escape yields were quantified in an atom transfer radical addition (ATRA) reaction 

using [Fe(btz)3]3+ as photosensitizer with green light irradiation.461 The reaction proceeded via the excited-

state quenching of the 2LMCT excited state to generate the corresponding [Fe(btz)3]2+. The Fe(II) product 
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has an MLCT excited state that is a stronger reductant than the 2LMCT of [Fe(btz)3]3+ and as such, 

consecutive 2LMCT-3MLCT excitation of [Fe(btz)3]3+ to activate challenging substrates was developed. 

Reductive excited-state electron transfer with triethylamine to generate [Fe(btz)3]2+ was confirmed by 

transient absorption spectroscopy with cage escape yields fce > 0.20 in 4:3 acetonitrile:methanol mixtures, 

greatly exceeding those previously determined in acetonitrile.51, 429, 444  

 

4.2.8) Rhenium 
 

Rhenium photosensitizers with three carbonyl ligands in a facial geometry are well-studied 

photocatalysts for carbon dioxide reduction.462-463 These photosensitizers exhibit an MLCT excited state 

with nanosecond lifetimes that can be used for diffusional intermolecular reactivity. Lucia et al. studied the 

cage escape yields associated with the reductive quenching of a series of [Re(LL)(CO)3(BP)]+ 

photosensitizers by diaza[2.2.2]octane (DABCO) in degassed acetonitrile, where LL included 2,2’-

bipyridine (bpy), 4,4’-(CH3)2-2,2’-bipyridine (dmb), or 2,2’-bipyrazine (bpz) and BP is 4-benzylpyridine 

(Figure 48).464 The variation in bidentate diimine ligand allowed tuning of the corresponding reduction 

potential, and hence the driving force for reductive electron transfer and geminate charge recombination. It 

should be noted that, since the structural variations among the series of photosensitizers were comparatively 

small, the cage-escape rate constant (kce) was considered constant across the series. Hence, the measured 

cage escape yields reported on the dependence of kcr on ∆Gcr. Cage escape yields that range from fce = 0.85 

for [Re(dmb)(CO)3(BP)]+, to fce = 0.54 for [Re(bpz)(CO)3(BP)]+. Interestingly, the cage escape yields 

increased as the driving force for geminate charge recombination increased (Figure 48).  
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Figure 48. A plot of fce vs –ΔGcr for [(LL)ReI(CO)3X]+ photosensitizers quenched by DABCO in acetonitrile. 
 

Taking Equation 1.1 into consideration, this result also highlights that kcr decreases as –∆GGCR 

increases, in agreement with expectations based on the semi-classical Marcus theory of highly exothermic 

electron transfer processes.32 In addition, comparison with other intramolecular Re-donor dyads indicate 

that the rate determining step for the decay of the charge-separated state is triplet-singlet intersystem 

crossing.  

Lucia et al. also studied the quenching of [Re(LL)(CO)3(BP)]+ derivatives with a [Co(CO)4]– 

counter-ion.465 The [Re(LL)(CO)3(BP)][Co(CO)4] ion pair exhibited a low-intensity ion-pair charge transfer 
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(IPCT) absorption band in nonpolar solvents. This absorption band decreased in energy with the LUMO 

energy of the diamine ligand. In addition, the classical MLCT transitions were also observed for this ion-

paired complex. Reductive excited-state quenching was observed from [Co(CO)4]–, irrespective of whether  

the IPCT or the MLCT band was excited. Interestingly however, the cage escape yields of {Re(LL•–

)(CO)3(BP);Co(CO)4•} were different whether this species was generated via irradiation in the IPCT or 

MLCT band. Indeed, irradiation of [Re(LL)(CO)3(BP)][Co(CO)4] in THF at 355 nm (MLCT) led to cage-

escape yields fce = 0.66 whereas irradiation at 532 nm (IPCT) led to cage escape yields of fce = 0.04. Since 

the same geminate pair was produced in both cases, it was hypothesized that the cage escape rate constants 

were identical which implies that the charge recombination rate constant is significantly smaller for MLCT 

excitation. The smaller charge recombination rate constant was attributed to the spin state of the geminate 

radical pair. MLCT excitation provides a triplet state that is carried within the geminate radical pair, formally 

decreasing geminate recombination due to spin forbindenness, whereas IPCT excitation leads to a singlet 

state, with a spin-allowed transition back to the ground state products. Another hypothesis is that the 

geometry of the encounter complex between diffusing species and ion-paired species is different and would 

lead to different cage-escape yields after charge separation.  

Rhenium photosensitizers have recently been used in combination with [tris-(2-carboxyethyl)-

phosphine] (TCEP), hydroquinone electron relay derivatives and a cobalt catalyst for hydrogen 

photoproduction applications.466 The reductive quenching of [Re(bpy)(py)(CO)3]*+ by 1,4-

dihydroxybenzene, 1,2-dihydroxybenzene and 2,5-dihydroxybenzoic acid was studied in D2O by transient 

IR and visible absorption spectroscopies. TCEP was shown to be an inefficient quencher whose sole purpose 

was to regenerate the oxidized quinone derivatives to the corresponding hydroquinones.467 In all cases, the 

cage escape yields were shown to be fce= 0.35 ± 0.02. Interestingly, hydrogen photoproduction was a factor 

of 5-10 larger when 1,4-dihydroxybenzene was used compared to the other two electron relays. This 

highlights that, in agreement with what was previously described for iron(III) photosensitizer for hydrogen 

photoproduction, cage escape yields are not the sole contributors to the overall reaction efficiency. In related 

studies, the cage escape yields for the reductive quenching of [Re(bpy)(py)(CO)3]+ by triethanolamine and 

sodium ascorbate in D2O were determined as fce = 0.75 and fce = 0.60, respectively.468 A cage escape yield 

of fce = 0.75 was also determined for the reductive quenching of [Re(phen)(py)(CO)3]+ by triethanolamine 

in D2O.469  

Finally, it should be mentioned that cage escape yields and geminate charge recombination process 

in the reductive quenching of Re(I) photosensitizers were also studied on insulating mesoporous ZrO2 thin 
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films.470 Cage escape yield of fce = 0.42 with phenothiazine as electron donor were determined when the 

Re photosensitizer was surface anchored relative to fce = 0.15-0.26 when the photosensitizer was free in 

solution. Encounter complex formation and cage escape are quite different for the surface anchored 

photosensitizer and deserve further study in the future.  

 

4.2.9) Platinum 
Kisch et al. investigated the excited-state behavior of 1:1 ion pairs of 2,2’- or 4,4’-bipyridinium 

derivatives, i.e. 1-Ethyl-1’-(3-sulfonatepropyl)-3,3’-dimethyl-4,4’-bipyridinium (EPSDMP+), N,N’-(1,3-

propenyl)-2,2’-bipyridinium (PQ2+) and 1-ethyl-1’-(3-sulfonatepropyl)-4,4’-bipyridinium (EPSP+) with 

[Pt(mnt)2]2–, where mnt2– is maleonitriledithiolate (Figure 49).471 Experiments were carried out in DMSO 

and it was shown that the cage escape yields were very sensitive to the charge of the bipyridinium 

derivatives, with unitary cage escape yields for singly charged derivatives (EPSDMP+ and EPSP+) and fce 

= 0.11 for doubly charged analogues (PQ2+). This drastic difference in cage escape yields was explained in 

terms of coulombic repulsion. For the singly charged derivatives, oxidative excited-state electron transfer 

leads to a neutral quencher and a mono-anionic [Pt(mnt)2]–, whereas in the case of doubly charged 

quenchers, oxidative excited-state electron transfer leads to a mono-cationic quencher and mono-anionic 

[Pt(mnt)2]– which would experience electrostatic attraction and lead to a decreased cage escape yield. 

Additional experiments with neutral bipyridinium quenchers, such as 2,2’- or 4,4'-bipyridinium-N,N'-

di(propylsulphonate), would have provided additional information on the impact of electrostatic repulsion 

in these platinum complexes.  

 
Figure 49. Structure of the platinum photosensitizers and some quenchers discussed in the present section.  
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The reductive quenching of the triplet state of tetrakis(µ-pyrophosphito-PP’)diplatinate(II), 

[Pt2(pop)4]4–, by [Ni(cyclam)]2+ was studied in 0.01M HClO4 containing 0.1M Na2SO4 as electrolyte.472 

The cage escape yields were determined to be fce = 0.054 and 0.028 in air-saturated and in nitrogen-

saturated solution, respectively. The larger cage escape yields for the formation of Ni(III) obtained under 

air point towards a scavenging of the reduced Pt complex ([Pt2(pop)4]5–) from the solvent cage by oxygen. 

Nevertheless, these small cage escape yields point towards a very efficient geminate charge recombination, 

presumably a consequence of the strong coulombic attraction within the pair {([Pt2(pop)4]5-

;[Ni(cyclam)]3+}.  

 
4.3) Porphyrins  
 

Utilizing porphyrin and metalloporphyrin photosensitizers and quinone acceptors, Holten, 

Gouterman and Harriman were amongst the first to propose that triplet states gave rise to high cage escape 

yields while singlets were negligibly small.166-167 Harriman and coworkers showed that the cage escape 

yields after oxidative quenching of metalloporphyrins by benzoquinone acceptors decreased when closed 

shell heavy metal atoms such as Cd, Ru, and Pd were coordinated to the porphyins.168 The authors attributed 

this to increased spin-orbit coupling that enhanced the geminate recombination rate constant. No cage 

escaped products were observed when paramagnetic metals were present in the porphyrin pocket.  

The impact of external heavy atoms on cage escape yields after oxidative quenching of the singlet 

and triplet excited states of bacteriochlorophyll by p-benzoquinone were investigated with iodomethane.166 

In the presence of 8 M iodomethane, the lifetimes of both the singlet and triplet states decreased. The 

researchers concluded that the cage escape was undetectable from the singlet excited state but occurred with 

a considerable yield of fce = 0.63 from the triplet state.166-167  

Harriman and coworkers reported the quenching of metalloporphyrins of the form M(TPP), where 

TPP = meso-5,10,15,20-tetraphenylporphin and M = Mg, Cd, Ru, Zn, Pd, Cu, Cr, Al, and H2 (freebase 

porphyrin), by benzoquinone in ethanol.168 The cage escape yields for these porphyrins were significant 

ranging fce = 0.05-0.25, with the exception of Cu and Cr, where the cage escape yields were negligible. A 

plot of cage escape vs -ΔG revealed a weak dependence. Ohno and coworkers reported oxidative quenching 

of octaethyl Zn(II) porphyrin, Zn(OEP), by quinones (benzo-, dimethyl-, naphthyl-, tetramethyl-, and 

anthra- quinones) in hexanol .349 A significant cage escape yield from the porphyrin triplet state was 
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measured that decreased from fce = 0.27 to 0.13 as the free energy stored in the charge separated state was 

increased from 1.15 eV to 1.62 eV. 

In 1979, Harriman and co-workers reported that polar solvents stabilise the formation of the 

encounter complex between zinc tetraphenylporphyrin (ZnTPP) and benzo-1,4-quinone (BQ).473 The 

authors also pointed out that ZnTPP can react either from a singlet or triplet excited state, and that the latter 

was more sensitive to polarity changes (10 fold) than the singlet excited state. Moreover, singlet states did 

not produce high yields of separated ions while triplet states exhibit large cage escape yields. These 

observations were consistent with classifications proposed by Masuhara a few years earlier. For the solvents 

tested in their work, solvents with ε < 7 (ethyl acetate), no cage escape was measured from the triplet state 

whereas for solvents with 9 < ε < 18 (hexan-1-ol, butan1-ol, propan-1-ol), an approximately linear 

relationship between ε and the cage escape yields was established, with a maximum yield for ε = 24 

(ethanol). 

Oxidative quenching of a tetracationic Zn porphyrin photosensitizer by dicationic methyl viologen 

was characterized as a function of the ionic strength.  The cage escape yields from the porphyrin triplet state 

increased as the ionic strength increased from 0.02 M to 0.1 M. However, increasing the ionic strength past 

0.1 M lowered the cage escape yield to a plateau value around 1.0 M ionic strength. This behavior is similar 

to what was observed with other systems where the PS and Q bear charge of similar sign,474 such as in 

ruthenium complexes quenched by methyl viologen (Section 4.2.1.3). At low ionic strengths, the cationic 

charges assist cage escape while at high ionic strength the charges are screened by ions present in the solvent 

cage and the repulsion is tempered.111 The ionic strength dependence of porphyrin quenching in micellar 

solutions have also been studied. Though, it must be noted that the extent of ionic strength has been proven 

somewhat difficult to determine with the localized charge on their surface of the micelles.475 However, in 

each study, no significant ionic strength dependence on the cage escape yield was observed in micellar 

systems. 

One of the earliest reports of coulombic interactions on cage escape yields is the oxidative quenching 

of zinc porphyrins with methyl viologen.474 A series of five Zn porphyrins were synthesized with overall 

charges of 4+ to 4–. The cage escape yields were as large as 0.75 for the 4+ porphyrin and those for the 

tetraanionic porphyrins were virtually undetectable. This data indicates that coulombic attraction within the 

solvent cage lowers the cage escape yield significantly, while coulombic repulsion in the solvent cage gave 

rise to the largest cage escape yields. 
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It was theorized that micelles with charged surfaces could lead to enhanced cage escape yields,418 

but it took some time for experimental evidence to arise.475-476 Two complimentary studies using anionic 

Zn porphyrins and dicationic methyl viologen were utilized to study the effect on cage escape yields when 

changing the micelle surface charge from negative475 to positive.476 In fluid solution, oxidative quenching 

of the  tetraanionic porphyrin by MV2+ lead to fairly small cage escape yields (fce < 0.2) due to coulombic 

attraction between the charge separated products. However, in the presence of micelles composed of 

dihexadecylphosphate that have a negative surface charge, a significant cage escape yield was measured, 

fce < 0.8.475 This is due to the cationic methyl viologen associating with the negatively charged surface, 

thus after charge separation the anionic Zn porphyrin is repulsed from the surface enhancing cage escape 

yields. The addition of a positive charged liposomes formed with 1,2-dimyristoyl-sn-glycero-3-

ethylphosphocholine chloride (eDMPCCl) was also shown to have a significant increase on the cage escape 

yields (fce = 0.57) for similar reasons except in this case the anionic Zn porphyrin is associated to the 

liposome surface.476  

5) Conclusions 
 

It has been 90 years since the concept of a solvent cage was first introduced. The late Nicholas Turro 

referred to the solvent cage as the first example of supramolecular chemistry in the rich history of 

photochemistry.477 This review provides new insights into fascinating organization of solvents and ions that 

surround a radical pair. Three mechanisms were described for the generation of the radical pair: 1) light 

excitation of a stable molecule or ion to a dissociative or pre-dissociative excited state; 2) light-initiated 

electron transfer in a non-covalent donor-acceptor complex and 3) diffusional encounters of a photoexcited 

sensitizer with a redox active quencher. Ultrafast spectroscopic techniques have enabled a glimpse of the 

solvent cage for only the first two of these processes and have revealed some of the most rapid reactions 

known in all of chemistry. The encounter complex formed by diffusional encounters of a photosensitizer 

and a quencher are more elusive and have not yet been directly detected but are arguably the most important 

for emerging applications in solar energy conversion and photoredox catalysis. The breadth of 

photochemistry is remarkable, encompassing organic, main group, and transition metal complexes. 

In this section, an attempt is made to provide our state-of-the-art knowledge on solvent cages and cage 

escape that unite these three photochemical generation mechanisms. Some might argue that such attempts 

are in vain as cage escape is indeed nuanced and oftentimes very specific to a reaction type. Such arguments 

have merit. The age-old challenge in scientific research of fixing all parameters and varying only one is 
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exceedingly difficult, particularly for elusive solvent cages. Yet by bringing together seven factors that have 

been identified to impact cage escape, a researcher can select which are most appropriate for their own 

applications. In doing so the researcher is advised that often times these factors of electron spin, magnetic 

fields, non-covalent interactions, temperature, distance, free energy, and solvent are inherently coupled and 

should not be treated as individual contributions that can be simply added to predict cage escape behavior.  

Critical analysis of what is truly known about these factors, and perhaps more importantly what is 

unknown, in this important research area may guide research toward a molecular understanding of solvent 

cages. Indeed, it is our hope that such analysis will inspire future researchers to develop the supramolecular 

chemistry of solvent cages so as to enable quantitative release of desired products through the specifically 

designed “windows” alluded to in the Introduction of this review. Such next generation solvent cages will 

likely require more complexity than solvent molecules alone can provide, with ionizable groups and 

hydrophobic/hydrophilic regions like those found in biology. Hence it seems appropriate to drop the word 

‘solvent’ and simply refer to cages for many applications in photochemistry. We conclude this section with 

specific examples that provide new opportunities for advancing our understanding of cage escape. 

5.1) Spin 
The early work on oxidative quenching of porphyrins provided compelling evidence that spin matters: 

triplet states provide nearly quantitative cage escape, singlets negligibly small.166-168, 478 The quantitative 

cage escape of CO after light excitation of carboxy hemes is also likely a result of a spin change at the iron 

center.258, 273-274 Hence the well-known spin selection rule in spectroscopy is clearly relevant to the charge 

recombination reaction and hence the cage escape yield. 

Unfortunately, spin is a poor quantum number for many classes of photosensitizers and quenchers. In 

particular, the presence of a heavy atom induces significant spin-orbit coupling that effectively mixes spin 

states. For a photosensitizer with a singlet excited state, such quantum mechanical mixing may enhance the 

cage escape yield while for triplet photosensitizers the yields become smaller. This provides opportunities 

for photosensitizer design where the introduction of pure triplet acceptor states physically remote from 

heavy atoms can enhance cage escape yields, such as ligands that contain an anthracene group. Quenchers 

can also be custom designed at the molecular level to enhance cage escape from singlet excited states where 

the presence and the position of a heavy atom quencher has been shown to have a significant impact.  

The impact of spin-orbit coupling can be subtle and there are aspects that deserve additional study. For 

example, in the well-studied family of photosensitizers based on [Ru(bpy)3]2+, this review found only two 

special example where oxidative quenching gave rise to a cage escape yield of unity. These ‘special cases’ 
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involved a Cu(II) donor that is expected to have large structural changes associated with reduction and 4-

nitrobenzene diazonium that is expected to release N2 upon reduction. In contrast, several examples of 

quantitative cage escape after reductive quenching have been reported. If spin-orbit coupling mixes the 

singlet and triplet states and this is the main determinant in cage escape yields, why would reductive 

quenching give rise to higher yields than oxidative quenching? Some authors have attributed this to the 

molecular orbitals involved in the charge recombination reaction.372 Oxidative quenching formally yields a 

Ru(III) acceptor, while reductive quenching yields a reduced bipyridine radical anion that is distant from 

the metal center. The reduced bipyridine ligand (specifically [Ru(deeb)2(deeb–)]+) was proposed to be less 

susceptible to spin-orbit coupling and hence present as a purer triplet state that allows quantitative cage 

escape. This points to quantitative cage escapes after reductive quenching of heavy metal photosensitizers, 

if this observation is generalizable to other metal-ligand photosensitizers. This interpretation indicates that 

the excited state itself does not determine the spin state of the primary pair and raises questions about when 

the spin state of the primary pair is determined. In addition, how much coupling between a heavy metal and 

a redox active ligand/quencher is required to invoke significant spin orbit coupling? The answers to these 

questions are relevant to our understanding of spin effects in cage escape and to the design of next 

generation photosensitizers with enhanced cage escape yields after both oxidative and reductive quenching. 

Studies of the external heavy atom effect, where heavy atoms that are not oxidized or reduced impact 

the cage escape yield, continue to be of interest. The external heavy atom effect is well known in 

photochemistry and has long been used to enhance phosphorescence from triplet states of organic 

molecules. The published data demonstrate quite convincingly that heavy atom additives become part of 

the solvent cage and thereby impact the yield.51, 82, 429 Solution properties such as the viscosity and dielectric 

constants inherent to the original Noyes model need to be taken into account in addition to spin orbit 

coupling, especially when the heavy atoms are present in high concentrations and selectively solvate the 

reactants or products.  

5.2) Magnetic Fields 
 The fact that the internal magnetic field impacts cage escape yields suggested early on that an 

external field would also have an impact. This has been borne out through experiment. Three different 

mechanisms have been identified by which an external field can impact cage escape, only one of which 

enhances the yield. The enhancement of cage escape yields occurs with small magnetic fields that can be 

introduced with an inexpensive permanent magnet for practical applications, although according to reported 

data, the impact has been small. Perhaps the most significant impact of magnetic field studies is in 
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enhancing our fundamental understanding of cage escape for specific photosensitizer-quencher systems. 

For example, the role an external heavy atom has on cage escape is better understood when yields are 

measured in the presence and absence of an external field. The observation of nuclear polarization in 

diamagnetic products from the primary radical pair (CIDNP) has been realized and could be further 

developed to provide quantitative information on cage escape.172, 189  

5.3) Non-Covalent Interactions 
There is compelling evidence that non-covalent forces in the primary radical pair impact cage escape 

yields. In particular, photosensitizers that ion-pair with quenchers in the ground state with favorable 

electrostatic interactions in the charge separated state usually give rise to very low cage escape yields.88, 386, 

392 These yields may be enhanced when one of the partners in the charge-separated state is neutral. In the 

well-studied oxidative quenching of [Ru(bpy)3]2+ by MV2+, specific anion and ionic strength dependencies 

have been documented.83-84, 395, 413, 422, 479-480 The +1 charge on each partner in the charge separated state 

provides a Coulombic incentive for cage escape. At high ionic strengths the cage escape yields decrease, 

behavior attributed to screening of these charges by ions in the solvent cage. Studies where the cation 

identity was fixed and the anion was varied, and vice-versa, have revealed that it is indeed the anion that 

was responsible for the decreased yields by imposing larger reorganization energies and slowing charge 

recombination rates. 

The p-p interactions in 1:1 aromatic photosensitizer:quencher pairs are clearly relevant to cage 

escape. In some cases, these interactions are so strong that new intermolecular electronic transitions appear; 

light excitation in resonance with these transitions generate contact radical ion pairs that have significantly 

lower cage escape yields than does direct light excitation of the photosensitizer. Further, the introduction of 

functional groups that decrease the magnitude of the p-p interactions result in more efficient cage escape.96, 

311-321, 328-329  

Other non-covalent interactions such as H-bonding, halogen bonding, and van der Waals forces are 

also likely to be important for cage escape. Photosensitizers with H-bonding groups designed to associate 

with specific quenchers have been reported, however Coulombic forces are also operative, and it has been 

difficult to disentangle the two non-covalent interactions.118 A recent thermochemical analysis has indicated 

that non-covalent forces other than Coulombic must be operative. Future study in this direction provides 

opportunities to tailor cages for enhanced escape. 
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5.4) Temperature 
 Relatively few studies have reported the temperature dependence of cage escape, those that have 

noticed a significant increase in yield with temperature. In principle, temperature could impact both the 

geminate recombination rate constant and diffusion from the cage. The available literature for diffusional 

quenching of excited states as well as for population of dissociative excited states, indicate that diffusion 

out of the cage is enhanced and is the primary determinant in the larger cage escape yields measured at high 

temperatures.381, 422 Such behavior can be understood as temperature impacting the viscosity of the solution 

as defined in the early Noyes model. Indeed, early studies of photodissociative excited states attempts were 

made to extract the ratio of activation energies for diffusion and charge recombination by accounting for 

the temperature dependent viscosity. It is unclear how successful this approach was. As thermal effects are 

difficult to avoid and are certainly present in any spectroscopic measurement, further analysis of the 

temperature dependence of cage escape seems warranted. 

5.5) Distance 
 The Noyes model specifically invoked the radical pair distance as a key to predicting cage escape 

yields. Marcus theory indicates that both the reorganization energy and the electronic coupling favor charge 

recombination at short distances. Hence one would predict that an obvious way to enhance cage escape 

yields would be to increase the distance. In early studies of dissociative excited states this was accomplished 

by release of a stable small molecule between the photogenerated radical pairs, like in the cross-over studies 

described of diazomethane and perdeutero diazomethane where N2 was released. Higher cage escape yields 

have been realized through the introduction of steric groups in p-p interactions of aromatic charge-

separated states that have been reasonably attributed to decreased electronic coupling relative to control 

studies with aromatic molecules that did not contain the bulky substituents. 

 There is also data that indicates distance is important in diffusional charge separation. Bulky 

pyridinium electron acceptors generally gave rise to larger cage escape yields after oxidative quenching.416, 

481 Likewise, eight-coordinate metal cyano quenchers gave larger cage escape yields for reductive 

quenching of excited states than did six-coordinate cyano complexes.384 As the Gibbs free energy change 

was also impacted in these comparative studies, it is not possible to assign these differences completely to 

the distance between the radical pairs. Nevertheless, all existing theoretical models predict higher cage 

escape yields at larger separations and future research in this area is hence likely to be fruitful. 

5.6) Free Energy 
 Many cage escape studies have attempted to quantify the Gibbs free energy dependence of geminate 

charge recombination. The most compelling data is for the p-p interactions in 1:1 aromatic 
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photosensitizer:quencher pairs.314 Across three types of p quenchers over an appreciable change in the 

driving force, good agreement with the semiclassical Marcus expression was obtained with geminate charge 

recombination occurring in the Marcus kinetic inverted region.316, 332 The Marcus analysis provided 

estimates of both the electronic coupling and the reorganization energy for geminate recombination. It is 

noteworthy that in several cases, the p-p adducts were sufficiently stable that the recombination reaction 

could be directly quantified by ultrafast absorption spectroscopy. 

 For diffusional excited-state quenching, the transiently formed encounter complex has not been 

directly observed through spectroscopic measurements. Instead, the charge recombination rate constant has 

been extracted from the measured cage escape yield. This is typically done by calculation of the rate 

constant for diffusion out of the solvent cage, kce, usually with the Eigen expression. For a homologous 

series of quenchers, a single value of kce was often assumed. Plots of kcr obtained in this fashion versus –

DG have given mixed results, some showing little free energy dependence while other showing evidence 

for normal electron transfer with rate constants that saturate at large driving forces or even show a hint of 

Marcus kinetic inverted behavior. In principle, this approach is attractive as geminate recombination is not 

subject to the diffusional contributions described in the first section of this review. In practice however, the 

unknown structure of the encounter complex and the likelihood for charge recombination occurring over a 

range of distances and orientations, especially when the free energy change is large, make this data difficult 

to interpret. For this reason, this review emphasized analysis of the measured cage escape yields as a 

function of the driving force, rather than charge recombination rate constants that were extracted from the 

yield measurements. Clearly an improved understanding of the encounter complex structure would enable 

greater insights into the free energy dependence of charge recombination. 

5.7) Solvent 
 Both Marcus theory and the Noyes model predict that cage escape yields should be highly solvent 

dependent. This is indeed the case. However, understanding why a specific solvent impacts a particular cage 

escape yield is exceedingly difficult. Indeed, comparative studies where the photosensitizer and quencher 

are held constant and the solvent is changed are often difficult to understand or quantitatively model. A 

change in solvent may impact all three Marcus parameters in a manner that are often times impossible to 

disentangle. Two solvent parameters have emerged as being the most relevant to cage escape, the dielectric 

constant and the viscosity. Below the impact of these two quantities on cage escape are summarized. 

Recall that the dielectric constant ε, or relative permittivity, is the factor by which the electric field 

between two points charges in the material is decreased relative to vacuum. The dielectric constant is also 
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related qualitatively to the solvent polarity, as it is directly proportional to the electric susceptibility χE, the 

degree of polarization in response to an applied electric field. Solvents with a high ε tend to stabilize more 

polar transition states.482 This stabilization has been correlated with the solvent “caging effect”,226 where 

nonpolar solvents like chloroform are proposed to form a “weaker cage” than a highly polar solvent like 

water.219, 221 Perhaps more intuitively, the dielectric constant is a measure of the solvent ability to stabilize 

the charge-separated radical pair that directly impacts cage escape. A low dielectric constant like 

dichloromethane does not stabilize the classical [Ru(bpy)33+; MV•+] as effectively as does water, thereby 

favoring cage escape over charge recombination.361-362 In contrast, a charge separated pair comprised of an 

anion and a cation would be held together more tightly in a low dielectric solvent thereby favoring charge 

recombination. Hence when considering the impact of the solvent dielectric constant on cage escape yields, 

many of the same factors described above for noncovalent interactions arise.   

 The viscous drag associated with radicals leaving the solvent cage is central to the early Noyes 

model for cage escape that were in turn inspired by the original Franck and Rabinowitch publication. Indeed, 

early studies of iodine photodissociation clearly showed that the yield of iodine atoms decreased when a 

viscogen was present in the solvent that increased the solution viscocity. These researchers were cognizant 

of the fact that the added viscogen might preferentially solvate the primary pair of radicals and selected 

them carefully to have chemical structures similar to that of the solvent. There is now little doubt that 

increased solution viscosity lowers the cage escape yield. However, this knowledge did not have predictive 

power. In other words, knowledge of the cage escape yield for a solvent/viscogen mixture with a measured 

viscosity in cP did not allow one to predict the cage escape yield in another solvent/mixture. 

 A breakthrough was realized when the diffusion coefficients were measured directly in the 

solvent/viscogen mixture using NMR spectroscopy.233-237 The reciprocal of the measured diffusion 

coefficient was shown to scale directly with the cage escape yield and enabled predictions of cage escape 

yield to be made in alternative solutions provided that the diffusion coefficient was known. This advance 

was realized for measured cage escape yields after light excitation of bimetallic complexes to dissociative 

excited states. The diffusion coefficients of the radicals themselves were not measured, but rather a 

diamagnetic surrogate with similar structure, size and charge. Extension of this work to diffusional 

quenching of excited states would certainly be of interest. Further, electrochemical techniques exist that 

oftentimes allow the diffusion coefficient of the radical itself to be measured.483 Hence electrochemical and 

NMR studies are expected to provide insights into cage escape yields and provide a means to improve our 

understanding of diffusion in practically useful solutions.  
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5.8) Dissociative Excited States 
 Light excitation of molecules to dissociative or pre-dissociative excited states represented the first 

tests of the cage effect that were summarized in Section 3 of this review. There is good reason to believe 

that a renaissance will occur in this research area and there is little doubt that continued study will afford 

insights into the processes that occur within cages from which new applications will emerge. Unlike the 

solvent cages formed by diffusional encounters of excited states and quenchers that have precluded our 

detection, the cage surrounding primary radical pairs generated by ground state excitation have been directly 

probed. This breakthrough was first demonstrated after pulsed light excitation of iodine some 50 years 

ago.200 The application of ultrafast kinetic measurements with state-of-the-art spectroscopic tools should 

continue to provide critically important details of the kinetics for bond rupture and formation within cages. 

Such data would allow rigorous testing of the Noyes model199 as well as its extension to more modern 

theories such as that of Marcus described herein33-34, 484 as well as those that explicitly account for the bond 

dissociation energy.485-486 

 Dissociative excited states often generate radical species that drive subsequent redox reactions 

relevant to organic synthesis, health care, and environmental remediation. Some brief examples of each are 

given here that emphasize the importance of advancing our fundamental understanding of cages for these 

applications. The photogeneration of chlorine atoms provides a means to activate C-H bond bonds.23-24, 44, 

442  A discovery that would enable quantitative transfer of a caged chlorine atom to a specific C-H bond on 

a compound of interest would be of high impact and enable new chemistry. The recent Covid epidemic 

revealed the need for alternative chemistries competent of killing dangerous pathogens where the 

photochemistry of dissociative excited states that generate potent oxidants holds considerable promise. Of 

relevance to environmental chemistry is the critical need to remove plastics and other manmade organic 

pollutants from our waterways. Here too photochemistry and the cage effect will play an important role.  

The rupture of strong C-C or C-X, where X = Cl or F, bonds requires high energy photons that have 

historically been limited to ultraviolet light.23-24 Recent advances in photon up-conversion suggest that this 

photochemistry may one day soon be accessed by visible photons.487-491 

 The dissociative excited states of hemes, cobalamins, and other transition metals in biology continue 

to provide opportunities to probe the pathways that natural evolution has provided for small molecule 

exchange and activation.254-257 A more detailed understanding of dissociative excited states in synthetic 

transition metal complexes is also needed as ligand loss photochemistry has important applications in  

synthetic chemistry and in medicine.207,208 In addition, knowledge of how best to optimize such 
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photochemistry will likely provide insights into avoiding ligand loss that represent unwanted reactivity for 

the development of first-row transition metal photosensitizers competent of diffusional quenching.59, 450, 492-

496 Hence, a more detailed knowledge of dissociative excited states in synthetic and naturally occurring 

transition metal complexes may one day allow the rationale design windows that enable quantitative release 

of ligands from dissociative excited states and caged redox equivalents from long-lived excited states. 

5.9) Opportunities for Future Study of Solvent Cages and Cage Escape Processes  
 

The examples reported in this review reveal the intense interest in bimolecular excited-state electron 

transfer, yet does not provide a comprehensive model that would enable one to predict cage escape yields.  

This is unfortunate and future research should be directed towards this goal. Many literature studies focused 

on cage escape yields measured as a function of the thermodynamic driving force for geminate charge 

recombination. Some reported a free energy dependence while others did not. It is not clear why. Clearly, 

other important factors exist. Inorganic photosensitizers have been investigated in considerable detail, but 

more than 80% of this literature focused on [Ru(bpy)3]2+, which raises questions about the generality of the 

findings. Remarkably few studies have utilized synthetic chemistry to tune the photosensitizer structure as 

a means to control cage escape yields which provides new opportunities for future studies. This and other 

avenues of future research are given in Figure 50 and are discussed briefly below. 
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Figure 50. Opportunities for future research in solvent cages and cage escape. A) Spin and molecular orbitals involved 
in the electron transfer process where both the excited state spin as well as the molecular orbital can impact cage-
escape yields. B) Photosensitizer design where the excited-state structure is controlled with sterically bulky groups 
to control the geometry of the encounter complex cage. C) The impact of static and dynamic quenching on cage 
escape yields where a specific binding group (orange color) is used to trap the quencher (purple sphere) close to 
(right) or far from (left) the recombination center. D) Supramolecular assemblies using micelles to control 
electrostatic repulsion/attraction and impact cage escape.  
 

Spectroscopic techniques and theoretical calculations. Advances in spectroscopic techniques are 

needed to directly probe the cage(s) formed after diffusional interactions of an excited photosensitizer with 

a quencher. Electron transfer within these cages, unlike those present after visible light excitation of I2, have 

not yet been directly measured. Important questions exist about the electronic coupling and reorganization 

energy for electron transfer and how they are related to the solvent cage structure(s). The development of 

new spectroscopic and computational tools that enable visualization of these solvent cages are hence 

N
N

N
N

RuIII

N

N N
N

N
N

RuII

N

N

N

N

N

N

N
B–

N

N

NN
B–

NFeIII
N

N

2+

2+ +

N

N

N

N

N
B–

N

N

NN
B–

NFeII
N

N

+

N

N

N

N

N
B–

N

N

NN
B–

NFeII
N

N

0

A) Spin and Orbitals Involved in the Electron Transfer Process

*

*

C) Static and Dynamic Quenching Using Specific Binding Sites

N
N

N
N

RuIII

N
N

N
N

2+

N
N

N
N

RuIII

N
N

N
N

2+

N
N

N
N

RuIII

N

N

3+

d5 Electronic Configuration
Oxidized Ligand

Charge Recombination
 to Oxidized Ligand

d5 Electronic Configuration
Oxidized Metal Center
Charge Recombination

  to Oxidized Metal

MLCT Excited State
d5 Electronic Configuration

Reduced Ligand

LMCT Excited State
d6 Electronic Configuration

Reduced Metal Center

d6 Electronic Configuration
Reduced Ligand

Charge Recombination
  from Reduced Ligand

d6 Electronic Configuration
Reduced Metal Center
Charge Recombination
  from Reduced Metal

Oxidative Quenching Excited State Reductive Quenching

D) Supramolecular assemblies

N
N

N
N

RuII

N
N

N
N

2+

Q

X

2+

Q Q•+

Bulky
Group

N
N

N
N

RuIII

N
N

N
N

Bulky
Group

+

N
N

N
N

RuII

N
N

N
N

Bulky
Group

B) Photosensitizer Design and Steric Bulk

Q

Q

Q

PS Localization

Q

Cationic Micelles

PS
PS

PS

PS

PS

+
+

+

+

+

+

Anionic MicellesNeutral Micelles

–

–

–

–

–
–

PSPS

PSPS

PS



   
 

118 
 

expected to be of high impact.194, 497-502 It would be of particular interest to understand why some geminate 

recombination processes are dependent on the free energy change for electron transfer while others are not.  

Spin and orbitals involved in the electron transfer processes. Electron spin has been shown to be a 

key contributor to cage escape yields.82, 172, 174, 189, 233, 349-350, 355-356, 365, 368, 372, 439, 503 Triplet states undergo 

efficient cage-escape while singlet and doublet states do not. The role of spin is more complicated when 

second- and third-row transition metal inorganic sensitizers are utilized as spin becomes a poor quantum 

number due to spin orbit coupling by the heavy metal center.   

Consider for example the oxidative and reductive quenching of MLCT and LMCT excited states 

shown in Figure 50A. For MLCT excited states, reductive excited-state electron transfer results in larger 

cage-escape yields than does oxidative quenching regardless of the thermodynamic driving force. At first 

glance, this seems counterintuitive. Oxidative quenching yields a Ru(III) center in a d5 electronic 

configuration whereas reductive electron transfer yields a Ru(II) center with an odd electron on a ligand. 

Hence geminate recombination after oxidative quenching requires electron tunneling through the diimine 

ligand(s). On the other hand, after reductive quenching, geminate recombination occurs with the reduced 

ligand that would reasonably be expected to have stronger coupling and a smaller reorganization barrier for 

electron transfer; yet the cage escape yield is typically much larger than that measured after oxidative 

quenching. As detailed in the last section, our present understanding of this behavior is qualitative and 

attributed to the degree of spin-orbit coupling in the geminate pair. Recombination to the heavy metal center 

after oxidative quenching has more singlet character than does recombination after reductive quenching 

where the reduced ligand is involved. The direct quantification of the spin state of the geminate pair would 

be impactful as would be the value of the singlet-triplet (S-T) energy gap. Computational study of the S-T 

splitting and spin orbit coupling for the geminate radical pair would thus provide new insight into the cage 

escape process. The available literature also suggests that photosensitizers with a pendant organic donor 

that facilitates intramolecular D-B-Mox à D+-B-Mred electron transfer after oxidative quenching would 

result in higher cage escape yields; studies of this type would also address questions concerning the optimal 

distance for quantitative cage escape from inorganic photosensitizers. 

Based on the known behavior of MLCT excited-state quenching, one would anticipate larger cage 

escape yields after oxidative quenching of an LMCT excited state relative to reductive quenching. This 

expectation has not been probed experimentally, in part because long lived LMCT excited states remain 

relatively rare. In one study of Fe(III) LMCT photosensitizers, high cage escape yields were measured after 

reductive quenching that increased when the solvent was changed from acetonitrile to dichloromethane.51, 
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429 The origin(s) of this solvent dependency, as well as that after oxidative quenching, remain unclear and 

may emanate from the spin state, the frontier orbitals, or both. We emphasize again that new spin flip Cr(III) 

photosenstizers, as well as those based on high spin ligand field states of iron, provide new opportunities to 

probe the roles of spin that go beyond the traditional singlets and triplets.  

Photosensitizer design. Surprisingly, there has been little effort to structurally modify the 

photosensitizer to enhance cage escape. Sterically bulky groups on two of the diimine ligands of an 

inorganic photosensitizer could be used to direct the quencher towards the third ligand as is shown 

generically in Figure 50B, for example. For an MLCT excited state with an electron localized on the 

unhindered ligand, the excited-state dipole could be directed towards the quencher and the impact on cage 

escape yields could thus be investigated. With the 2,2’-bipyrazine ligand shown and transition metal ion 

quenchers, the possibility exists for an inner-sphere electron transfer mechanism that may enhance charge 

separation relative to charge recombination. Careful mechanistic study of a series of photosensitizers with 

known steric and electronic structures would provide insights into the molecular details of the caged 

structure.  

Static Quenching Processes. Several examples were described in this review wherein static electron 

transfer in stable ground state photosensitizer-quencher adducts resulted in lower cage escape yields than 

those formed by diffusional (dynamic) interactions.96, 311-321, 431 It is not clear that this should always be the 

case. For example, one could envision an enhanced cage escape with an anionic donor that forms an adduct 

with the 2,2’-bipyrazine ligand shown in Figure 50C. After excited-state electron transfer, the dipole and 

charge provide an incentive for cage escape. The ability to tune the ground state adduct geometry and the 

physical location of the quencher can be directly measured by steady state techniques such as NMR 

spectroscopy. This would have immediate implications in the field of photoredox catalysis, for example, 

based on the pre-association of the photosensitizer and the quencher.  

Supramolecular assemblies and local environment. As covalent chemistry and photosensitizer 

design can be used to tune the structure of the encounter complex, so too can non-covalent interactions.  

Control of the local photosensitizer-quencher environment could provide valuable insight into the cage 

escape process and some of the unusual solvent dependencies that have been reported. Functional groups 

present on the photosensitizer that are competent of hydrogen bonding, p-stacking, and/or a cationic/anionic 

charge may tune cage escape yields in a rational manner. An avenue that deserves further investigation is 

the supramolecular assembly of photosensitizers within micelles or liposomes, Figure 50D.7, 404-405, 411 Such 

supramolecular assemblies provide unique opportunities for vectoral electron transfer that provides the 
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physical separation of the redox products and hence enhanced cage escape. In addition, local charges on the 

micelles or liposomes prove useful platforms for the study of coulombic attraction/repulsion on cage escape 

processes. 
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6) Appendices - Tables 
 
6.1) Tabulated values for the cage-escape yields of anthracene and acridinium derivatives 
 
Table 11 gathers the cage-escape yields of anthracene and acridinium derivatives with several quenchers 

and solvents. Electron transfer quenching sensitized by anthracene and acridinium derivatives occur 

primarily from singlet and triplet states. For a specific excited state description, see relevant reference(s). 

 

Table 11. Cage-escape yields (fce) of anthracene and acridinium derivatives. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 2,6,9,10-tetracyanoanthracene 1,2,3-trimethoxybenzene CH2Cl2 0.0014 324 
2 2,6,9,10-tetracyanoanthracene 1,2,3,4-tetramethylbenzene CH3CN 0.042 316 
3 2,6,9,10-tetracyanoanthracene 1,2,3,5-tetramethylbenzene CH3CN 0.041 316 
4 2,6,9,10-tetracyanoanthracene 1,2,4-trimethoxybenzene CH2Cl2 0.0017 324 
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5 2,6,9,10-tetracyanoanthracene 1,2,4-trimethylbenzene CH3CN 0.055 316 
6 2,6,9,10-tetracyanoanthracene 1,4-bis(1-pyrrolidinyl)benzene CH3CN 0.042 330 
7 2,6,9,10-tetracyanoanthracene 1,4-phenylendiamine CH2Cl2 0.0055 324 
8 2,6,9,10-tetracyanoanthracene 1,4-phenylendiamine CH3CN 0.075 324 
9 2,6,9,10-tetracyanoanthracene 2-methylnaphthalene CH3CN 0.072 316 

10 2,6,9,10-tetracyanoanthracene 2-methylphenanthrene CH3CN 0.120 316 
11 2,6,9,10-tetracyanoanthracene 2,6-dimethylnaphthalene CH3CN 0.059 316 
12 2,6,9,10-tetracyanoanthracene 3,3'-dimethylbiphenyl CH3CN 0.15 316 
13 2,6,9,10-tetracyanoanthracene 3,6-dimethylphenanthrene CH3CN 0.062 316 
14 2,6,9,10-tetracyanoanthracene 4-cyanoaniline CH2Cl2 0.0019 324 
15 2,6,9,10-tetracyanoanthracene 4-cyanoaniline CH3CN 0.0061 330 
16 2,6,9,10-tetracyanoanthracene 4-cyanoaniline CH3CN 0.0085 324 
17 2,6,9,10-tetracyanoanthracene 4,4'-dimethylbiphenyl CH3CN 0.066 316 
18 2,6,9,10-tetracyanoanthracene 5,8-dimethyltetrahydronaphthalene CH3CN 0.04 316 
19 2,6,9,10-tetracyanoanthracene aniline CH3CN 0.0093 330 
20 2,6,9,10-tetracyanoanthracene aniline CH3CN 0.021 324 
21 2,6,9,10-tetracyanoanthracene anisidine CH2Cl2 0.0020 324 
22 2,6,9,10-tetracyanoanthracene anisidine CH3CN 0.054 324 
23 2,6,9,10-tetracyanoanthracene biphenyl CH3CN 0.24 316 
24 2,6,9,10-tetracyanoanthracene BPB CH3CN 0.042 324 
25 2,6,9,10-tetracyanoanthracene cis-4-chlorostilbene CH3CN 0.029 317 
26 2,6,9,10-tetracyanoanthracene cis-4-cyanostilbene CH3CN 0.054 317 
27 2,6,9,10-tetracyanoanthracene cis-4-methoxy-stilbene CH3CN 0.023 317 
28 2,6,9,10-tetracyanoanthracene cis-4-methylstilbene CH3CN 0.019 317 
29 2,6,9,10-tetracyanoanthracene cis-4,4'-dimethylstilbene CH3CN 0.022 317 
30 2,6,9,10-tetracyanoanthracene cis-stilbene CH3CN 0.027 317 
31 2,6,9,10-tetracyanoanthracene durene CH3CN 0.041 316 
32 2,6,9,10-tetracyanoanthracene fluorene CH3CN 0.083 316 
33 2,6,9,10-tetracyanoanthracene hexamethylbenzene  CH2Cl2 0.0041 324 
34 2,6,9,10-tetracyanoanthracene hexamethylbenzene CH3CN 0.031 316 
35 2,6,9,10-tetracyanoanthracene m-xylene CH3CN 0.126 316 
36 2,6,9,10-tetracyanoanthracene mesitylene CH3CN 0.093 316 
37 2,6,9,10-tetracyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH2Cl2 0.015 324 
38 2,6,9,10-tetracyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.082 330 
39 2,6,9,10-tetracyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.086 324 
40 2,6,9,10-tetracyanoanthracene naphthalene CH3CN 0.12 316 
41 2,6,9,10-tetracyanoanthracene o-xylene CH3CN 0.122 316 
42 2,6,9,10-tetracyanoanthracene octahydroanthracene CH3CN 0.034 316 
43 2,6,9,10-tetracyanoanthracene octahydrophenanthrene CH3CN 0.037 316 
44 2,6,9,10-tetracyanoanthracene p-xylene CH3CN 0.077 316 
45 2,6,9,10-tetracyanoanthracene pentamethylbenzene CH3CN 0.035 316 
46 2,6,9,10-tetracyanoanthracene phenanthrene CH3CN 0.156 316 
47 2,6,9,10-tetracyanoanthracene tetracyanoethylene CH3CN 0.012 325 
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48 2,6,9,10-tetracyanoanthracene trans-4-chlorostilbene CH3CN 0.057 317 
49 2,6,9,10-tetracyanoanthracene trans-4-cyanostilbene CH3CN 0.11 317 
50 2,6,9,10-tetracyanoanthracene trans-4-methoxy-stilbene CH3CN 0.029 317 
51 2,6,9,10-tetracyanoanthracene trans-4-methylstilbene CH3CN 0.048 317 
52 2,6,9,10-tetracyanoanthracene trans-4,4'-dimethylstilbene CH3CN 0.043 317 
53 2,6,9,10-tetracyanoanthracene trans-stilbene CH3CN 0.053 317 
54 2,9,10-tricyanoanthracene 1,4-phenylenediamine CH3CN 0.044 324 
55 2,9,10-tricyanoanthracene 4-cyanoaniline CH3CN 0.008 330 
56 2,9,10-tricyanoanthracene 4-cyanoaniline CH3CN 0.008 324 
57 2,9,10-tricyanoanthracene aniline CH3CN 0.0069 330 
58 2,9,10-tricyanoanthracene aniline CH3CN 0.0072 324 
59 2,9,10-tricyanoanthracene anisidine CH3CN 0.017 324 
60 2,9,10-tricyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.06 330 
61 2,9,10-tricyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.06 324 
62 2,9,10-tricyanoanthracene tetracyanoethylene CH3CN 0.013 325 
63 3,9-dicyanophenanthrene benzyl viologen CH3OH 0.500 504 
64 3,9-dicyanophenanthrene methyl  viologen CH3OH 0.320 504 
65 3AcrCOO)* 4-bromophenol 0.1M 

NaHCO3(aq) 
0.32 505 

66 3AcrCOO)* 4-chlorophenol 0.1M 
NaHCO3(aq) 

0.76 505 

67 3AcrCOO)* 4-hydroxybenzoic acid 0.1M 
NaHCO3(aq) 

0.82 505 

68 9-Br-anthracene methyl viologen 0.1M TEAClO4 
(CH3CN)/CH2Cl2 

8/5  

0.74 82 

69 9-Br-anthracene methyl viologen 0.1M TEAClO4 
(CH3CN)/CH3I 

8/5 

0.3 82 

70 9-cyanoanthracene 1,4-diazabicyclo[2.2.2]octane (DABCO) CH3CN <0.08 163 
71 9-cyanoanthracene 1,4-phenylendiamine CH3CN 0.0078 324 
72 9-cyanoanthracene 4-cyanoaniline CH3CN 0.032 330 
73 9-cyanoanthracene 4-cyanoaniline CH3CN 0.12 324 
74 9-cyanoanthracene aniline CH3CN 0.12 330 
75 9-cyanoanthracene aniline CH3CN 0.021 324 
76 9-cyanoanthracene anisidine CH3CN 0.007 324 
77 9-cyanoanthracene benzyl viologen CH3OH 0.042 504 
78 9-cyanoanthracene methyl  viologen CH3OH 0.071 504 
79 9-cyanoanthracene N,N-dimethylaniline CH3CN <0.08 163 
80 9-cyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN <0.01 330 
81 9-cyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.02 324 
82 9-cyanoanthrance trans-stilbene CH3CN 0.71 317 
83 9-Me-anthracene methyl viologen 0.1M TEAClO4 

(CH3CN)/CH2Cl2 
8/5 

1 82 

84 9-Me-anthracene methyl viologen 0.1M TEAClO4 
(CH3CN)/CH3I 

8/5 

0.7 82 
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85 9,10-dicyanoanthracene (2E,4E)-2,4-hexadiene CH3CN 0.027 323 
86 9,10-dicyanoanthracene 1-azabicyclo[2.2.2]octane (ABCO) CH3CN <0.007 323 
87 9,10-dicyanoanthracene 1-methylcyclohexene CH3CN 0.01 323 
88 9,10-dicyanoanthracene 1,2,3-trimethoxybenzene CH3CN 0.008 323 
89 9,10-dicyanoanthracene 1,2,3,4-tetramethylenzene CH3CN 0.28 316 
90 9,10-dicyanoanthracene 1,2,3,5-tetramethylbenzene CH3CN 0.274 316 
91 9,10-dicyanoanthracene 1,2,4-trimethoxybenzene CH2Cl2 0.0020 324 
92 9,10-dicyanoanthracene 1,2,4-trimethoxybenzene CH3CN 0.016 323 
93 9,10-dicyanoanthracene 1,2,4-trimethylbenzene CH3CN 0.392 316 
94 9,10-dicyanoanthracene 1,2,4,5-tetra-iso-propylbenzene 1,2-

dichlorobenzene 
0.026 322 

95 9,10-dicyanoanthracene 1,2,4,5-tetra-iso-propylbenzene Butyronitrile 0.69 322 
96 9,10-dicyanoanthracene 1,2,4,5-tetra-iso-propylbenzene CH2Cl2 0.23 322 
97 9,10-dicyanoanthracene 1,2,4,5-tetra-iso-propylbenzene CH3CN 0.51 322 
98 9,10-dicyanoanthracene 1,2,4,5-tetra-iso-propylbenzene THF 0.046 322 
99 9,10-dicyanoanthracene 1,3,5-trimethoxybenzene CH3CN 0.032 323 

100 9,10-dicyanoanthracene 1,4-diazabicyclo[2.2.2]octane (DABCO) CH3CN <0.05 163 
101 9,10-dicyanoanthracene 1,4-diazabicyclo[2.2.2]octane (DABCO) CH3CN 0.024 323 
102 9,10-dicyanoanthracene 1,4-dimethoxybenzene CH3CN 0.02 323 
103 9,10-dicyanoanthracene 1,4-diphenylbutadiyne CH3CN 0.25 323 
104 9,10-dicyanoanthracene 1,4-phenylendiamine CH2Cl2 0.0008 324 
105 9,10-dicyanoanthracene 1,4-phenylendiamine CH3CN 0.034 324 
106 9,10-dicyanoanthracene 2-butylamine CH3CN <0.012 323 
107 9,10-dicyanoanthracene 2-methoxyethylamine CH3CN <0.01 323 
108 9,10-dicyanoanthracene 2-methoxynaphthalene CH3CN 0.057 323 
109 9,10-dicyanoanthracene 2-methylbut-2-ene CH3CN 0.012 323 
110 9,10-dicyanoanthracene 2-methylbuta-1,3-diene CH3CN 0.043 323 
111 9,10-dicyanoanthracene 2-methylnaphthalene CH3CN 0.37 316 
112 9,10-dicyanoanthracene 2-methylphenanthrene CH3CN 0.56 316 
113 9,10-dicyanoanthracene 2,3-dimethylbut-2-ene CH3CN <0.007 323 
114 9,10-dicyanoanthracene 2,3-dimethylbuta-1,3-diene CH3CN 0.046 323 
115 9,10-dicyanoanthracene 2,4-dimethoxy-N,N-dimethylaniline CH3CN 0.004 323 
116 9,10-dicyanoanthracene 2,5-dimethylhexa-2,4-diene CH3CN 0.017 323 
117 9,10-dicyanoanthracene 2,6-dimethylnaphthalene CH3CN 0.32 316 
118 9,10-dicyanoanthracene 3,3'-dimethylbiphenyl CH3CN 0.062 316 
119 9,10-dicyanoanthracene 3,4-dimethoxy-N,N-dimethylaniline CH3CN 0.004 323 
120 9,10-dicyanoanthracene 3,6-dimethylphenanthrene CH3CN 0.32 316 
121 9,10-dicyanoanthracene 4-bromo-N,N-dimethylaniline CH3CN 0.01 309 
122 9,10-dicyanoanthracene 4-bromoaniline CH3CN 0.005 309 
123 9,10-dicyanoanthracene 4-bromonisole CH3CN 0.016 309 
124 9,10-dicyanoanthracene 4-chloro-N,N-dimethylaniline CH3CN 0.011 309 
125 9,10-dicyanoanthracene 4-chloroaniline CH3CN 0.004 309 
126 9,10-dicyanoanthracene 4-chloroanisole CH3CN 0.071 309 
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127 9,10-dicyanoanthracene 4-cyanoaniline CH2Cl2 0.0054 324 
128 9,10-dicyanoanthracene 4-cyanoaniline CH3CN 0.012 330 
129 9,10-dicyanoanthracene 4-cyanoaniline CH3CN 0.012 324 
130 9,10-dicyanoanthracene 4-iodo-N,N-dimethylaniline CH3CN 0.018 309 
131 9,10-dicyanoanthracene 4-iodoaniline CH3CN 0.006 309 
132 9,10-dicyanoanthracene 4-iodoanisole CH3CN 0.006 309 
133 9,10-dicyanoanthracene 4-methylpenta-1,3-diene CH3CN 0.023 323 
134 9,10-dicyanoanthracene 4,4'-dimethylbiphenyl CH3CN 0.37 316 
135 9,10-dicyanoanthracene 5,8-dimethyltetrahydronaphthalene CH3CN 0.248 316 
136 9,10-dicyanoanthracene aniline CH3CN 0.003 330 
137 9,10-dicyanoanthracene aniline CH3CN 0.003 324 
138 9,10-dicyanoanthracene aniline CH3CN 0.003 309 
139 9,10-dicyanoanthracene aniline CH3CN 0.012 323 
140 9,10-dicyanoanthracene anisidine CH3CN 0.016 324 
141 9,10-dicyanoanthracene anisole CH3CN 0.055 324 
142 9,10-dicyanoanthracene anisole CH3CN 0.055 309 
143 9,10-dicyanoanthracene anisole CH3CN 0.11 323 
144 9,10-dicyanoanthracene benzyl viologen CH3OH 0.071 504 
145 9,10-dicyanoanthracene benzylamine CH3CN 0.008 323 
146 9,10-dicyanoanthracene biphenyl CH3CN 0.83 316 
147 9,10-dicyanoanthracene biphenyl CH3CN 0.41 323 
148 9,10-dicyanoanthracene cis-4-chlorostilbene CH3CN 0.019 317 
149 9,10-dicyanoanthracene cis-4-cyanostilbene CH3CN 0.39 317 
150 9,10-dicyanoanthracene cis-4-methoxy-stilbene CH3CN 0.032 317 
151 9,10-dicyanoanthracene cis-4-methylstilbene CH3CN 0.077 317 
152 9,10-dicyanoanthracene cis-4,4'-dimethylstilbene CH3CN 0.048 317 
153 9,10-dicyanoanthracene cis-stilbene CH3CN 0.14 317 
154 9,10-dicyanoanthracene cyclohexa-1,4-diene CH3CN 0.06 323 
155 9,10-dicyanoanthracene cycloocta-1,3-diene CH3CN 0.036 323 
156 9,10-dicyanoanthracene diethylamine CH3CN 0.0055 323 
157 9,10-dicyanoanthracene durene 1,2-

dichlorobenzene 
0.0014 322 

158 9,10-dicyanoanthracene durene Butyronitrile 0.22 322 
159 9,10-dicyanoanthracene durene CH2Cl2 0.0043 322 
160 9,10-dicyanoanthracene durene CH3CN 0.239 316 
161 9,10-dicyanoanthracene durene CH3CN 0.16 323 
162 9,10-dicyanoanthracene durene CH3CN 0.19 322 
163 9,10-dicyanoanthracene durene THF 0.0034 322 
164 9,10-dicyanoanthracene fluorene CH3CN 0.49 316 
165 9,10-dicyanoanthracene fluorene CH3CN 0.194 323 
166 9,10-dicyanoanthracene hexaethylbenzene 1,2-

dichlorobenzene 
0.083 322 

167 9,10-dicyanoanthracene hexaethylbenzene Butyronitrile 0.34 322 
168 9,10-dicyanoanthracene hexaethylbenzene CH2Cl2 0.14 322 
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169 9,10-dicyanoanthracene hexaethylbenzene CH3CN 0.33 322 
170 9,10-dicyanoanthracene hexaethylbenzene THF 0.063 322 
171 9,10-dicyanoanthracene hexamethylbenzene 1,2-

dichlorobenzene 
0.0022 322 

172 9,10-dicyanoanthracene hexamethylbenzene Butyronitrile 0.072 322 
173 9,10-dicyanoanthracene hexamethylbenzene CH2Cl2 0.0048 322 
174 9,10-dicyanoanthracene hexamethylbenzene CH3CN 0.078 316 
175 9,10-dicyanoanthracene hexamethylbenzene CH3CN 0.079 322 
176 9,10-dicyanoanthracene hexamethylbenzene THF 0.011 322 
177 9,10-dicyanoanthracene mesitylene CH3CN 0.21 323 
178 9,10-dicyanoanthracene methyl  viologen CH3OH 0.079 504 
179 9,10-dicyanoanthracene n-butylamine CH3CN 0.012 323 
180 9,10-dicyanoanthracene N-methylaniline CH3CN 0.02 323 
181 9,10-dicyanoanthracene N,N-dimethylaniline CH3CN 0.01 324 
182 9,10-dicyanoanthracene N,N-dimethylaniline CH3CN <0.05 163 
183 9,10-dicyanoanthracene N,N-dimethylaniline CH3CN 0.01 309 
184 9,10-dicyanoanthracene N,N-dimethylaniline CH3CN 0.01 323 
185 9,10-dicyanoanthracene N,N-dimethylaniline CH3CN 0.01 323 
186 9,10-dicyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.026 330 
187 9,10-dicyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.029 324 
188 9,10-dicyanoanthracene N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN 0.008 323 
189 9,10-dicyanoanthracene naphthalene CH3CN 0.58 316 
190 9,10-dicyanoanthracene naphthalene CH3CN 0.12 323 
191 9,10-dicyanoanthracene octahydroanthracene CH3CN 0.203 316 
192 9,10-dicyanoanthracene octahydrophenanthrene CH3CN 0.209 316 
193 9,10-dicyanoanthracene p-terphenyl CH3CN >0.22 323 
194 9,10-dicyanoanthracene p-xylene CH3CN 0.33 323 
195 9,10-dicyanoanthracene pentamethylbenzene CH3CN 0.154 316 
196 9,10-dicyanoanthracene phenanthrene CH3CN 0.62 316 
197 9,10-dicyanoanthracene pyridine CH3CN <0.007 323 
198 9,10-dicyanoanthracene tetracyanoethylene CH3CN 0.016 325 
199 9,10-dicyanoanthracene trans-4-chlorostilbene CH3CN 0.27 317 
200 9,10-dicyanoanthracene trans-4-cyanostilbene CH3CN 0.53 317 
201 9,10-dicyanoanthracene trans-4-methoxy-stilbene CH3CN 0.052 317 
202 9,10-dicyanoanthracene trans-4-methylstilbene CH3CN 0.14 317 
203 9,10-dicyanoanthracene trans-4-trifluoromethylstilbene CH3CN 0.48 317 
204 9,10-dicyanoanthracene trans-4,4'-dimethylstilbene CH3CN 0.095 317 
205 9,10-dicyanoanthracene trans-a-methylstilbene CH3CN 0.11 323 
206 9,10-dicyanoanthracene trans-stilbene CH3CN 0.26 317 
207 9,10-dicyanoanthracene trans-stilbene CH3CN 0.12 323 
208 9,10-dicyanoanthracene triethylamine CH3CN 0.004 323 
209 9,10-dimethoxyanthracene benzyl viologen CH3OH 0.160 504 
210 9,10-dimethoxyanthracene methyl  viologen CH3OH 0.280 504 
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211 9,10-dimethylanthracene benzyl viologen CH3OH 0.096 504 
212 9,10-dimethylanthracene methyl  viologen CH3OH 0.220 504 
213 9,10-diphenylanthracene benzyl viologen CH3OH 0.060 504 
214 9,10-diphenylanthracene methyl  viologen CH3OH 0.140 504 
215 9,10-diphenylanthracene tetracyanoethylene CH3CN 0.062 325 
216 9,10-diphenylanthracene trans-1,2-dicyanoethylene CH3CN 0.047 325 
217 a,h-dibenzanthracene m-dicyanobenzene CH3CN 0.65 327 
218 a,h-dibenzanthracene m-dinitrobenzene CH3CN 0.05 394 
219 a,h-dibenzanthracene m-dinitrobenzene MeOH 0.5 394 
220 a,h-dibenzanthracene m-nitrobenzene CH3CN 0.05 394 
221 a,h-dibenzanthracene m-nitrobenzene MeOH 0.5 394 
222 a,h-dibenzanthracene p-chloronitrobenzene CH3CN 0.1 394 
223 a,h-dibenzanthracene p-chloronitrobenzene MeOH 0.6 394 
224 a,h-dibenzanthracene p-dicyanobenzene CH3CN 1 327 
225 a,h-dibenzanthracene p-nitrobenzaldehyde CH3CN 0.1 394 
226 a,h-dibenzanthracene p-nitrobenzaldehyde MeOH 0.6 394 
227 Acriflavine 4-bromoaniline CH3CN 0.7 308 
228 Acriflavine 4-chloroaniline CH3CN 0.78 308 
229 Acriflavine 4-iodoaniline CH3CN 0.49 308 
230 Acriflavine aniline CH3CN 0.82 308 
231 N-methylacridinium 1-bromo-2,3-dimethylbenzene CH3CN 0.19 504 
232 N-methylacridinium 1,2-dimethoxybenzene CH3CN 0.0062 504 
233 N-methylacridinium 1,2,3,4-tetramethylbenzene CH3CN 0.054 315 
234 N-methylacridinium 1,2,3,5-tetramethylbenzene CH3CN 0.049 315 
235 N-methylacridinium 1,2,4-trimethoxybenzene CH3CN 0.013 504 
236 N-methylacridinium 1,2,4-trimethylbenzene CH3CN 0.084 315 
237 N-methylacridinium 1,3,5-trimethylbenzene CH3CN 0.19 504 
238 N-methylacridinium 1,4-dimethoxybenzene CH3CN 0.0096 504 
239 N-methylacridinium 1,4-dimethyltetrahydronaphthalene CH3CN 0.051 315 
240 N-methylacridinium 1,4-phenylenediamine CH3CN 0.45 504 
241 N-methylacridinium 4-bromo-N,N-dimethylaniline CH3CN 0.070 504 
242 N-methylacridinium 4-bromoanisole CH3CN 0.035 504 
243 N-methylacridinium 4-bromobiphenyl CH3CN 0.20 504 
244 N-methylacridinium 4-bromotoluene CH3CN 0.22 504 
245 N-methylacridinium 4-cyanoaniline CH3CN 0.010 504 
246 N-methylacridinium aniline CH3CN 0.013 504 
247 N-methylacridinium anisidine CH3CN 0.065 504 
248 N-methylacridinium anisole CH3CN 0.035 504 
249 N-methylacridinium biphenyl CH3CN 0.10 504 
250 N-methylacridinium cis-stilbene CH3CN 0.023 317 
251 N-methylacridinium diphenylamine CH3CN 0.058 504 
252 N-methylacridinium durene CH3CN 0.042 315 
253 N-methylacridinium hexamethylbenzene CH3CN 0.031 315 
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254 N-methylacridinium hexamethylbenzene CH3CN 0.021 504 
255 N-methylacridinium m-xylene CH3CN 0.27 315 
256 N-methylacridinium mesitylene CH3CN 0.19 315 
257 N-methylacridinium N,N-dimethylaniline CH3CN 0.038 504 
258 N-methylacridinium N,N,N’,N’-tetramethyl-1,4-phenylenediamine CH3CN 0.24 504 
259 N-methylacridinium o-xylene CH3CN 0.27 315 
260 N-methylacridinium o-xylene CH3CN 0.27 504 
261 N-methylacridinium octahydroanthracene CH3CN 0.039 315 
262 N-methylacridinium octahydrophenanthrene CH3CN 0.044 315 
263 N-methylacridinium p-xylene CH3CN 0.16 315 
264 N-methylacridinium p-xylene CH3CN 0.094 504 
265 N-methylacridinium pentamethylbenzene CH3CN 0.037 315 
266 N-methylacridinium trans-stilbene CH3CN 0.054 317 
267 perylene benzyl viologen CH3OH 0.12 504 

 
 
6.2) Tabulated values for the cage-escape yields of 1,2,4,5-tetracyanobenzene 
 
Table 12 gathers the cage-escape yields of 1,2,4,5-tetracyanobenzene with several quenchers and solvents. 

Electron transfer quenching sensitized by 1,2,4,5-tetracyanobenzene occur primarily from triplet states. For 

a specific excited state description, see relevant reference(s). 

Table 12. Cage-escape yields (fce) of 1,2,4,5-tetracyanobenzene. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 1,2,4,5-tetracyanobenzene benzene 1-methylethylalcohol 0.014 334 
2 1,2,4,5-tetracyanobenzene benzene 1,2-dichloroethane 0.003 334 

3 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 30/70 0.92 340 
4 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 40/60 0.86 340 

5 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 50/50 0.6 340 
6 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 60/40 0.51 340 

7 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 70/30 0.19 340 
8 1,2,4,5-tetracyanobenzene benzene benzene/ CH3CN 80/20 0.07 340 

9 1,2,4,5-tetracyanobenzene benzene benzene/CH3CN 100/0 0 340 
10 1,2,4,5-tetracyanobenzene benzene CH3CN 0.1 334 

11 1,2,4,5-tetracyanobenzene naphthalene 1,2-dichloroethane 0.024 334 
12 1,2,4,5-tetracyanobenzene naphthalene butyronitrile 0.031 334 

13 1,2,4,5-tetracyanobenzene naphthalene CH3CN 0.053 334 
14 1,2,4,5-tetracyanobenzene naphthalene diethylether 0.001 334 

15 1,2,4,5-tetracyanobenzene toluene 1,1,2,2-tetrachloroethane 0.05 334 
16 1,2,4,5-tetracyanobenzene toluene 1,2-dichloroethane 0.11 334 

17 1,2,4,5-tetracyanobenzene toluene 1,2-dichloroethane 0.003 334 
18 1,2,4,5-tetracyanobenzene toluene acetone 0.26 334 
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19 1,2,4,5-tetracyanobenzene toluene acetone 0.019 334 

20 1,2,4,5-tetracyanobenzene toluene CH2Cl2 0.07 334 
21 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 5% toluene 0.07 334 

22 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 10% toluene 0.04 334 
23 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 15% toluene 0.03 334 

24 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 20% toluene 0.02 334 
25 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 25% toluene 0.02 334 

26 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 30% toluene 0.01 334 
27 1,2,4,5-tetracyanobenzene toluene CH2Cl2 + 50% toluene 0.01 334 

28 1,2,4,5-tetracyanobenzene toluene CH3CN 0.1 334 
29 1,2,4,5-tetracyanobenzene toluene ethylacetate 0.03 334 

30 1,2,4,5-tetracyanobenzene toluene methyl ethyl ketone 0.23 334 
31 1,2,4,5-tetracyanobenzene toluene methylacetate 0.04 334 

 
6.3) Tabulated values for the cage-escape yields of polycyclic aromatic hydrocarbons 
 
Table 13 gathers the cage-escape yields of polycyclic aromatic hydrocarbons with several quenchers and 

solvents. Electron transfer quenching sensitized by polycyclic aromatic hydrocarbons derivatives occur 

primarily from singlet and triplet states. For a specific excited state description, see relevant reference(s). 

Table 13. Cage-escape yields (fce) of polycyclic aromatic hydrocarbons. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 1,12-Benzoperylene tetracyanoethylene CH3CN 0.035 325 

2 1,12-Benzoperylene trans-1,2-dicyanoethylene CH3CN 0.061 325 
3 Fluoranthene 1,2-dicyanoethylene CH3CN 0.074 325 

4 Perylene tetracyanoethylene CH3CN 0.019 325 
5 Perylene trans-1,2-dicyanoethylene CH3CN 0.14 325 

6 Perylene Perylene Acetone 0.003 339 
7 Perylene Perylene Acetonitrile 0.11 339 

8 Perylene Perylene DMSO 0.16 339 
9 Perylene Perylene EMIDCA (ionic liquid) 0.55 339 

10 Perylene Perylene BMIM (ionic liquid) 0.46 339 
11 Pyrene 1,2,4,5-tetracyanobenzene Acetone 0.68 337 

12 Pyrene 3-cyanopyridine CH3CN 0.49 327 
13 Pyrene diethyl isophthalate Acetone 0.43 337 

14 Pyrene diethyl phthalate Acetone 0.33 337 
15 Pyrene diethyl tetraphthalate Acetone 0.41 337 

16 Pyrene indole butyronitrile 0.24 506 
17 Pyrene indole CH3CN 0.37 506 

18 Pyrene indole EtOH 0.11 506 
19 Pyrene indole MeOH 0.22 506 
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20 Pyrene m-dicyanobenzene Acetone 0.65 337 

21 Pyrene m-dicyanobenzene CH3CN 0.8 327 
22 Pyrene m-nitrobenzaldehyde CH3CN 0.017 327 

23 Pyrene maleic anhydride Acetone 0.15 337 
24 Pyrene N,N-dimethylaniline 1,2-dichloroethane 0.04 334 

25 Pyrene N,N-dimethylaniline Acetone 0.344 334 
26 Pyrene N,N-dimethylaniline CH2Cl2 0.03 334 

27 Pyrene N,N-dimethylaniline CH3CN 0.5 334 
28 Pyrene N,N-dimethylaniline pyridine 0.08 334 

29 Pyrene o-dicyanobenzene Acetone 0.94 337 
30 Pyrene o-dicyanobenzene CH3CN 0.89 327 

31 Pyrene o-nitroanisole CH3CN 0 327 
32 Pyrene p-benzoquinone Acetone 0.63 337 

33 Pyrene p-chlorobenzonitrile CH3CN 0.25 327 
34 Pyrene p-dicyanobenzene Acetone 1 337 

35 Pyrene p-dicyanobenzene CH3CN 0.85 327 
36 Pyrene p-nitrobenzaldehyde CH3CN 0.033 327 

37 Pyrene phthalic anhydride Acetone 0.2 337 
38 Pyrene pyromellitic dianhydride Acetone 0.12 337 

39 Pyrene tetrachlorophthalic anhydride Acetone 0.17 337 
40 Pyrene tetracyanoethylene CH3CN 0.036 325 

41 Pyrene trans-1,2-dicyanoethylene CH3CN 0.033 325 

 
6.4) Tabulated values for the cage-escape yields of pyrylium and thiopyrilium derivatives 
 
Table 14 gathers the cage-escape yields of pyrilium and thiopyrylium derivatives with several quenchers 

and solvents. Electron transfer quenching sensitized by pyrylium and thiopyrylium derivatives occur 

primarily from singlet and triplet states. For a specific excited state description, see relevant reference(s). 

Table 14. Cage-escape yields (fce) of pyrylium and thiopyrilium derivatives. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 2-tBu-4,6-diphenylpyrilium THF THF 0.047 507 
2 2,4,6-triphenylpyrilium benzene CH3CN 0.75 343 

3 2,4,6-triphenylpyrilium benzene CHCl3 0.51 343 
4 2,4,6-triphenylpyrilium bromobenzene CH3CN 0.33 343 

5 2,4,6-triphenylpyrilium bromobenzene CHCl3 0.18 343 
6 2,4,6-triphenylpyrilium chlorobenzene CH3CN 0.56 343 

7 2,4,6-triphenylpyrilium chlorobenzene CHCl3 0.31 343 
8 2,4,6-triphenylpyrilium iodobenzene CH3CN 0.1 343 

9 2,4,6-triphenylpyrilium iodobenzene CHCl3 0.047 343 
10 2,4,6-triphenylpyrilium o-bromoanisole CH3CN 0.04 343 
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11 2,4,6-triphenylpyrilium o-bromoanisole CHCl3 0.024 343 

12 2,4,6-triphenylpyrilium p-bromotoluene CH3CN 0.1 343 
13 2,4,6-triphenylpyrilium p-bromotoluene CHCl3 0.051 343 

14 2,4,6-triphenylpyrilium p-chlorotoluene CH3CN 0.21 343 
15 2,4,6-triphenylpyrilium p-chlorotoluene CHCl3 0.123 343 

16 2,4,6-triphenylpyrilium p-iodoanisole CH3CN 0.08 343 
17 2,4,6-triphenylpyrilium p-iodoanisole CHCl3 0.044 343 

18 2,4,6-triphenylpyrilium THF THF 0.21 507 
19 2,4,6-triphenylpyrilium toluene CH3CN 0.25 343 

20 2,4,6-triphenylpyrilium toluene CHCl3 0.135 343 
21 2,4,6-triphenylthiopyrylium benzene CH3CN 0.08 344 

22 2,4,6-triphenylthiopyrylium bromobenzene CH3CN 0.02 344 
23 2,4,6-triphenylthiopyrylium chlorobenzene CH3CN 0.07 344 

24 2,4,6-triphenylthiopyrylium cyclohexanone CH3CN 0.09 344 
25 2,4,6-triphenylthiopyrylium cyclopentanone CH3CN 0.09 344 

26 2,4,6-triphenylthiopyrylium fluorobenzene CH3CN 0.08 344 
27 2,4,6-triphenylthiopyrylium p-bromotoluene CH3CN 0.03 344 

28 2,4,6-triphenylthiopyrylium p-chlorotoluene CH3CN 0.03 344 
29 2,4,6-triphenylthiopyrylium THF THF 0.53 507 

30 2,4,6-triphenylthiopyrylium toluene CH3CN 0.06 344 
31 2,6-dimethyl-4-(p-acetylphenyl)pyrilium biphenyl CH2Cl2 0.71 508 

32 2,6-dimethyl-4-a-naphthylpyrilium biphenyl CH2Cl2 0.3 508 
33 2,6-dimethyl-4-b-naphthylpyrilium biphenyl CH2Cl2 0.26 508 

34 2,6-dimethyl-4-biphenylpyrilium biphenyl CH2Cl2 0.36 508 
35 2,6-dimethyl-4-phenyldecanepyrilium  biphenyl CH3CN 0.19 509 

36 2,6-dimethyl-4-phenyldecanethiopyrilium  biphenyl CH3CN 0.35 509 
37 2,6-dimethyl-4-phenyloctanepyrilium biphenyl CH3CN 0.17 509 

38 2,6-dimethyl-4-phenyloctanethiopyrilium biphenyl CH3CN 0.35 509 
39 2,6-dimethyl-4-phenylpyrilium biphenyl CH3CN 0.42 509 

40 2,6-dimethyl-4-phenylthiopyrilium biphenyl CH3CN 0.51 509 
41 2,6-dimethyl-4-tolylpyrilium biphenyl CH3CN 0.2 509 

42 2,6-dimethyl-4-tolylthiopyrilium biphenyl CH3CN 0.38 509 
43 4-tBu-2,6-diphenylpyrilium THF THF 0.23 507 

 
6.5) Tabulated values for the cage-escape yields of xanthene derivatives 
 
Table 15 gathers the cage-escape yields of xanthene derivatives with several quenchers and solvents. 

Electron transfer quenching sensitized by xanthene derivatives occur primarily from singlet and triplet 

states. For a specific excited state description, see relevant reference(s). 
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Table 15. Cage-escape yields (fce) of xanthene derivatives. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 3,7-diaminophenoxazinylium chloride 1-methoxynaphthalene CH3OH 0.014 348 

2 3,7-diaminophenoxazinylium chloride 1,2-dimethoxybenzene CH3OH 0.008 348 
3 3,7-diaminophenoxazinylium chloride 1,2,3-trimethoxybenzene CH3OH 0.0073 348 

4 3,7-diaminophenoxazinylium chloride 1,2,4-trimethoxybenzene CH3OH 0.013 348 
5 3,7-diaminophenoxazinylium chloride 1,3,5-trimethoxybenzene CH3OH 0.0046 348 

6 3,7-diaminophenoxazinylium chloride 1,4-dimethoxybenzene CH3OH 0.0098 348 
7 3,7-diaminophenoxazinylium chloride 1,4-dimethoxynaphthalene CH3OH 0.03 348 

8 3,7-diaminophenoxazinylium chloride 1,5-bis(dimethylamino)naphthalene CH3OH 0.15 348 
9 3,7-diaminophenoxazinylium chloride 1,5-dimethoxynaphthalene CH3OH 0.015 348 

10 3,7-diaminophenoxazinylium chloride 1,8-dimethoxynaphthalene CH3OH 0.019 348 
11 3,7-diaminophenoxazinylium chloride 2-methoxynaphthalene CH3OH 0.0046 348 

12 3,7-diaminophenoxazinylium chloride 2,4-dimethoxy-N,N-dimethylaniline CH3OH 0.1 348 
13 3,7-diaminophenoxazinylium chloride 3,3'-bis(methoxy)biphenyl CH3OH 0.0058 348 

14 3,7-diaminophenoxazinylium chloride 3,4-dimethoxy-N,N-dimethylaniline CH3OH 0.19 348 
15 3,7-diaminophenoxazinylium chloride 4-methoxybiphenyl CH3OH 0.0046 348 

16 3,7-diaminophenoxazinylium chloride diphenylmethylamine CH3OH 0.058 348 
17 3,7-diaminophenoxazinylium chloride m-methoxy-N,N-dimethylaniline CH3OH 0.065 348 

18 3,7-diaminophenoxazinylium chloride N,N-diethylaniline CH3OH 0.072 348 
19 3,7-diaminophenoxazinylium chloride N,N-dimethylaniline CH3OH 0.037 348 

20 3,7-diaminophenoxazinylium chloride N,N,N',N'-tetramethyl-1,2-phenylenediamine CH3OH 0.16 348 
21 3,7-diaminophenoxazinylium chloride N,N,N',N'-tetramethyl-1,3-phenylenediamine CH3OH 0.17 348 

22 3,7-diaminophenoxazinylium chloride N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3OH 0.45 348 
23 3,7-diaminophenoxazinylium chloride N,N,N',N'-tetramethylbenzidine CH3OH 0.18 348 

24 3,7-diaminophenoxazinylium chloride p-methoxy-N,N-dimethylaniline CH3OH 0.13 348 
25 Rose bengal 2,2'-bipyridinium-N,N'-di(propylsulphonate)  H2O µ = 0.2 M 0.07 346 

26 Rose bengal 4,4'-bipyridinium-N,N'-di(propylsulphonate)  H2O µ = 0.2 M 0.033 346 
27 Rose bengal Methyl Viologen H2O µ = 0.04 M 0.018 346 

28 Rose bengal Methyl Viologen H2O µ = 0.075 M 0.026 346 
29 Rose bengal Methyl Viologen H2O µ = 0.075 M 0.022 346 

30 Rose bengal Methyl Viologen H2O µ = 0.15 M 0.02 346 
31 Rose bengal Methyl Viologen H2O µ = 0.45 M 0.018 346 

32 Tetraiodofluorescein 1,4-benzoquinone CH3OH 0.53 349 
33 Tetraiodofluorescein 2,5-dimethyl-1,4-benzoquinone CH3OH 0.5 349 

34 Tetraiodofluorescein 1,4-naphthoquinone CH3OH 0.35 349 
35 Tetraiodofluorescein tretramethyl-1,4-benzoquinone CH3OH 0.35 349 

36 Tetraiodofluorescein 9,10-anthraquinone CH3OH 0.24 349 

 
 
6.6) Tabulated values for the cage-escape yields of thiazine derivatives 
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Table 16 gathers the cage-escape yields of thiazine derivatives with several quenchers and solvents. 

Electron transfer quenching sensitized by thiazine derivatives occur primarily from triplet states. For a 

specific excited state description, see relevant reference(s). 

 
Table 16. Cage-escape yields (fce) of Thiazine derivatives. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 Methylene blue 4-iodo-anisole CH3CN /Ethylene glycol 100:0 0.1 351 
2 Methylene blue 4-iodo-anisole CH3CN /Ethylene glycol 60:40 0.042 351 

3 Methylene blue 4-iodo-anisole CH3CN /Ethylene glycol 80:20 0.066 351 
4 Methylene blue 4-iodo-anisole CH3CN /Ethylene glycol 90:10 0.085 351 

5 Thionine 2-bromoaniline Cetyldimethylbenzylammonium chloride micelles 0.13 191 
6 Thionine 2-bromoaniline CH3OH 0.7 191 

7 Thionine 3-bromoaniline Cetyldimethylbenzylammonium chloride micelles 0.21 191 
8 Thionine 3-bromoaniline CH3OH 0.9 191 

9 Thionine 4-bromoaniline Cetyldimethylbenzylammonium chloride micelles 0.1 191 
10 Thionine 4-bromoaniline CH3OH 0.51 191 

11 Thionine 4-chloroaniline Cetyldimethylbenzylammonium chloride micelles 0.27 191 
12 Thionine 4-chloroaniline CH3OH 0.97 191 

13 Thionine 4-iodoaniline Cetyldimethylbenzylammonium chloride micelles 0.06 191 
14 Thionine 4-iodoaniline CH3OH 0.13 191 

15 Thionine aniline Cetyldimethylbenzylammonium chloride micelles 0.29 191 
16 Thionine aniline CH3OH 1 191 

17 Thionine aniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.91 353 
18 Thionine m-bromoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.75 353 

19 Thionine m-chloroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.91 353 
20 Thionine m-fluoroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.91 353 

21 Thionine m-iodoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.46 353 
22 Thionine o-bromoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.63 353 

23 Thionine o-chloroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.88 353 
24 Thionine o-fluoroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.91 353 

25 Thionine o-iodoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.21 353 
26 Thionine p-bromoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.48 353 

27 Thionine p-choroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.86 353 
28 Thionine p-fluoroaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.9 353 

29 Thionine p-iodoaniline CH3OH + 0.015M phenylacetic acid, 0.005M CH3ONa 0.11 353 

 
6.7) Tabulated values for the cage-escape yields of ketones derivatives 
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Table 17 gathers the cage-escape yields of ketones derivatives with several quenchers and solvents. 

Electron transfer quenching sensitized by ketones derivatives occur primarily from triplet states. For a 

specific excited state description, see relevant reference(s). 

Table 17. Cage-escape yields (fce) of ketones derivatives. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 4-carboxybenzophenone phenol D2O pH 7,2  0.85 358 
2 4-carboxybenzophenone phenol H2O pH 13 1.1 358 

3 4-carboxybenzophenone p-methoxyphenol H2O pH 13 1.1 358 
4 4-carboxybenzophenone p-chlorophenol H2O pH 13 1.1 358 

5 4-carboxybenzophenone p-bromophenol H2O pH 13 0.55 358 
6 4-carboxybenzophenone p-iodophenol H2O pH 13 0.13 358 

7 4-carboxybenzophenone phenol H2O pH 5.4 0.75 358 
8 4-carboxybenzophenone phenol H2O pH 5.9 0.98 358 

9 4-carboxybenzophenone phenol H2O pH 7.2 1 358 
10 4-carboxybenzophenone p-methoxyphenol H2O pH 7.2 0.81 358 

11 4-carboxybenzophenone p-chlorophenol H2O pH 7.2 0.73 358 
12 4-carboxybenzophenone p-bromophenol H2O pH 7.2 0.41 358 

13 4-carboxybenzophenone p-iodophenol H2O pH 7.2 0.18 358 
14 4-carboxybenzophenone phenol H2O pH 8.0 0.78 358 

15 Anthraquinone N,N-dimethylaniline CH3CN 0.88 163 
16 Anthraquinone 1,4-diazabicyclo[2.2.2]octane (DABCO) CH3CN 0.88 163 

17 Benzophenone phenol C6H6 0.84 359 
18 Benzophenone p-methoxyphenol C6H6 0.79 359 

19 Benzophenone p-cresol C6H6 0.83 359 
20 Benzophenone p-fluorophenol C6H6 0.91 359 

21 Benzophenone p-chlorophenol C6H6 0.75 359 
22 Benzophenone p-bromophenol C6H6 0.71 359 

23 Benzophenone p-iodophenol C6H6 0.61 359 
24 Benzophenone p-cyanophenol C6H6 0.88 359 

25 Benzophenone N,N-dimethylaniline CH3CN ND 163 
26 Benzophenone 1,4-diazabicyclo[2.2.2]octane (DABCO) CH3CN 0.95 163 

27 Benzophenone 1,4-hydroquinone C6H6 0.84 359 
28 p-methoxypropiophenone p-bromophenol C6H6 0.55 359 

29 p-methoxypropiophenone p-iodophenol C6H6 0.21 359 
30 p-methoxypropiophenone p-cyanophenol C6H6 0.56 359 

 
6.8) Tabulated values for the cage-escape yields of Ru(II) photosensitizers 
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Table 18 gathers the cage-escape yields of Ru(II) photosensitizers with several quenchers and solvents. 

Electron transfer quenching sensitized by ruthenium derivatives occur primarily from triplet states. For a 

specific excited state description, see relevant reference(s). 

 
Table 18. Cage-escape yields (fce) of Ru(II) photosensitizers 

Entry PS Quencher Solvent fce Ref 

1 [(CN)(bpy)2RuCNPt(dien)]2+ methyl viologen 0.3M Na2SO4 0.17 510 

2 [(dien)PtNC[Ru(bpy)2]CNPt(dien)]4+ methyl viologen 0.3M Na2SO4 0.29 510 

3 [Ru(3,4,7,8-(CH3)4-phen)3]2+ CuSO4 0.5M H2SO4 0.95 382 

4 [Ru(3,4,7,8-(CH3)4-phen)3]2+ methyl viologen CH3CN/H2O 1:9, µ = 0.3M KCl 0.22 383 

5 [Ru(3,4,7,8-(CH3)4-phen)3]2+ methyl viologen CH3CN/H2O 1:4 0.15 383 

6 [Ru(4,4’-(CH3)2-bpy)3]2+ CuSO4 0.5M H2SO4 0.94 382 

7 [Ru(4,4’-(CH3)2-bpy)3]2+ methyl viologen CH3CN/H2O 1:9, µ = 0.3M KCl 0.11 383 

8 [Ru(4,4’-(CH3)2-bpy)3]2+ methyl viologen H2O/CH3CN 4:1 0.21 383 

9 [Ru(4,7-(CH3)2-phen)3]2+ [Co(diamsar)]2+ H2O + 0.2M LiCl, 0.05M N-
ethylmorpholine, pH 8.3 

0.9 419 

10 [Ru(4,7-(CH3)2-phen)3]2+ [Co(sep)]2+ H2O + 0.2M LiCl 0.64 419 

11 [Ru(4,7-(CH3)2-phen)3]2+ CuSO4 0.5M H2SO4 0.96 382 

12 [Ru(5-Br-phen)3]2+ CuSO4 0.5M H2SO4 0.3 382 

13 [Ru(5-C6H5-phen)3]2+ CuSO4 0.5M H2SO4 0.51 382 

14 [Ru(5-CH3-phen)3]2+ CuSO4 0.5M H2SO4 0.74 382 

15 [Ru(5-Cl-phen)3]2+ [Co(diamsar)]2+ H2O + 0.2M LiCl, 0.05M N-
ethylmorpholine, pH 8.1 

0.3 419 

16 [Ru(5-Cl-phen)3]2+ [Co(sep)]2+ H2O + 0.2M LiCl 0.35 419 

17 [Ru(5-Cl-phen)3]2+ CuSO4 0.5M H2SO4 0.31 382 

18 [Ru(5-Cl-phen)3]2+ tri-p-tolylamine CH3CN 1 511 

19 [Ru(5-Cl-phen)3]2+ tri-p-tolylamine CH3CN 1 511 

20 [Ru(5,6-(CH3)2-phen)3]2+ CuSO4 0.5M H2SO4 0.79 382 

21 [Ru(bpm)(bpz)(bpy)]2+ triethanolamine Propylene carbonate 0.44 421 

22 [Ru(bpm)(bpz)(bpy)]2+ triethanolamine CH3CN 0.90 421 

23 [Ru(bpm)(bpz)(bpy)]2+ triethanolamine H2O 0.55 395 

24 [Ru(bpm)2(bpy)]2+ triethanolamine Propylene carbonate 0.42 421 

25 [Ru(bpm)2(bpy)]2+ triethanolamine CH3CN 0.71 421 

26 [Ru(bpm)2(bpz)]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.51 420 

27 [Ru(bpm)2(bpz)]2+ triethanolamine Propylene carbonate 0.33 421 

28 [Ru(bpm)2(bpz)]2+ triethanolamine CH3CN 0.84 421 

29 [Ru(bpm)2(bpz)]2+ triethanolamine H2O 0.44 395 

30 [Ru(bpm)2(bpz)]2+ triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.51 420 

31 [Ru(bpm)2(bpz)]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.51 420 

32 [Ru(bpm)2(bpz)]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.51 420 

33 [Ru(bpm)3]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.73 420 
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34 [Ru(bpm)3]2+ triethanolamine Propylene carbonate 0.380 421 

35 [Ru(bpm)3]2+ triethanolamine CH3CN 0.77 421 

36 [Ru(bpm)3]2+ triethanolamine H2O 0.65 395 

37 [Ru(bpm)3]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.66 420 

38 [Ru(bpm)3]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.73 420 

39 [Ru(bpy)(bpz)(bpm)]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.64 420 

40 [Ru(bpy)(bpz)(bpm)]2+ Triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.58 420 

41 [Ru(bpy)(bpz)(bpm)]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.58 420 

42 [Ru(bpy)(bpz)(bpm)]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.64 420 

43 [Ru(bpy)(CN)4]2– methyl viologen H2O 0.24 512 

44 [Ru(bpy)(dmbpy)2]2+ methyl viologen H2O 0.23 513 

45 [Ru(bpy)(dpp)2]2+ methyl viologen H2O 0.095 513 

46 [Ru(bpy)(pyq)2]2+ methyl viologen H2O 0.18 513 

47 [Ru(bpy)2(BL)Ru(bpy)2]4+ [Fe(CN)6]4– H2O 0.02 384 

48 [Ru(bpy)2(BL)Ru(bpy)2]4+ [Mo(CN)6]4– 0.1M K2HPO4 0.52 384 

49 [Ru(bpy)2(BL)Ru(bpy)2]4+ [Os(CN)6]4– 0.1M K2HPO4 0.04 384 

50 [Ru(bpy)2(BL)Ru(bpy)2]4+ [W(CN)8]4– 0.1M K2HPO4 0.41 384 

51 [Ru(bpy)2(bpy-anthracene)]2+ methyl viologen H2O 0.03 366 

52 [Ru(bpy)2(bpy-anthracene)]2+ methyl viologen CH3OH 0.95 366 

53 [Ru(bpy)2(bpy-naphthalene)]2+ methyl viologen Acetate buffer 0.06 366 

54 [Ru(bpy)2(bpy-naphthalene)]2+ methyl viologen H2O 0.07 366 

55 [Ru(bpy)2(bpy-naphthalene)]2+ methyl viologen CH3OH 0.07 366 

56 [Ru(bpy)2(bpy-pyrene)]2+ methyl viologen Acetate buffer 0.06 366 

57 [Ru(bpy)2(bpy-pyrene)]2+ methyl viologen H2O 0.06 366 

58 [Ru(bpy)2(bpy-pyrene)]2+ methyl viologen CH3OH 0.7 366 

59 [Ru(bpy)2(bpz)]2+ triethanolamine Propylene carbonate 0.37 421 

60 [Ru(bpy)2(bpz)]2+ triethanolamine CH3CN 0.76 421 

61 [Ru(bpy)2(dcb)] [Fe(CN)6]4– H2O 0.11 384 

62 [Ru(bpy)2(dcb)] [Mo(CN)6]4– 0.1M K2HPO4 0.48 384 

63 [Ru(bpy)2(dcb)] [Os(CN)6]4– 0.1M K2HPO4 0.06 384 

64 [Ru(bpy)2(dcb)] [W(CN)8]4– 0.1M K2HPO4 0.8 384 

65 [Ru(bpy)2(deeb)]2+ methyl viologen CH3CN/H2O 1:1, µ = 0.2M NaCl 0.12 369 

66 [Ru(bpy)2(deeb)]2+ methyl viologen H2O/CH3CN 4:1 0.11 383 

67 [Ru(bpy)2(deeb)]2+ tetra-n-butylammonium iodide CH2Cl2 0.25 386 

68 [Ru(bpy)3]2+ [Co(sep)]2+ H2O + 0.2M LiCl 0.51 419 

69 [Ru(bpy)3]2+ [Cr(bpy)3]3+ 0.5M H2SO4 >0 418 

70 [Ru(bpy)3]2+ [Fe(CN)6]4– H2O 0.03 384 

71 [Ru(bpy)3]2+ [Mo(CN)6]4– 0.1M K2HPO4 0.87 384 

72 [Ru(bpy)3]2+ [Os(CN)6]4– 0.1M K2HPO4 0.05 384 

73 [Ru(bpy)3]2+ [Rh(bpy)3]3+ H2O 0.15 418 

74 [Ru(bpy)3]2+ [W(CN)8]4– 0.1M K2HPO4 0.86 384 
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75 [Ru(bpy)3]2+ 1,4-anisdine CH3CN/H2O 1:1 0.81 415 

76 [Ru(bpy)3]2+ 1,4-phenylenediamine CH3CN/H2O 1:1 0.81 415 

77 [Ru(bpy)3]2+ 1,4-toluidine CH3CN/H2O 1:1 0.91 415 

78 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 25/75 0.19 396 

79 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 50/50 0.25 396 

80 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 75/25 0.33 396 

81 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 100/0 0.52 396 

82 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 25/75 
 

396 

83 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 50/50 0.17 396 

84 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 75/25 0.34 396 

85 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 100/0 0.62 396 

86 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 25/75 0.14 396 

87 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 50/50 0.26 396 

88 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 75/25 0.42 396 

89 [Ru(bpy)3]2+ 2,4-dichlorophenol CH3OH/H2O 100/0 0.51 396 

90 [Ru(bpy)3]2+ 3,3'-dimethylbenzidine DMF 1.06 514 

91 [Ru(bpy)3]2+ 3,3'-dimethylbenzidine CH3OH 1.04 514 

92 [Ru(bpy)3]2+ 3,3'-dimethylbenzidine CH3CN/H2O 1:1 0.56 415 

93 [Ru(bpy)3]2+ 4-ethylbenzene diazonium CH3CN 0.45 94 

94 [Ru(bpy)3]2+ 4-ethylesterbenzene diazonium CH3CN 0.74 94 

95 [Ru(bpy)3]2+ 4-methoxybenzene diazonium CH3CN 0.38 94 

96 [Ru(bpy)3]2+ 4-methoxybenzene diazonium CH3CN + 0.1 M TBABF4 0.39 94 

97 [Ru(bpy)3]2+ 4-nitrobenzene diazonium CH3CN 0.98 94 

98 [Ru(bpy)3]2+ 4,4'-bipyridinium-N,N'-
di(propylsulphonate) 

H2O 0.14 379 

99 [Ru(bpy)3]2+ 4,4'-bipyridinium-N,N'-
di(propylsulphonate) 

H2SO4 0.5M 0.23 379 

100 [Ru(bpy)3]2+ anthraquinone-2,6-sulphonate H2O + 7 mM phosphate buffer, µ = 0.04M <0.01 515 

101 [Ru(bpy)3]2+ ascorbate H2O pH4 0.55 516 

102 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 2.74 0.99 517 

103 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 7.85 0.94 517 

104 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 6.86 0.99 517 

105 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 5.93 0.92 517 

106 [Ru(bpy)3]2+ ascorbate H2O + 0.5M H2SO4 0.5 418 

107 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 3.44 0.99 517 

108 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 4.04 0.77 517 

109 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 4.48 0.95 517 

110 [Ru(bpy)3]2+ ascorbate H2O + Acetate buffer pH 5.16 0.86 517 

111 [Ru(bpy)3]2+ benzylviologen 8 :5 (v/v) 0.1M TEAClO4/CH3CN to 
CH2Cl2 

0.18 82 

112 [Ru(bpy)3]2+ CuSO4 0.5M H2SO4 0.56 418 

113 [Ru(bpy)3]2+ CuSO4 0.5M HClO4 0.68 382 

114 [Ru(bpy)3]2+ CuSO4 2.4M HClO4 0.76 382 

115 [Ru(bpy)3]2+ CuSO4 1M HClO4, 0.3M Ca(ClO4)) 1 382 
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116 [Ru(bpy)3]2+ diphenyl-1,4-
phenylenediamine 

DMF 1.11 514 

117 [Ru(bpy)3]2+ diphenyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.6 415 

118 [Ru(bpy)3]2+ diphenylamine CH3CN/H2O 1:1 
 

415 

119 [Ru(bpy)3]2+ Eu2+ H2O 1 418 

120 [Ru(bpy)3]2+ Eu3+ H2O >0 418 

121 [Ru(bpy)3]2+ Fe3+ H2O 1 418 

122 [Ru(bpy)3]2+ Hg(II) 0.5M H2SO4 0.32 379 

123 [Ru(bpy)3]2+ Hg(II) 3.0M HCl <0.01 379 

124 [Ru(bpy)3]2+ methyl viologen CH3OH 0.27 82 

125 [Ru(bpy)3]2+ methyl viologen H2O + 95% ethylene glycol 0.05 82 

126 [Ru(bpy)3]2+ methyl viologen H2O 0.25 418 

127 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.80 M NaCl 0.24 111 

128 [Ru(bpy)3]2+ methyl viologen H2O 0.51 514 

129 [Ru(bpy)3]2+ methyl viologen CH3OHl 0.42 514 

130 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 1 mM 0.18 380, 480 

131 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 2 mM 0.22 380, 480 

132 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 4 mM 0.22 380, 480 

133 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 10 mM 0.25 380, 480 

134 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 20 mM 0.21 380, 480 

135 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 1 mM, [C2O4(2–)] = 0.80 M 0.09 380, 480 

136 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 2 mM, [C2O4(2–)] = 0.70 M 0.10 380, 480 

137 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 2 mM, [C2O4(2–)] = 1 M 0.09 380, 480 

138 [Ru(bpy)3]2+ methyl viologen 0.025M NaClO4 0.12 84 

139 [Ru(bpy)3]2+ methyl viologen 0.075M NaClO4 0.096 84 

140 [Ru(bpy)3]2+ methyl viologen CH3CN + 5% H2O 0.35 379 

141 [Ru(bpy)3]2+ methyl viologen H2O 0.25 379 

142 [Ru(bpy)3]2+ methyl viologen 1M NaCl 0.2 379 

143 [Ru(bpy)3]2+ methyl viologen 2M NaCl 0.19 379 

144 [Ru(bpy)3]2+ methyl viologen 1M NaNO3 0.18 379 

145 [Ru(bpy)3]2+ methyl viologen 1M Na2SO4 0.16 379 

146 [Ru(bpy)3]2+ methyl viologen 8 :5 (v/v) 0.1M TEAClO4/CH3CN to 
CH2Cl2 

0.23 82 

147 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.01 M NaCl 0.38 111 

148 [Ru(bpy)3]2+ methyl viologen 0.1M Na2SO4, [MV] = 1 mM 0.15 380, 480 

149 [Ru(bpy)3]2+ methyl viologen 0.1M Na2SO4, [MV] = 2 mM 0.17 380, 480 

150 [Ru(bpy)3]2+ methyl viologen 0.1M Na2SO4, [MV] = 10 mM 0.17 380, 480 

151 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 0.5 mM, [C2O4(2–)] = 0.1 M 0.13 380, 480 

152 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 1 mM, [C2O4(2–)] = 0.1 M 0.15 380, 480 

153 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 2 mM, [C2O4(2–)] = 0.1 M 0.17 380, 480 

154 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 10 mM, [C2O4(2–)] = 0.1 M 0.18 380, 480 

155 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 10 mM, [EDTA] = 
0.01 M 

0.19 380, 480 

156 [Ru(bpy)3]2+ methyl viologen 0.21 M Na2SO4, pH 4.7, [MV] = 20 mM, 
[EDTA] = 0.1 M 

0.10 380, 480 
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157 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 4.7, [MV] = 20 mM, 
[EDTA] = 0.01 M 

0.09 380, 480 

158 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.01 M 

0.15 380, 480 

159 [Ru(bpy)3]2+ methyl viologen 0.25 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.1 M 

0.16 380, 480 

160 [Ru(bpy)3]2+ methyl viologen 0.11 M Na2SO4, pH 8.7, [MV] = 20 mM, 
[EDTA] = 0.1 M 

0.09 380, 480 

161 [Ru(bpy)3]2+ methyl viologen 0.29 M Na2SO4, pH 8.7, [MV] = 20 mM, 
[EDTA] = 0.01 M 

0.10 380, 480 

162 [Ru(bpy)3]2+ methyl viologen H2O + pH 11, [MV] = 20 mM, [EDTA] = 
0.1 M 

0.10 380, 480 

163 [Ru(bpy)3]2+ methyl viologen 0.28 M Na2SO4, pH 11, [MV] = 20 mM, 
[EDTA] = 0.01 M 

0.09 380, 480 

164 [Ru(bpy)3]2+ methyl viologen 0.1 M NaCl 0.15 84 

165 [Ru(bpy)3]2+ methyl viologen 0.1M NaClO4 0.081 84 

166 [Ru(bpy)3]2+ methyl viologen 0.1M NaH2PO4 0.181 84 

167 [Ru(bpy)3]2+ methyl viologen CH3CN + 0.1M TBAClO4 0.42 379 

168 [Ru(bpy)3]2+ methyl viologen H2O pH 4.7, acetate buffer 0.1M 0.25 379 

169 [Ru(bpy)3]2+ methyl viologen 0.1M NaClO4 0.2 379 

170 [Ru(bpy)3]2+ methyl viologen 1M Na2SO4 + 0.1M Acetate buffer 0.1 379 

171 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 0.2M NaCl 0.19 82 

172 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 0.2M NaCl + 20% 
ethylene glycol 

0.16 82 

173 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 0.2M NaCl + 40% 
ethylene glycol 

0.13 82 

174 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 0.2M NaCl + 60% 
ethylene glycol 

0.09 82 

175 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 0.2M NaCl + 80% 
ethylene glycol 

0.06 82 

176 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.02 M NaCl 0.35 111 

177 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.02 M 

0.13 380, 480 

178 [Ru(bpy)3]2+ methyl viologen 0.2 M NaCl 0.12 84 

179 [Ru(bpy)3]2+ methyl viologen 0.2M NaClO4 0.081 84 

180 [Ru(bpy)3]2+ methyl viologen 0.2M NaH2PO4 0.181 84 

181 [Ru(bpy)3]2+ methyl viologen 0.2M Na2SO4 0.24 379 

182 [Ru(bpy)3]2+ methyl viologen H2O/CH3CN 9:1, µ = 0.3M KCl 0.16 383 

183 [Ru(bpy)3]2+ methyl viologen 0.3 M NaCl 0.12 84 

184 [Ru(bpy)3]2+ methyl viologen 0.3M NaClO4 0.075 84 

185 [Ru(bpy)3]2+ methyl viologen H2O + 8 mM phosphate buffer, µ = 0.04M 0.4 515 

186 [Ru(bpy)3]2+ methyl viologen 0.4 M NaCl 0.12 84 

187 [Ru(bpy)3]2+ methyl viologen 0.4M NaClO4 0.072 84 

188 [Ru(bpy)3]2+ methyl viologen 0.4M NaH2PO4 0.152 84 

189 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 0.5 mM 0.16 380, 480 

190 [Ru(bpy)3]2+ methyl viologen 0.1M Na2SO4, [MV] = 0.5 mM 0.14 380, 480 

191 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 0.5 mM, [C2O4(2–)] = 0.85 M 0.10 380, 480 

192 [Ru(bpy)3]2+ methyl viologen 0.50M Na2SO4, [MV] = 2 mM, [C2O4(2–)] = 
0.5 M 

0.07 380, 480 

193 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 0.5 mM, [EDTA] = 
0.095 M 

0.11 380, 480 

194 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.05 M 

0.13 380, 480 

195 [Ru(bpy)3]2+ methyl viologen 0.18 M Na2SO4, pH 8.7, [MV] = 0.5 mM, 
[EDTA] = 0.010 M 

0.19 380, 480 
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196 [Ru(bpy)3]2+ methyl viologen 0.20 M Na2SO4, pH 8.7, [MV] = 0,5 mM, 
[EDTA] = 0.0011 M 

0.15 380, 480 

197 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 11, [MV] = 0,5 mM, 
[EDTA] = 0.010 M 

0.20 380, 480 

198 [Ru(bpy)3]2+ methyl viologen 0.33 M Na2SO4, pH 11, [MV] = 0.5 mM, 
[EDTA] = 0.001 M 

0.10 380, 480 

199 [Ru(bpy)3]2+ methyl viologen 0.05 M NaCl 0.17 84 

200 [Ru(bpy)3]2+ methyl viologen 0.05M NaClO4 0.13 84 

201 [Ru(bpy)3]2+ methyl viologen 0.05M NaH2PO4 0.171 84 

202 [Ru(bpy)3]2+ methyl viologen 0.5M NaCl 0.24 379 

203 [Ru(bpy)3]2+ methyl viologen 0.5M H2SO4 0.24 379 

204 [Ru(bpy)3]2+ methyl viologen 0.5M NaNO3 0.2 379 

205 [Ru(bpy)3]2+ methyl viologen 0.5M Na2SO5 0.22 379 

206 [Ru(bpy)3]2+ methyl viologen 0.6M NaClO4 0.062 84 

207 [Ru(bpy)3]2+ methyl viologen 0.6M NaH2PO4 0.152 84 

208 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.08 M NaCl 0.34 111 

209 [Ru(bpy)3]2+ methyl viologen 0.8M Na2SO4, [MV] = 20 mM 0.10 380, 480 

210 [Ru(bpy)3]2+ methyl viologen H2O, [MV] = 10 mM, [C2O4(2–)] = 0.8 M 0.09 380, 480 

211 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 10 mM, [EDTA] = 
0.08 M 

0.15 380, 480 

212 [Ru(bpy)3]2+ methyl viologen 0.23M Na2SO4, [MV] = 1 mM, [C2O4(2–)] = 
0.10 M 

0.12 380, 480 

213 [Ru(bpy)3]2+ methyl viologen 0.23M Na2SO4, [MV] = 2 mM, [C2O4(2–)] = 
0.10 M 

0.14 380, 480 

214 [Ru(bpy)3]2+ methyl viologen 0.90M Na2SO4, [MV] = 2 mM, [C2O4(2–)] = 
0.10 M 

0.08 380, 480 

215 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.16 M NaCl 0.32 111 

216 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 11, [MV] = 1 mM, 
[EDTA] = 0.010 M 

0.18 380, 480 

217 [Ru(bpy)3]2+ methyl viologen 0.30 M Na2SO4, pH 11, [MV] = 2 mM, 
[EDTA] = 0.010 M 

0.16 380, 480 

218 [Ru(bpy)3]2+ methyl viologen 0.31 M Na2SO4, pH 11, [MV] = 2 mM, 
[EDTA] = 0.001 M 

0.13 380, 480 

219 [Ru(bpy)3]2+ methyl viologen 0.33 M Na2SO4, pH 11, [MV] = 1 mM, 
[EDTA] = 0.001 M 

0.11 380, 480 

220 [Ru(bpy)3]2+ methyl viologen 0.33 M Na2SO4, pH 11, [MV] = 2 mM, 
[EDTA] = 0.001 M 

0.12 380, 480 

221 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.35 M NaCl 0.29 111 

222 [Ru(bpy)3]2+ methyl viologen H2O, µ = 0.52 M NaCl 0.25 111 

223 [Ru(bpy)3]2+ methyl viologen CH3CN/H2O 1:1 0.19 365 

224 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 20% ethylene glycol 0.16 365 

225 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 40% ethylene glycol 0.13 365 

226 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 60% ethylene glycol 0.09 365 

227 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 80% ethylene glycol 0.06 365 

228 [Ru(bpy)3]2+ methyl viologen H2O:CH3CN 1:1 + 95% ethylene glycol 0.05 365 

229 [Ru(bpy)3]2+ methyl viologen H2O, µ = 1.6 M NaCl 0.22 111 

230 [Ru(bpy)3]2+ methyl viologen CH3CN/H2O 1:4 0.2 383 

231 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 1 mM, [EDTA] = 
0.080 M 

0.12 380, 480 

232 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 2 mM, [EDTA] = 
0.070 M 

0.14 380, 480 

233 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 2 mM, [EDTA] = 
0.010 M 

0.17 380, 480 

234 [Ru(bpy)3]2+ methyl viologen H2O, pH 4.7, [MV] = 10 mM, [EDTA] = 
0.001 M 

0.20 380, 480 
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235 [Ru(bpy)3]2+ methyl viologen 0.31 M Na2SO4, pH 4.7, [MV] = 20 mM, 
[EDTA] = 0.001 M 

0.12 380, 480 

236 [Ru(bpy)3]2+ methyl viologen 0.33 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.001 M 

0.13 380, 480 

237 [Ru(bpy)3]2+ methyl viologen 0.33 M Na2SO4, pH 4.7, [MV] = 2 mM, 
[EDTA] = 0.005 M 

0.13 380, 480 

238 [Ru(bpy)3]2+ methyl viologen 0.18 M Na2SO4, pH 8.7, [MV] = 1 mM, 
[EDTA] = 0.010 M 

0.17 380, 480 

239 [Ru(bpy)3]2+ methyl viologen 0.18 M Na2SO4, pH 8.7, [MV] = 2 mM, 
[EDTA] = 0.010 M 

0.17 380, 480 

240 [Ru(bpy)3]2+ methyl viologen 0.20 M Na2SO4, pH 8.7, [MV] = 1 mM, 
[EDTA] = 0.001 M 

0.14 380, 480 

241 [Ru(bpy)3]2+ methyl viologen 0.20 M Na2SO4, pH 8.7, [MV] = 2 mM, 
[EDTA] = 0.001 M 

0.14 380, 480 

242 [Ru(bpy)3]2+ methyl viologen 0.31 M Na2SO4, pH 8.7, [MV] = 20 mM, 
[EDTA] = 0.001 M 

0.13 380, 480 

243 [Ru(bpy)3]2+ N,N,N',N'-tetramethyl-1,4-
phenylenediamine 

DMF 1.08 514 

244 [Ru(bpy)3]2+ N,N,N',N'-tetramethyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.84 415 

245 [Ru(bpy)3]2+ N,N,N',N'-tetramethyl-1,6-
pyrenediamine 

DMF 1 514 

246 [Ru(bpy)3]2+ N,N,N',N'-
tetramethylbenzidine 

DMF 1.11 514 

247 [Ru(bpy)3]2+ N,N,N',N'-
tetramethylbenzidine 

CH3CN/H2O 1:1 0.59 415 

248 [Ru(bpy)3]2+ Na2S2O8 H2O 0.75 518 

249 [Ru(bpy)3]2+ p-benzoquinone 5 mM phosphate buffer, µ = 0.04M 0.08 515 

250 [Ru(bpy)3]2+ phenothiazine DMF 1.12 514 

251 [Ru(bpy)3]2+ phenothiazine CH3CN/H2O 1:1 0.66 415 

252 [Ru(bpy)3]2+ tetra- n -butylammonium 
iodide 

CH2Cl2 0.5 386 

253 [Ru(bpy)3]2+ Tl(III) HCl 3M 0.14 379 

254 [Ru(bpy)3]2+ Tl(III) H2SO4 0.5M 2 379 

255 [Ru(bpy)3]2+ tri-p-tolylamine CH3CN 1 511 

256 [Ru(bpy)3]2+ tri-p-tolylamine CH3CN 1 511 

257 [Ru(bpy)3]2+ triethylamine CH2Cl2 0.15 429 

258 [Ru(bpy)3]2+ triethylamine CH3CN 0.39 429 

259 [Ru(bpy)3]2+ triethylamine DMF 0.58 429 

260 [Ru(bpy)3]2+ trimethyl-p-benzoquinone 6 mM phosphate buffer, µ = 0.04M <0.01 515 

261 [Ru(bpy)3]2+ b-naphthylamine DMF 1.07 514 

262 [Ru(bpz)(dpq)2]2+ Methyl Viologen H2O 1.07 513 

263 [Ru(bpz)2(bpm)]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.62 420 

264 [Ru(bpz)2(bpm)]2+ triethanolamine Propylene carbonate 0.39 421 

265 [Ru(bpz)2(bpm)]2+ triethanolamine CH3CN 0.80 421 

266 [Ru(bpz)2(bpm)]2+ triethanolamine H2O 0.493 395 

267 [Ru(bpz)2(bpm)]2+ triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.52 420 

268 [Ru(bpz)2(bpm)]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.52 420 

269 [Ru(bpz)2(bpm)]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.62 420 

270 [Ru(bpz)2(bpy)]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.55 420 

271 [Ru(bpz)2(bpy)]2+ triethanolamine Propylene carbonate 0.42 421 

272 [Ru(bpz)2(bpy)]2+ triethanolamine CH3CN 0.85 421 

273 [Ru(bpz)2(bpy)]2+ triethanolamine H2O 0.489 395 
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274 [Ru(bpz)2(bpy)]2+ triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.49 420 

275 [Ru(bpz)2(bpy)]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.49 420 

276 [Ru(bpz)2(bpy)]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.55 420 

277 [Ru(bpz)2(CN)2] methyl viologen 0.3M Na2SO4 0.11 510 

278 [Ru(bpz)2(deeb)]2+ tetra-n-butylammonium iodide CH2Cl2 0.042 230 

279 [Ru(bpz)2(tmam)]4+ acetyl-salicylate CH3CN 0.6-0.7 392 

280 [Ru(bpz)2(tmam)]4+ Cl-salicylate CH3CN 0.6-0.7 392 

281 [Ru(bpz)2(tmam)]4+ F-salicylate CH3CN 0.6-0.7 392 

282 [Ru(bpz)2(tmam)]4+ H-salicylate CH3CN 0.6-0.7 392 

283 [Ru(bpz)2(tmam)]4+ Me-salicylate CH3CN 0.6-0.7 392 

284 [Ru(bpz)2(tmam)]4+ OH-salicylate CH3CN 0.6-0.7 392 

285 [Ru(bpz)2(tmam)]4+ OMe-salicylate CH3CN 0.6-0.7 392 

286 [Ru(bpz)3]2+ 1,2-dimethoxybenzene CH3CN/H2O 1:1 0.78 414 

287 [Ru(bpz)3]2+ 1,2,4-trimethoxybenzene CH3CN/H2O 1:1 0.71 414 

288 [Ru(bpz)3]2+ 1,3,5-trimethoxybenzene CH3CN/H2O 1:1 0.86 414 

289 [Ru(bpz)3]2+ 1,4-anisidine CH3CN/H2O 1:1 0.64 414 

290 [Ru(bpz)3]2+ 1,4-dimethoxybenzene CH3CN/H2O 1:1 0.64 414 

291 [Ru(bpz)3]2+ 3,3'-dimethylbenzidine CH3CN/H2O 1:1 0.57 414 

292 [Ru(bpz)3]2+ 4,4'-bipyridinium-N,N'-
di(propylsulphonate) 

CH3CN/H2O 1:1, µ = 0.2M NaCl 0.09 369 

293 [Ru(bpz)3]2+ diphenyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.71 414 

294 [Ru(bpz)3]2+ diphenylamine CH3CN/H2O 1:1 0.55 414 

295 [Ru(bpz)3]2+ EDTA H2O, pH = 8.5, µ = 1.0M (Na2SO4) 0.70 420 

296 [Ru(bpz)3]2+ methyl viologen CH3CN/H2O 1:1, µ = 0.2M NaCl 0.19 369 

297 [Ru(bpz)3]2+ N,N,N',N'-tetramethyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.88 414 

298 [Ru(bpz)3]2+ phenothiazine CH3CN/H2O 1:1 0.61 414 

299 [Ru(bpz)3]2+ triethanolamine Propylene carbonate 0.38 421 

300 [Ru(bpz)3]2+ triethanolamine CH3CN 0.77 421 

301 [Ru(bpz)3]2+ triethanolamine H2O 0.501 395 

302 [Ru(bpz)3]2+ triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.49 420 

303 [Ru(bpz)3]2+ triethanolamine H2O, pH = 10.0, µ = 1.0M (Na2SO4) 0.66 420 

304 [Ru(bpz)3]2+ triethanolamine + methyl 
viologen 

H2O, pH 10 0.49 420 

305 [Ru(bpz)3]2+ triethanolamine + methyl 
viologen 

H2O, pH 8.5 0.7 420 

306 [Ru(bpz)3]2+ tri-p-anisylamine CH3CN 0.58 440 

307 [Ru(bpz)3]2+ tri-p-PEG3-arylamine CH3CN 0.62 440 

308 [Ru(bpz)3]2+ tri-p-PEG7-arylamine CH3CN 0.78 440 

309 [Ru(bpz)3]2+ Tris(4-chlorophenyl)amine CH3CN 0.65 440 

310 [Ru(bpz)3]2+ Tris(4-bromophenyl)amine CH3CN 0.87 440 

311 [Ru(bpz)3]2+ Tris(4-iodophenyl)amine CH3CN 0.60 440 

312 [Ru(bpz)3]2+ N,N-dimethylaniline CH3CN 0.73 440 

313 [Ru(bpz)3]2+ N,N-dimethyltoluidine CH3CN 0.85 440 
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314 [Ru(bpz)3]2+ 4-methoxy-N,N’-
dimethylaniline  

CH3CN 0.69 440 

315 [Ru(bpz)3]2+ THIQ CH3CN 0.35 440 

316 [Ru(bpz)3]2+ triethylamine CH3CN 0.37 440 

317 [Ru(bpz)3]2+ diisopropylethylamine CH3CN 0.44 440 

318 [Ru(dbpy)2(im)2]2+ methyl viologen CH3CN/H2O 1:4 0.16 383 

319 [Ru(dcb)3]4– [Fe(CN)6]4– H2O 0.27 384 

320 [Ru(dcb)3]4– [Mo(CN)6]4– 0.1M K2HPO4 0.74 384 

321 [Ru(dcb)3]4– [Os(CN)6]4– 0.1M K2HPO4 0.06 384 

322 [Ru(dcb)3]4– [W(CN)8]4– 0.1M K2HPO4 0.67 384 

323 [Ru(deeb)2(bpy)]2+ methyl viologen CH3CN/H2O 1:1, µ = 0.2M NaCl 0.18 369 

324 [Ru(deeb)3]2+ methyl viologen CH3CN/H2O 1:1, µ = 0.3M NaCl 0.31 369 

325 [Ru(deeb)3]2+ methyl viologen CH3CN/H2O 1:9, µ = 0.3M KCl 0.15 383 

326 [Ru(deeb)3]2+ methyl viologen H2O/CH3CN 4:1 0.23 383 

327 [Ru(dmbpy)(CN)4]2– methyl Viologen H2O 0.25 512 

328 [Ru(dmph)3]2+ methyl viologen 8 :5 (v/v) 0.1M TEAClO4/CH3CN to 
CH2Cl2 

0.27 82 

329 [Ru(dpp)3]2+ tri-p-tolylamine CH3CN 0.93 511 

330 [Ru(dpphen)3]2+ 1,4-anisdine CH3CN/H2O 1:1 0.4 415 

331 [Ru(dpphen)3]2+ 1,4-phenylenediamine CH3CN/H2O 1:1 0.46 415 

332 [Ru(dpphen)3]2+ 1,4-toluidine CH3CN/H2O 1:1 0.46 415 

333 [Ru(dpphen)3]2+ 3,3'-dimethylbenzidine CH3CN/H2O 1:1 0.2 415 

334 [Ru(dpphen)3]2+ diphenyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.2 415 

335 [Ru(dpphen)3]2+ diphenylamine CH3CN/H2O 1:1 
 

415 

336 [Ru(dpphen)3]2+ methyl viologen CH3CN/H2O 1:4 0.07 383 

337 [Ru(dpphen)3]2+ N,N,N',N'-tetramethyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.36 415 

338 [Ru(dpphen)3]2+ N,N,N',N'-
tetramethylbenzidine 

CH3CN/H2O 1:1 0.16 415 

339 [Ru(dpphen)3]2+ phenothiazine CH3CN/H2O 1:1 0.32 415 

340 [Ru(dpphen)3]2+ tri-p-tolylamine CH3CN 0.93 511 

341 [Ru(dtb)2(dea)]2+ tetra- n -butylammonium 
iodide 

CH2Cl2 0.35 88 

342 [Ru(HAT)3]2+ adenosine-5’-monophosphate H2O + 0.1 M Phosphate buffer pH7 0.2 519 

343 [Ru(HAT)3]2+ guanosine-5’-monophosphate H2O 0.23 519 

344 [Ru(phen)2(mim)2]2+ methyl viologen H2O/CH3CN 4:1 0.18 383 

345 [Ru(phen)3]2+ [Co(diamsar)]2+ H2O + 0.2M LiCl, 0.05M N-
ethylmorpholine, pH 8.3 

0.65 419 

346 [Ru(phen)3]2+ [Co(diamsarH2)]4+ H2O + 0.1M HCl + 0+1M LiCl 1 419 

347 [Ru(phen)3]2+ [Co(sep)]2+ H2O + 0.2M LiCl 0.53 419 

348 [Ru(phen)3]2+ CuSO4 0.5M H2SO4 0.54 382 

349 [Ru(phen)3]2+ 1,4-anisdine CH3CN/H2O 1:1 0.65 415 

350 [Ru(phen)3]2+ 1,4-phenylenediamine CH3CN/H2O 1:1 0.7 415 

351 [Ru(phen)3]2+ 1,4-toluidine CH3CN/H2O 1:1 
 

415 

352 [Ru(phen)3]2+ 3,3'-dimethylbenzidine CH3CN/H2O 1:1 0.33 415 

353 [Ru(phen)3]2+ diphenyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.46 415 

354 [Ru(phen)3]2+ diphenylamine CH3CN/H2O 1:1 0.65 415 
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355 [Ru(phen)3]2+ methyl viologen H2O/CH3CN 9:1, µ = 0.3M KCl 0.12 383 

356 [Ru(phen)3]2+ methyl viologen CH3CN/H2O 1:4 0.2 383 

357 [Ru(phen)3]2+ N,N,N',N'-tetramethyl-1,4-
phenylenediamine 

CH3CN/H2O 1:1 0.51 415 

358 [Ru(phen)3]2+ N,N,N',N'-
tetramethylbenzidine 

CH3CN/H2O 1:1 
 

415 

359 [Ru(phen)3]2+ phenothiazine CH3CN/H2O 1:1 0.47 415 

360 [Ru(TAP)2(HAT)]2+ adenosine-5’-monophosphate H2O + 0.1 M Phosphate buffer pH7 0.32 519 

361 [Ru(TAP)2(HAT)]2+ guanosine-5’-monophosphate H2O 0.35 519 

362 [Ru(TAP)3]2+ adenosine-5’-monophosphate H2O + 0.1 M Phosphate buffer pH7 0.28 519 

363 [Ru(TAP)3]2+ guanosine-5’-monophosphate H2O 0.3 519 

 
6.9) Tabulated values for the cage-escape yields of [Ru(bpy)3]2+ in different electrolytes and 
at different temperatures 
 
Table 19 gathers the cage-escape yields of [Ru(bpy)3]2+ with several quenchers in different electrolytes and 

at different temperatures. Electron transfer quenching sensitized by ruthenium derivatives occur primarily 

from triplet states. For a specific excited state description, see relevant reference(s). 

 
Table 19. Cage-escape yields (fce) for [Ru(bpy)3]2+ in different electrolytes and at different temperatures.  

Entry Quencher Solvent fce T (°C) Ref 

1 1,4-phenylenediamine CH3CN/H2O 0.44 10 423 

2 1,4-phenylenediamine CH3CN/H2O 0.49 20 423 

3 1,4-phenylenediamine CH3CN/H2O 0.5 30 423 

4 1,4-phenylenediamine CH3CN/H2O 0.49 40 423 

5 1,4-phenylenediamine CH3CN/H2O 0.51 50 423 

6 1,4-phenylenediamine CH3CN/H2O 0.5 60 423 

7 3,3'-dimethylbenzidine CH3CN/H2O 0.25 10 423 

8 3,3'-dimethylbenzidine CH3CN/H2O 0.36 20 423 

9 3,3'-dimethylbenzidine CH3CN/H2O 0.35 30 423 

10 3,3'-dimethylbenzidine CH3CN/H2O 0.37 40 423 

11 3,3'-dimethylbenzidine CH3CN/H2O 0.41 50 423 

12 3,3'-dimethylbenzidine CH3CN/H2O 0.45 60 423 

13 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.23 10 423 

14 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.33 20 423 

15 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.32 30 423 

16 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.39 40 423 

17 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.41 50 423 

18 3,3',5,5'-tetramethylbenzidine CH3CN/H2O 0.4 60 423 

19 diphenylamine CH3CN/H2O 0.4 10 423 

20 diphenylamine CH3CN/H2O 0.65 20 423 

21 diphenylamine CH3CN/H2O 0.53 30 423 
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22 diphenylamine CH3CN/H2O 0.58 40 423 

23 diphenylamine CH3CN/H2O 0.49 50 423 

24 diphenylamine CH3CN/H2O 0.59 60 423 

25 methyl viologen 1-butyl-3-methylimidazolium hexafluorophosphate 0.35 20 385 

26 methyl viologen 1-butyl-3-methylimidazolium hexafluorophosphate 0.8 65 385 

27 methyl viologen CH3CN 0.25 10 422 

28 methyl viologen CH3CN 0.29 20 385 

29 methyl viologen CH3CN 0.29 20 422 

30 methyl viologen CH3CN 0.33 30 422 

31 methyl viologen CH3CN 0.37 40 422 

32 methyl viologen CH3CN 0.40 50 422 

33 methyl viologen CH3CN 0.45 65 385 

34 methyl viologen CH3CN 0.45 65 422 

35 methyl viologen CH3CN/H2O 2:8 0.14 10 422 

36 methyl viologen CH3CN/H2O 2:8 0.17 20 422 

37 methyl viologen CH3CN/H2O 2:8 0.20 30 422 

38 methyl viologen CH3CN/H2O 2:8 0.22 40 422 

39 methyl viologen CH3CN/H2O 2:8 0.25 50 422 

40 methyl viologen CH3CN/H2O 2:8 0.32 65 422 

41 methyl viologen CH3CN/H2O 3:7 0.19 10 422 

42 methyl viologen CH3CN/H2O 3:7 0.21 20 422 

43 methyl viologen CH3CN/H2O 3:7 0.24 30 422 

44 methyl viologen CH3CN/H2O 3:7 0.28 40 422 

45 methyl viologen CH3CN/H2O 3:7 0.32 50 422 

46 methyl viologen CH3CN/H2O 3:7 0.38 65 422 

47 methyl viologen CH3CN/H2O 6:4 0.2 10 422 

48 methyl viologen CH3CN/H2O 6:4 0.24 20 422 

49 methyl viologen CH3CN/H2O 6:4 0.27 30 422 

50 methyl viologen CH3CN/H2O 6:4 0.31 40 422 

51 methyl viologen CH3CN/H2O 6:4 0.33 50 422 

52 methyl viologen CH3CN/H2O 6:4 0.38 65 422 

53 methyl viologen CH3CN/H2O 8:2 0.24 10 422 

54 methyl viologen CH3CN/H2O 8:2 0.27 20 422 

55 methyl viologen CH3CN/H2O 8:2 0.32 30 422 

56 methyl viologen CH3CN/H2O 8:2 0.35 40 422 

57 methyl viologen CH3CN/H2O 8:2 0.39 50 422 

58 methyl viologen CH3CN/H2O 8:2 0.40 65 422 

59 methyl viologen H2O 0.16 5 374 

60 methyl viologen H2O 0.096 7 422 

61 methyl viologen H2O 0.11 7 422 

62 methyl viologen H2O 0.12 7 422 

63 methyl viologen H2O 0.13 7 422 

64 methyl viologen H2O 0.15 7 422 
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65 methyl viologen H2O 0.15 7 422 

66 methyl viologen H2O 0.16 7 422 

67 methyl viologen H2O 0.16 7 422 

68 methyl viologen H2O 0.18 7 422 

69 methyl viologen H2O 0.088 10 84 

70 methyl viologen H2O 0.066 10 84 

71 methyl viologen H2O 0.10 10 422 

72 methyl viologen H2O 0.15 10 84 

73 methyl viologen H2O 0.11 15 422 

74 methyl viologen H2O 0.12 15 422 

75 methyl viologen H2O 0.14 15 422 

76 methyl viologen H2O 0.15 15 422 

77 methyl viologen H2O 0.17 15 374 

78 methyl viologen H2O 0.17 15 422 

79 methyl viologen H2O 0.17 15 422 

80 methyl viologen H2O 0.18 15 422 

81 methyl viologen H2O 0.20 15 422 

82 methyl viologen H2O 0.13 20 422 

83 methyl viologen H2O 0.18 20 374 

84 methyl viologen H2O 0.075 25 84 

85 methyl viologen H2O 0.11 25 84 

86 methyl viologen H2O 0.11 25 422 

87 methyl viologen H2O 0.13 25 422 

88 methyl viologen H2O 0.15 25 422 

89 methyl viologen H2O 0.16 25 422 

90 methyl viologen H2O 0.17 25 84 

91 methyl viologen H2O 0.18 25 374 

92 methyl viologen H2O 0.18 25 422 

93 methyl viologen H2O 0.19 25 422 

94 methyl viologen H2O 0.19 25 422 

95 methyl viologen H2O 0.22 25 422 

96 methyl viologen H2O 0.13 30 422 

97 methyl viologen H2O 0.19 33 374 

98 methyl viologen H2O 0.080 35 84 

99 methyl viologen H2O 0.12 35 84 

100 methyl viologen H2O 0.13 35 422 

101 methyl viologen H2O 0.14 35 422 

102 methyl viologen H2O 0.16 35 422 

103 methyl viologen H2O 0.17 35 422 

104 methyl viologen H2O 0.19 35 84 

105 methyl viologen H2O 0.20 35 422 

106 methyl viologen H2O 0.20 35 422 

107 methyl viologen H2O 0.21 35 422 
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108 methyl viologen H2O 0.23 35 422 

109 methyl viologen H2O 0.15 40 422 

110 methyl viologen H2O 0.2 42 374 

111 methyl viologen H2O 0.086 45 84 

112 methyl viologen H2O 0.13 45 84 

113 methyl viologen H2O 0.13 45 422 

114 methyl viologen H2O 0.16 45 422 

115 methyl viologen H2O 0.17 45 422 

116 methyl viologen H2O 0.19 45 422 

117 methyl viologen H2O 0.21 45 84 

118 methyl viologen H2O 0.22 45 422 

119 methyl viologen H2O 0.22 45 422 

120 methyl viologen H2O 0.22 45 422 

121 methyl viologen H2O 0.25 45 422 

122 methyl viologen H2O 0.16 50 422 

123 methyl viologen H2O 0.21 52 374 

124 methyl viologen H2O 0.14 55 422 

125 methyl viologen H2O 0.17 55 422 

126 methyl viologen H2O 0.19 55 422 

127 methyl viologen H2O 0.21 55 422 

128 methyl viologen H2O 0.24 55 422 

129 methyl viologen H2O 0.24 55 422 

130 methyl viologen H2O 0.24 55 422 

131 methyl viologen H2O 0.27 55 422 

132 methyl viologen H2O 0.101 60 84 

133 methyl viologen H2O 0.15 60 84 

134 methyl viologen H2O 0.22 60 84 

135 methyl viologen H2O 0.22 61 374 

136 methyl viologen H2O 0.16 65 422 

137 methyl viologen H2O 0.18 65 422 

138 methyl viologen H2O 0.18 65 422 

139 methyl viologen H2O 0.21 65 422 

140 methyl viologen H2O 0.22 65 422 

141 methyl viologen H2O 0.26 65 422 

142 methyl viologen H2O 0.26 65 422 

143 methyl viologen H2O 0.26 65 422 

144 methyl viologen H2O 0.30 65 422 

145 methyl viologen H2O 0.23 69 374 

146 methyl viologen H2O + CaCl2 0.017 M 0.17 25 381 

147 methyl viologen H2O + CaCl2 0.017 M 0.19 40 381 

148 methyl viologen H2O + CaCl2 0.017 M 0.22 60 381 

149 methyl viologen H2O + CaCl2 0.033 M 0.16 25 381 

150 methyl viologen H2O + CaCl2 0.033 M 0.17 40 381 
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151 methyl viologen H2O + CaCl2 0.033 M 0.2 60 381 

152 methyl viologen H2O + CaCl2 0.067 M 0.15 25 381 

153 methyl viologen H2O + CaCl2 0.067 M 0.17 40 381 

154 methyl viologen H2O + CaCl2 0.067 M 0.19 60 381 

155 methyl viologen H2O + CaCl2 0.13 M 0.14 25 381 

156 methyl viologen H2O + CaCl2 0.13 M 0.16 40 381 

157 methyl viologen H2O + CaCl2 0.13 M 0.18 60 381 

158 methyl viologen H2O + CaCl2 0.27 M 0.14 25 381 

159 methyl viologen H2O + CaCl2 0.27 M 0.13 40 381 

160 methyl viologen H2O + CaCl2 0.27 M 0.15 60 381 

161 methyl viologen H2O + CsCl 0.05 M 0.16 10 381 

162 methyl viologen H2O + CsCl 0.05 M 0.17 25 381 

163 methyl viologen H2O + CsCl 0.05 M 0.17 35 381 

164 methyl viologen H2O + CsCl 0.05 M 0.2 45 381 

165 methyl viologen H2O + CsCl 0.05 M 0.2 60 381 

166 methyl viologen H2O + CsCl 0.1 M 0.13 10 381 

167 methyl viologen H2O + CsCl 0.1 M 0.12 25 381 

168 methyl viologen H2O + CsCl 0.1 M 0.15 35 381 

169 methyl viologen H2O + CsCl 0.1 M 0.18 45 381 

170 methyl viologen H2O + CsCl 0.1 M 0.17 60 381 

171 methyl viologen H2O + CsCl 0.2 M 0.13 10 381 

172 methyl viologen H2O + CsCl 0.2 M 0.1 25 381 

173 methyl viologen H2O + CsCl 0.2 M 0.16 35 381 

174 methyl viologen H2O + CsCl 0.2 M 0.2 45 381 

175 methyl viologen H2O + CsCl 0.2 M 0.19 60 381 

176 methyl viologen H2O + CsCl 0.4 M 0.11 10 381 

177 methyl viologen H2O + CsCl 0.4 M 0.09 25 381 

178 methyl viologen H2O + CsCl 0.4 M 0.14 35 381 

179 methyl viologen H2O + CsCl 0.4 M 0.18 45 381 

180 methyl viologen H2O + CsCl 0.4 M 0.17 60 381 

181 methyl viologen H2O + CsCl 0.6 M 0.08 25 381 

182 methyl viologen H2O + CsCl 0.8 M 0.1 10 381 

183 methyl viologen H2O + CsCl 0.8 M 0.08 25 381 

184 methyl viologen H2O + CsCl 0.8 M 0.12 35 381 

185 methyl viologen H2O + CsCl 0.8 M 0.14 45 381 

186 methyl viologen H2O + CsCl 0.8 M 0.14 60 381 

187 methyl viologen H2O + LaCl3 0.0083 M 0.12 10 381 

188 methyl viologen H2O + LaCl3 0.0083 M 0.16 25 381 

189 methyl viologen H2O + LaCl3 0.0083 M 0.2 35 381 

190 methyl viologen H2O + LaCl3 0.0083 M 0.23 45 381 

191 methyl viologen H2O + LaCl3 0.0083 M 0.24 60 381 

192 methyl viologen H2O + LaCl3 0.017 M 0.11 10 381 

193 methyl viologen H2O + LaCl3 0.017 M 0.2 25 381 
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194 methyl viologen H2O + LaCl3 0.017 M 0.21 35 381 

195 methyl viologen H2O + LaCl3 0.017 M 0.16 45 381 

196 methyl viologen H2O + LaCl3 0.017 M 0.24 60 381 

197 methyl viologen H2O + LaCl3 0.033 M 0.12 10 381 

198 methyl viologen H2O + LaCl3 0.033 M 0.17 25 381 

199 methyl viologen H2O + LaCl3 0.033 M 0.19 35 381 

200 methyl viologen H2O + LaCl3 0.033 M 0.16 45 381 

201 methyl viologen H2O + LaCl3 0.033 M 0.21 60 381 

202 methyl viologen H2O + LaCl3 0.067 M 0.09 10 381 

203 methyl viologen H2O + LaCl3 0.067 M 0.17 25 381 

204 methyl viologen H2O + LaCl3 0.067 M 0.19 35 381 

205 methyl viologen H2O + LaCl3 0.067 M 0.19 45 381 

206 methyl viologen H2O + LaCl3 0.067 M 0.22 60 381 

207 methyl viologen H2O + LaCl3 0.13 M 0.09 10 381 

208 methyl viologen H2O + LaCl3 0.13 M 0.16 25 381 

209 methyl viologen H2O + LaCl3 0.13 M 0.17 35 381 

210 methyl viologen H2O + LaCl3 0.13 M 0.2 45 381 

211 methyl viologen H2O + LaCl3 0.13 M 0.22 60 381 

212 methyl viologen H2O + LiCl 0.05 M 0.16 10 381 

213 methyl viologen H2O + LiCl 0.05 M 0.18 25 381 

214 methyl viologen H2O + LiCl 0.05 M 0.18 35 381 

215 methyl viologen H2O + LiCl 0.05 M 0.18 45 381 

216 methyl viologen H2O + LiCl 0.05 M 0.22 60 381 

217 methyl viologen H2O + LiCl 0.1 M 0.14 10 381 

218 methyl viologen H2O + LiCl 0.1 M 0.17 25 381 

219 methyl viologen H2O + LiCl 0.1 M 0.16 35 381 

220 methyl viologen H2O + LiCl 0.1 M 0.19 45 381 

221 methyl viologen H2O + LiCl 0.1 M 0.2 60 381 

222 methyl viologen H2O + LiCl 0.2 M 0.13 10 381 

223 methyl viologen H2O + LiCl 0.2 M 0.15 25 381 

224 methyl viologen H2O + LiCl 0.2 M 0.16 35 381 

225 methyl viologen H2O + LiCl 0.2 M 0.17 45 381 

226 methyl viologen H2O + LiCl 0.2 M 0.19 60 381 

227 methyl viologen H2O + LiCl 0.4 M 0.12 10 381 

228 methyl viologen H2O + LiCl 0.4 M 0.14 25 381 

229 methyl viologen H2O + LiCl 0.4 M 0.15 35 381 

230 methyl viologen H2O + LiCl 0.4 M 0.16 45 381 

231 methyl viologen H2O + LiCl 0.4 M 0.18 60 381 

232 methyl viologen H2O + LiCl 0.6 M 0.13 25 381 

233 methyl viologen H2O + LiCl 0.8 M 0.11 10 381 

234 methyl viologen H2O + LiCl 0.8 M 0.13 35 381 

235 methyl viologen H2O + LiCl 0.8 M 0.14 45 381 

236 methyl viologen H2O + LiCl 0.8 M 0.15 60 381 
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237 methyl viologen H2O + NaCl 0.05 M 0.17 25 381 

238 methyl viologen H2O + NaCl 0.05 M 0.15 35 381 

239 methyl viologen H2O + NaCl 0.05 M 0.19 45 381 

240 methyl viologen H2O + NaCl 0.05 M 0.22 60 381 

241 methyl viologen H2O + NaCl 0.1 M 0.15 10 381 

242 methyl viologen H2O + NaCl 0.1 M 0.15 25 381 

243 methyl viologen H2O + NaCl 0.1 M 0.15 35 381 

244 methyl viologen H2O + NaCl 0.1 M 0.17 45 381 

245 methyl viologen H2O + NaCl 0.1 M 0.19 60 381 

246 methyl viologen H2O + NaCl 0.2 M 0.12 10 381 

247 methyl viologen H2O + NaCl 0.2 M 0.12 25 381 

248 methyl viologen H2O + NaCl 0.2 M 0.15 35 381 

249 methyl viologen H2O + NaCl 0.2 M 0.16 45 381 

250 methyl viologen H2O + NaCl 0.2 M 0.19 60 381 

251 methyl viologen H2O + NaCl 0.3 M 0.12 25 381 

252 methyl viologen H2O + NaCl 0.4 M 0.11 10 381 

253 methyl viologen H2O + NaCl 0.4 M 0.12 25 381 

254 methyl viologen H2O + NaCl 0.4 M 0.14 35 381 

255 methyl viologen H2O + NaCl 0.4 M 0.16 45 381 

256 methyl viologen H2O + NaCl 0.4 M 0.18 60 381 

257 N,N-dimethylaniline CH3CN/H2O 0.5 10 423 

258 N,N-dimethylaniline CH3CN/H2O 0.74 20 423 

259 N,N-dimethylaniline CH3CN/H2O 0.79 30 423 

260 N,N-dimethylaniline CH3CN/H2O 0.65 40 423 

261 N,N-dimethylaniline CH3CN/H2O 0.81 50 423 

262 N,N-dimethylaniline CH3CN/H2O 0.75 60 423 

263 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.53 10 423 

264 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.57 20 423 

265 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.68 30 423 

266 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.66 40 423 

267 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.67 50 423 

268 N,N,N',N'-tetramethyl-1,4-phenylenediamine CH3CN/H2O 0.71 60 423 

269 p-anisidine CH3CN/H2O 0.72 10 423 

270 p-anisidine CH3CN/H2O 0.68 20 423 

271 p-anisidine CH3CN/H2O 0.62 30 423 

272 p-anisidine CH3CN/H2O 0.61 40 423 

273 p-anisidine CH3CN/H2O 0.58 50 423 

274 p-anisidine CH3CN/H2O 0.6 60 423 

275 p-toluidine CH3CN/H2O 0.57 10 423 

276 p-toluidine CH3CN/H2O 0.54 20 423 

277 p-toluidine CH3CN/H2O 0.65 30 423 

278 p-toluidine CH3CN/H2O 0.51 40 423 

279 p-toluidine CH3CN/H2O 0.74 50 423 
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280 p-toluidine CH3CN/H2O 0.75 60 423 

281 Phenothiazine CH3CN/H2O 0.41 10 423 

282 Phenothiazine CH3CN/H2O 0.53 20 423 

283 Phenothiazine CH3CN/H2O 0.46 30 423 

284 Phenothiazine CH3CN/H2O 0.45 40 423 

285 Phenothiazine CH3CN/H2O 0.51 50 423 

286 Phenothiazine CH3CN/H2O 0.51 60 423 

 
6.10) Tabulated values for the cage-escape yields of Ir(III), Rh(III), Os(II), Cu(I), Cr(III), 
Fe(III), Re(I), Co(III) and Pt(II) photosensitizers.  
 
Table 20 gathers the cage-escape yields of Ir(III), Rh(III), Os(II), Cu(I), Cr(III), Fe(III), Re(I), Co(III) and 

Pr(II) photosensitizers with several quenchers and solvents. Electron transfer quenching sensitized by the 

listed metal photosensitizers are primarily done by triplet states with the exception of some Cr(III) and 

Fe(III) which are primarily doublet excited states. For a specific excited state description, see relevant 

reference(s). 

 
Table 20. Cage-escape yields (fce) of Ir(III), Rh(III), Os(II), Cu(I), Cr(III), Fe(III), Re(I), Co(III) and Pt(II) photosensitizers. 

Entry Photosensitizer Quencher Solvent fce Ref 

1 [Co(LCNC)2]+ methyl viologen CH3CN 0.02 520 
2 [Cr(bpy)3]3+ 1,2,4-trimethoxybenzene CH3CN 0.021 349 
3 [Cr(bpy)3]3+ 1,4-anisidine CH3CN 0.18 349 
4 [Cr(bpy)3]3+ 1,4-dimethoxybenzene CH3CN 0.019 349 
5 [Cr(bpy)3]3+ 2-aminonaphthalene CH3CN 0.07 349 
6 [Cr(bpy)3]3+ 3,3'-dimethylbenzidine CH3CN 0.31 349 
7 [Cr(bpy)3]3+ diphenyl-1,4-

phenylenediamine 
CH3CN 0.56 349 

8 [Cr(bpy)3]3+ diphenylamine CH3CN 0.07 349 
9 [Cr(bpy)3]3+ N,N-dimethylaniline CH3CN 0.09 349 

10 [Cr(bpy)3]3+ N,N,N’,N’-tetramethyl-1,4-
phenylenediamine 

CH3CN 0.8 349 

11 [Cr(bpy)3]3+ N,N,N’,N’-
tetramethylbenzidine 

CH3CN 0.35 349 

12 [Cr(bpy)3]3+ phenothiazine CH3CN 0.16 349 
13 [Cr(dpphen)3]3+ 1,2-phenylenediamine CH3CN 0.26 349 
14 [Cr(dpphen)3]3+ 1,2,4-trimethoxybenzene CH3CN 0.017 349 
15 [Cr(dpphen)3]3+ 1,3,5-trimethoxybenzene CH3CN 0.027 349 
16 [Cr(dpphen)3]3+ 1,4-dimethoxybenzene CH3CN 0.032 349 
17 [Cr(dpphen)3]3+ 1,4-phenylenediamine CH3CN 0.61 349 
18 [Cr(dpphen)3]3+ 3,3'-dimethylbenzidine CH3CN 0.43 349 
19 [Cr(dpphen)3]3+ N,N,N’,N’-tetramethyl-1,4-

phenylenediamine 
CH3CN 0.79 349 
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20 [Cr(dpphen)3]3+ N,N,N’,N’-
tetramethylbenzidine 

CH3CN 0.35 349 

21 [Cr(dpphen)3]3+ triphenylamine CH3CN 0.039 349 
22 [Cr(dpq)2]3+ tri-p-anisylamine CH3CN 0.13 439 
23 [Cr(dpq)2]3+ tri-p-anisylamine CH3CN 0.13 440 

24 [Cr(dpq)2]3+ tri-p-PEG3-arylamine CH3CN 0.14 440 
25 [Cr(dpq)2]3+ tri-p-PEG7-arylamine CH3CN 0.19 440 

26 [Cr(dpq)2]3+ Tris(4-chlorophenyl)amine CH3CN 0.16 440 
27 [Cr(dpq)2]3+ Tris(4-bromophenyl)amine CH3CN 0.16 440 

28 [Cr(dpq)2]3+ Tris(4-iodophenyl)amine CH3CN 0.18 440 
29 [Cr(dpq)2]3+ N,N-dimethylaniline CH3CN 0.07 440 

30 [Cr(dpq)2]3+ N,N-dimethyltoluidine CH3CN 0.08 440 
31 [Cr(dpq)2]3+ 4-methoxy-N,N’-

dimethylaniline  
CH3CN 0.08 440 

32 [Cr(dpq)2]3+ THIQ CH3CN <0.07 440 
33 [Cr(dpq)2]3+ triethylamine CH3CN 0.11 440 

34 [Cr(dpq)2]3+ diisopropylethylamine CH3CN 0.11 440 
35 [Cr(tpe)2]3+ 4-aminomorpholine CH3CN 0.73 441 
36 [Cr(tpe)2]3+ cyclohexyltrifluoroborate CH3CN 0.27 441 
37 [Cr(tpe)2]3+ DABCO CH3CN <0.08 441 
38 [Cr(tpe)2]3+ DABSO CH3CN <0.07 441 
39 [Cu(dpp)2]+ benzyl viologen CH3CN 0.1 M TBAPF6 0.57 378 
40 [Cu(dpp)2]+ methyl viologen CH3CN 0.1 M TBAPF6 0.95 378 
41 [Fe(btz)3]3+ triethylamine CH3CN/CH3OH 4:3 0.20 461 
42 [Fe(phtmeimb)2]+ [Fe(phtmeimb)2]+ CH3CN 0.04 460 
43 [Fe(phtmeimb)2]+ diphenylamine CH3CN 0.05 444 
44 [Fe(phtmeimb)2]+ methyl Viologen CH3CN 0.05 444 
45 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH2Br2 0.54 51 
46 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH2Cl2 0.6 51 
47 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN 0.02 51 
48 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN + 30% MeI 0.05 51 
49 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN + 50% MeI 0.09 51 
50 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN 0.1M TBAPF6 0.35 51 
51 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN 0.2M TBAPF6 0.30 51 
52 [Fe(phtmeimb)2]+ N,N-dimethylaniline CH3CN 1M TBAPF6 0.17 51 
53 [Fe(phtmeimb)2]+ N,N-dimethylaniline DMF 0.01 51 
54 [Fe(phtmeimb)2]+ N,N-dimethyltoluidine CH2Cl2 0.36 51 
55 [Fe(phtmeimb)2]+ N,N-dimethyltoluidine CH3CN 0.05 51 
56 [Fe(phtmeimb)2]+ N,N-dimethyltoluidine DMF 0.03 51 
57 [Fe(phtmeimb)2]+ tri-p-tolylamine CH2Cl2 0.63 51 
58 [Fe(phtmeimb)2]+ tri-p-tolylamine CH3CN 0.07 51 
59 [Fe(phtmeimb)2]+ tri-p-tolylamine DMF 0.07 51 
60 [Fe(phtmeimb)2]+ triethylamine CH2Cl2 0.21 429 
61 [Fe(phtmeimb)2]+ triethylamine CH3CN 0.01 429 



   
 

154 
 

62 [Fe(phtmeimb)2]+ triethylamine DMF 0.09 429 
63 [Ir((dFCF3)ppy)2(dtb)]+ 4-bromobenzene diazonium CH3CN 1 94 
64 [Ir((dFCF3)ppy)2(dtb)]+ 4-ethylesterbenzene 

diazonium 
CH3CN 0.89 94 

65 [Ir((dFCF3)ppy)2(dtb)]+ 4-methoxybenzene diazonium CH3CN 0.44 94 
66 [Ir((dFCF3)ppy)2(dtb)]+ 4-nitrobenzene diazonium CH3CN 1 94 
67 [Ir(NBI)2(phen)]+ N,N-dimethyltoluidine CH3CN/H2O 2:1 0.78 63 
68 [Ir(ppy)2(dtb)]+ 4-bromobenzene diazonium CH3CN 1 94 
69 [Ir(ppy)2(dtb)]+ 4-ethylesterbenzene 

diazonium 
CH3CN 1 94 

70 [Ir(ppy)2(dtb)]+ 4-methoxybenzene diazonium CH3CN 0.43 94 
71 [Ir(ppy)2(dtb)]+ 4-nitrobenzene diazonium CH3CN 1 94 
72 [Ir(ppy)3] 4-bromobenzene diazonium CH3CN 1 94 
73 [Ir(ppy)3] 4-methoxybenzene diazonium CH3CN 0.61 94 
74 [Os(bpy)2(das)]2+ methyl viologen 8 :5 (v/v) 0.1M TEAClO4/ CH3CN to 

CH2Cl2 
0.21 82 

75 [Os(bpy)3]2+ 4-bromobenzene diazonium CH3CN 0.61 94 
76 [Os(bpy)3]2+ 4-ethylesterbenzene 

diazonium 
CH3CN 0.89 94 

77 [Os(bpy)3]2+ 4-methoxybenzene diazonium CH3CN 0.18 94 
78 [Os(bpy)3]2+ 4-nitrobenzene diazonium CH3CN 0.97 94 
79 [Os(phen)(dmpp)2]2+ methyl viologen 8 :5 (v/v) 0.1M TEAClO4/ CH3CN to 

CH2Cl2 
0.14 82 

80 [Os(phen)2(dppm)]2+ methyl viologen 8 :5 (v/v) 0.1M TEAClO4/ CH3CN to 
CH2Cl2 

0.18 82 

81 [Pt(mnt)2]2– 1-ethyl-1’-(3-
sulfonatepropyl)-3,3’-

dimethyl-4,4’-bipyridinium 

DMSO 1 471 

82 [Pt(mnt)2]2– 1-ethyl-1’-(3-
sulfonatepropyl)-4,4’-

bipyridinium 

DMSO 1 471 

83 [Pt(mnt)2]2– N,N’-(1,3-propenyl)-2,2’-
bipyridinium 

DMSO 0.11 471 

84 [Pt2(pop)4]4– [Ni(cyclam)]2+ 0.01M HClO4 under air 0.054 472 
85 [Pt2(pop)4]4– [Ni(cyclam)]2+ 0.01M HClO4 under argon 0.028 472 
86 [Re(4,4’-PO32–)2-bpy)(CO)3(Cl)]– Phenothiazine EtOH 0.26 470 
87 [Re(4,4’-PO3H2)2-bpy)(CO)3(Cl)]+ Phenothiazine EtOH 0.15 470 
88 [Re(4,4’,5,5’-(CH3)4-bpy)(py)(CO)3]+ Co(CO4)– CH3CN (355nm) 0.67 465 
89 [Re(4,4’,5,5’-(CH3)4-bpy)(py)(CO)3]+ Co(CO4)– CH3CN (532 nm) 0.04 465 
90 [Re(BP)(4-dab)(CO)3]+ 1,4-diazabicyclo[2.2.2]octane CH3CN 0.73 464 
91 [Re(BP)(5-dab)(CO)3]+ 1,4-diazabicyclo[2.2.2]octane CH3CN 0.73 464 
92 [Re(BP)(bpy)(CO)3]+ 1,4-diazabicyclo[2.2.2]octane CH3CN 0.79 464 
93 [Re(BP)(bpz)(CO)3]+ 1,4-diazabicyclo[2.2.2]octane CH3CN 0.54 464 
94 [Re(BP)(dmb)(CO)3]+ 1,4-diazabicyclo[2.2.2]octane CH3CN 0.85 464 
95 [Re(bpy)(py)(CO)3]+ 1,2-dihydroxybenzene H2O 0.37 466 
96 [Re(bpy)(py)(CO)3]+ 1,4-hydroquinone H2O 0.33 466 
97 [Re(bpy)(py)(CO)3]+ 2,5-dihydroxybenzoic acid H2O 0.37 466 
98 [Re(bpy)(py)(CO)3]+ Co(CO4)– CH3CN (355nm) 0.65 465 
99 [Re(bpy)(py)(CO)3]+ Co(CO4)– CH3CN (532 nm) 0.04 465 
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100 [Rh(dpphen)3]3+ 1,2-dimethoxybenzene CH3CN/H2O 1:1 0.52 349 
101 [Rh(dpphen)3]3+ 1,2-phenylenediamine CH3CN/H2O 1:1 0.64 349 
102 [Rh(dpphen)3]3+ 1,2,4-trimethoxybenzene CH3CN/H2O 1:1 0.49 349 
103 [Rh(dpphen)3]3+ 1,3,5-trimethoxybenzene CH3CN/H2O 1:1 0.44 349 
104 [Rh(dpphen)3]3+ 1,4-dimethoxybenzene CH3CN/H2O 1:1 0.48 349 
105 [Rh(dpphen)3]3+ 1,4-phenylenediamine CH3CN/H2O 1:1 0.78 349 
106 [Rh(dpphen)3]3+ 3,3'-dimethylbenzidine CH3CN/H2O 1:1 0.55 349 
107 [Rh(dpphen)3]3+ diphenylamine CH3CN/H2O 1:1 0.38 349 
108 [Rh(dpphen)3]3+ methoxybenzene CH3CN/H2O 1:1 0.58 349 
109 [Rh(dpphen)3]3+ N,N,N’,N’-tetramethyl-1,4-

phenylenediamine 
CH3CN/H2O 1:1 0.88 349 

110 [Rh(dpphen)3]3+ N,N,N’,N’-
tetramethylbenzidine 

CH3CN/H2O1:1 0.58 349 

111 Ir2-TAPHAT bromide CH3CN 0.7 431 
112 Ir2-TAPHAT bromide CH3CN/H2O 1:1 0.03 431 
113 Ir2-TAPHAT chloride CH3CN 0.55 431 
114 Ir2-TAPHAT chloride CH3CN/H2O 1:1 0.04 431 
115 Ir2-TAPHAT iodide CH3CN 0.9 431 
116 Ir2-TAPHAT iodide CH3CN/H2O 1:1 0.32 431 
117 Ir2-TPPHZ bromide CH3CN 0.81 431 
118 Ir2-TPPHZ bromide CH3CN/H2O 1:1 0.02 431 
119 Ir2-TPPHZ chloride CH3CN 0.8 431 
120 Ir2-TPPHZ chloride CH3CN/H2O 1:1 0.02 431 
121 Ir2-TPPHZ iodide CH3CN 0.96 431 
122 Ir2-TPPHZ iodide CH3CN/H2O 1:1 0.11 431 
123 Re(4,4’-PO3H2)2-bpy)(CO)3(Cl)]+ phenothiazine Surface of ZrO2 0.42 470 

 
6.11) Tabulated values for the cage-escape yields porphyrin derivatives.  
 
Table 20 gathers the cage-escape yields of porphyrin derivatives with several quenchers and solvents. 

Electron transfer quenching sensitized by porphyrin derivatives occur primarily from singlet and triplet 

states. For a specific excited state description, see relevant reference(s). 

 
Table 21. Cage-escape yields (fce) of porphyrin derivatives 

Entry Photosensitizer Quencher Solvent fce Ref 

1 AlTPP benzoquinone ethanol 0.21 168 
2 CdTPP benzoquinone ethanol 0.16 168 
3 CrTPP benzoquinone ethanol <0.002 168 
4 CuTPP benzoquinone ethanol <0.002 168 
5 H2TPP benzoquinone ethanol 0.084 168 
6 MgTPP benzoquinone ethanol 0.24 168 
7 PdTPP benzoquinone ethanol 0.055 168 
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8 RuTPP benzoquinone ethanol 0.07 168 
9 Zn(OEP) 1,4-benzoquinone hexyl alcohol 0.27 349 
10 Zn(OEP) 1,4-naphthoquinone hexyl alcohol 0.17 349 
11 Zn(OEP) 2,5-dimethyl-1,4-benzoquinone hexyl alcohol 0.22 349 
12 Zn(OEP) 9,10-anthraquinone hexyl alcohol 0.13 349 
13 Zn(OEP) tetramethyl-1,4-benzoquinone hexyl alcohol 0.22 349 
14 ZnCPP- methyl viologen H2O, 0.01M Phosphate, 0.01M EDTA 0.037 521 
15 ZnMPyP+ methyl viologen H2O, 0.01M Phosphate, 0.01M EDTA 0.1 521 
16 ZnP methyl viologen ethanol ND 478 
17 ZnP n=1 methyl viologen ethanol 0.12 478 
18 ZnP n=2 methyl viologen ethanol 0.15 478 
19 ZnP n=4 methyl viologen ethanol 0.29 478 
20 ZnP n=6 methyl viologen ethanol 0.31 478 
21 ZnTCPP4– methyl viologen H2O, 0.01M Phosphate, 0.01M EDTA <0.01 521 
22 ZnTMPyP4+ methyl viologen H2O, 0.01M Phosphate, 0.01M EDTA 0.75 521 
23 ZnTPP benzoquinone ethanol 0.22 168 
24 ZnTSPP4– methyl viologen H2O, 0.01M Phosphate, 0.01M EDTA <0.01 521 
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