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The rate constants for the quenching of the excited states of metal ions and com-
plexes in homogeneous fluid solution are reported in this compilation. Values of k; for
dynamic, collisional processes between excited species and quenchers have been criti-
cally evaluated, and are presented with the following information, among others, from
the original publications, when available: description of the solution medium, tempera-
ture at which k, was determined, experimental method, range of quencher concentration
used, lifetime of the excited state in the absence of quencher, activation parameters,
guenching mechanism. Data collection is complete through the end of 1986, and covers
the coordination compounds of twenty-six metals, including the ions and complexes of
the inner- and outer-transition metals, and porphyrin complexes of non-transition metals.
Data for 261 excited states quenched by more than 400 inorganic quenchers and 600
organic quenchers have been extracted from almost 500 publications. The introduction
to the work contains a discussion of the conceptual background to quenching, including a
general treatment of the kinetics, an explanation of the tables, and a list of recent review
articles. Uncommon kinetics mechanisms and equations, used to obtain the reported
values of k;, are discussed in detail as part of the notes to the tables. Indexes of excited
states, quenchers, and authors are appended.
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1. Introduction

Over the past thirty years, the photochemistry and photophysics of metal coordination complexes has been an active area
of research, drawing upon and merging with the extensive experience of coordination chemists, spectroscopists, and organic
photochemists with regard to the synthesis of compounds, the development of experimenta techniques, and an understanding
of the kinetics and theories of excited states. The development during this time of fast kinetics techniques (conventional and
pulsed-laser flash photolysis, time-resolved spectrofluorimetry) and the use of computers for experimental control and data
management has caused this research area to evolve into a mature discipline.

Two very important events occurred almost simultaneously a little more than fifteen years ago that triggered a surge of
activity in the field: the recognition of the ability of the luminescent excited state of tris(2,2'-bipyridine)ruthenium(2+) ion
(Ru(bpy)32+) to photosensitize electron transfer reactions, and the first world-wide energy crisis brought on by the oil embargo
as aresult of the Yom Kippur War in the Middle East. It was recognized almost immediately that the electron-transfer reac-
tions of the excited state of Ru(bpy)32+ and, by extension, those of other coordination complexes, in fluid solution leads to the
formation of energy-rich species which, through the manipulation of their subsequent reactions, can result in the generation of
storable fuels. The development of schemes for the photochemical conversion and storage of solar energy involving coordina-
tion complexes began in earnest, and with it detailed studies of al the quenching reactions of excited states (electron transfer,
energy transfer, proton transfer, etc.) and the chemistry of the products of those processes.

Theoretical treatments soon made the conection between the rate constant of the quenching reaction (k) and the ener-
getics of the reactants. Existing k, data were applied to theory, resulting in a demand for more data to test the theory. Asa
result, values of k, for the reactions of the excited states of many coordination complexes with many quenchers under widely
diverse experimental have been were published in the literature to date. Up to now, it has been very difficult for researchersto
find the values of k, they want, or to know exactly what has been done and what has not. In addition, those values of k, that
have been published in the review literature have not been subjected to a critical evaluation of their quality, nor have they been
part of a compilation in which the experimental conditions of their determination, and thus their validity, have been described.

This compilation is devoted to the presentation and critical evaluation of k; for dynamic, collisional processes between
*Sand Q in fluid homogeneous solution. The excited states have been limited to those of ions and complexes of the inner- and
outer-transition metals, and porphyrin complexes of nontransition metals. Quenchers include inorganic and organic species, as
well as the ground state of the substrates. In addition to displaying the k; values for excited state/quencher couples and the
literature reference for the source of the rate constant, the tables contain descriptions of the solution medium, the temperature
at which the experiment was performed, the experimental method used, the range of [Q] used, and activation parameters, as
well as other pieces of information extracted from the original publications that could be useful to the reader for the evaluation
of the quality of the resullts.

This introduction to the compilation continues, in Sec. 2, with a discussion of the conceptional background to quench-
ing: the excitation of coordination complexes, the decay of the excited states, the types of quenching processes, and the funda-
mental "Stern-Volmer" kinetics of quenching. Consideration is given to the conditions that lead to deviations from Stern-
Volmer behavior, the relationship of the kinetics of diffusion to k,, and the efficiency of escape of redox products from the sol-
vent cage as aresult of electron-transfer quenching. The structure of the Tables is examined in Sec. 3: the scope of the com-
pilation, the procedures for the selection of values of k;, from the literature, the problems of nomenclature and speciation, and
our concern with the errors and uncertainties that accompany the numerical quantities. The experimental methods used by
authors to obtain the data are also described. We offer, in Sec. 4, alist of recent review articles about aspects of the quenching
of excited states of coordination complexes that may be useful to the reader. A list of abbreviations and symbols, and the
molecular structures of some of the more complicated polymeric and heterocyclic quenchers precede the Tables; the Tables
are followed by Notes which describe the mechanisms and equations that have been used in specifically referenced papers for
the extraction of the values of k.

2. Conceptual Background
2.1. Excitation of Substrates

Absorption of light in the ultraviolet, visible, or near-infrared regions of the spectrum by a coordination complex sub-
strate (S) of the general form M-L, where M is the metal center and L represents the ligands in generic terms, results in the
generation of electronically excited states within the period of photon absorption ((1L0™2¢ s). The subsequent rapid passage of
the system along deactivation routes leads to the eventual formation, generally, of the lowest excited state of the substrate (*S),
which is relatively long lived due to the spin restrictions governing its conversion back to the ground state; the efficiency of



population of *S from the absorption of one photon at the wavelength of excitation isn*. Depending on the coordination com-
plex involved, *S can be charge-transfer (metal-to-ligand, ligand-to-metal, complex-to-solvent), metal-centered, or ligand-
localized in nature; the excitation may reside in nonbonding or antibonding orbitals, may be localized or diffuse, and will have
orientiations in space appropriate to the symmetry of the state.

Irrespective of the nature of the specific system, *Sand S are different species; *Sis a stronger reductant and oxidant, is
more energetic, and, because of its unique eectronic configuration, has the possibility of exhibiting greatly different patterns
of reactivity (acid-base, substitution, etc.). These reactive pathways are kinetically competitive with nonradiative and radiative
modes of decay; this latter route results in the emission of light (luminescence) which can serve as a marker for the presence of
*S, depending upon the relative rate constants of the various competing processes. In the case of some complexes, lumines-
cent decay is not kinetically competitive, emission is not observed, and the detection of *S must be accomplished through the
use of an alternative technique, such as the monitoring of the absorption of *S.

2.2. Decay of Excited States

In the most general sense, the formation of *S and its subsequent decay, when unperturbed, via radiative, nonradiative,
and reactive intramolecular modes can be described by reactions (1)-(4), where |, is the rate at which the light is absorbed by
S.

I.n*

S+hv — *S, )
krd
—— S+hv, @)
knr

*S —— S+ heat, (3)
Kix
—— products. 4

The lifetime of unperturbed * S, 1, is defined as 1y = Lk, where kg = K,q + Ky + Kiy.

2.3. Quenching of Excited States

The subject of this compendium is the second-order rate constant, k,, for the bimolecular reaction between an electroni-
cally excited species, *S, and a quencher, Q, which contributes to the deactivation of *S. The simplest view of the primary
processes in quenching is that of irreversible reaction (5) occurring in asingle step.

*S+Q ﬁ—» products (5)

When the microscopic details of quenching are considered, the diffusion of *S and Q together to form * S-Q, a precursor
complex’” in which a very weak interaction exists between the pair, is written explicitly. *S-Q is an outer-sphere encounter
complex which is held within the solvent cage for a short period of time (sub-ns); the deactivation of the encounter complex to
yield products with a rate constant ks, must compete with the break-up of the solvent cage and the release of *S and Q into the
bulk solvent [reaction (6)].

a ke
*S+Q <===> {*S-Q} —— products (6)
Kg
Based on reaction (6), k, is defined by Eq. (7), where ky is the rate constant for bimolecular diffusional encounter, which
can be calculated by use of the Debye-Smoluchowski equation, and k_ is the rate constant for the unimolecular dissociation of

*S-Q into the parent components; in the case of outer-sphere encounters, k_4 can be calculated by means of the Eigen equa-
tion.

Ka Kge
k= (")

" (kg + ke



The deactivation of *S-Q can be visualized as occurring via competing radiative, nonradiative, and reactive reactions
(8)-(10), which are analogous to those of * S [reactions (2)-(4) above].

kr'

BN S+Q+hv', ®)
kf]'

*S-Q9{ ——— S+Q+hea, ©)
Kex'

— Q + photoproducts . (10)

In addition, the "precursor complex" can engage in reactions not available to * S that isfree in bulk solution: transforma-
tion into a "successor complex™" via intramolecular energy transfer, electron transfer, proton transfer, or formation of an exci-
plex viathe redistribution of the electronic energy across the entire species [reaction (11)].

1

*S-Q 2, successor complex (@D

Therefore, kg is defined in terms of the rate constants of reactions (8)-(11) as ky =Ky +k', where
kO’ = krd' + I(nr’ + er'-

In the case of outer-sphere encounters, it is commonly assumed that k4, k', and k,,/ have values very similar to those
of the corresponding reactions of *S, and that quenching is mainly, if not exclusively, due to reaction (11) which defines the
nature of the quenching process. Very likely, k' > 11y, where 14 is the lifetime of *S.

2.4. Types of Quenching Processes

Quenching can occur viaone or more of the following primary processes simultaneously:
()  transfer of electronic energy from *Sto Q, with the formation of an electronically excited state of Q, *Q (ET);
(I1)  transfer of one electron from *Sto Q (oxidative electron transfer, OT);
(1) transfer of one electron from Q to * S (reductive electron transfer, RT);
(IV) formation of an exciplex between *S and Q (EX);
(V) transfer of one proton from *Sto Q or vice versa (proton transfer, PT);
(V1) hydrogen abstraction or some other chemical reaction between *Sand Q (HA, CR);
(V1) catalysis of the radiationless deactivation of *S by Q (collisional deactivation, CD).

The most predominant processes involving coordination complexes are 1, 2, and 3; the other processes are only seldom
observed.

Generally, each of these processes can be represented by a different successor complex. Therefore, reaction (11) can be
expanded into reactions (12)-(16) to show the various successor complexes, which undergo further conversion toward the final
products.

— S*Q ET, (12)

, — S-Q OfT, (13)

*S-Q NN S-Q" RT, (14)
— *(S-Q) EX, (15)

— PT,HA,CR,CD,etc. (16)

Intramolecular reactions (12)-(16) are written as irreversible processes. Of course, the principle of microscopic reversi-
bility demands that consideration be given to the possibility of the reformation of * S-Q through the occurrence of the reverse
reactions that are, undoubtedly, energetically unfavorable.



Processes 11, 111, V, and VI can be experimentally demonstrated by the identification of their products as stable com-
pounds or transient intermediates following flash excitation. The experimental evidence for the formation of an exciplex is
generaly the observation of its absorption or emission in flash photolysis. Energy transfer is experimentally demonstrated if
the emission or photoreaction of *Q is observed. In addition, thermodynamic considerations and comparisons with analogous
systems are widely used to suggest the most probable mechanism, at least among energy and electron transfer.

Nevertheless, it remains a challange to obtain a clear answer concerning the exact nature of the intermediates, inasmuch
as the same final products could arise from different "successor complexes' existing simultaneously in the same reaction.
Similarly, analogous final products from analogous systems may arise from different successor complexes.

Experimental evidence in favor of a particular quenching process does not exclude the possibility that some fraction of
the quenching acts occurs via a different mechanism. The experimentally determined value of k; is, however, an overall rate
constant representing the sum of the k, values for the individual processes; the relative importance of the various processes can
only be evaluated indirectly.

2.5. Fundamental Quenching Kinetics

The experimental determination of k; is based on the measurement of a property (A) that is proportional to the concen-
tration of one or more of the species involved in the overall photochemical process. The mathematical relationship between A
and k, is derived from the assumed mechanism by the use of the usua treatment of time-independent (steady-state) and
-dependent kinetics. The derived relationship contains A and [Q] as variables, and k, and/or other rate constants as invariant
parameters when Q and the other species are present as unique species; the problem of the variation in the nature of Q as a
function of solution medium is addressed in Sec. 2.6.b below.

It is obviousthat the reliability of the values of k, reported by a researcher depends ultimately on the validity of the rela-
tionship derived from the assumed mechanism. Evidence in favor of a specific mechanism is generally obtained by the meas-
urement of A for a set of experiments in which [§] is maintained constant and [Q] is changed across an appropriately wide
range (at least one order of magnitude); clearly, the observed dependence of A on [Q] must be that expected for the assumed
mechanism. Of course, a mechanism may be assumed, and k,, evaluated at only one [Q]; such a procedure, however, does not
give any evidence for the mechanism, and the quality of the value of k;, determined in that way is open to question. It is
important to note that the values of k, are always related to kg, which is the sum of the rate constants of al the deactivation
processes of *S-Q. The relative contribution of each deactivation mode to the over-all quenching process can be evaluated, in
principle, through additional measurements; this point, however, will not be discussed further.

The most commonly measured properties (A\) are the intensity of emission from *S under continuous steady-state excita-
tion, and the decay of emission from *S, or absorption by * S, after pulsed excitation.

By assuming that the quenching mechanism is represented by reactions (1)-(5), application of the the steady-state treat-
ment, where d[*S]/dt = 0 and [S] is the steady-state concentration of *S [Eq. (17)], leads to the relationship [Eq. (18)]
between k, and the intensity of the emission from *Sin the absence (I,°) and presence (1)) of Q.

|.n*
*Glg = ———, 1

[*S] o+ k[0 (17)
101, = 1+ (ky/ ko) [QL. (18)

Similarly, by defining the lifetime of *Sin the presence of Q as T = U/(k, + k,[Q]), an equivalent relationship [Eq. (19)]
between the lifetime of *S can also be derived from the expressions describing the time-dependent behavior of the concentra:
tions of the species.

To
T 1+ (ky/ko) [Q] (19)

These are the Stern-Volmer (S-V) relationships that are very widely used in the evaluation of k,. The SV constant
(Kgy) isdefined as
Ksv = kyko = KqTo (20)

SV plots of I|°/I, vs [Q] or 14/t vs[Q] are predicted, by Egs. (18) and (19), to be linear with slopes equal to Kg,, pro-
vided that Q does not absorb the exciting and emitting light, or that appropriate corrections have been made.



Similarly, if reaction (4) leads to a product, the quantum yield of which can be measured in the absence () and pres-
ence (P) of Q, Eq. (21) predicts that a plot of ®y/d vs[Q] belinear:

/P =1+ Ksv[Q] (21)

If reaction (5) leads to a product, the quantum yield of which is determined as a function of [Q], the steady-state treatment of
the quenching mechanism predicts that a plot of 1/® vs[Q] be linear with an intercept/slope ratio equal to K.

The calculation of k, from Kg, requires the independent measurement of T, under the same experimental conditionsin
order for avalue of k; to be obtained. The use of avalue of T, measured under different conditions implies that 1, is indepen-
dent of the change in the conditions, an assumption that must be proven for the value of k, to be valid.

If the quenching is assumed to involve reaction (6) instead of (5), a contribution from *S-Q to the emission intensity
under continuous excitation should, in principle, be taken into consideration, which results in Egs. (22)-(24), where y =
B'k.q/Bk.g, and B and ' are the ratios of the intensity of the emission at the selected wavelength and that under the entire emis-
sion band for *S and * S-Q, respectively.

1an™ (kg + Ke)
[*Sls = ) (22)
Ko(K-g + Kge) + Kaeka[ Q]

1N*k[Q]
Ko(K-q + Kge) + kgekal Q]
{ kakgel Q1 ]
1 e
1°

+
Ko(K-g * Kee)
= : (24)

h { k{Ql l
l+y
k—d"'kde

Clearly, a plot of I|°/I| vs [Q], based on Eq. (24), is not linear; the plot has a negative deviation from linearity, and
reaches a plateau for [Q] — . The limiting value of 1%l for [Q] — o is kyd/yko, With ke > Yko. When y = 0, i.e. when no
emission occurs from *S-Q, Eq. (24) reduces to Eqg. (25), which isidentical to Eq. (18) viaEq. (7).

LA {&l [Q (25)
I Ko(K_g + Kge)

Even if y# 0, the nonlinearity prediccted by Eq. (24) is commonly not perceived because of the limitations of the experi-
ment. The initial portion of the plot of I|°/|I vs [Q] can be observed to be linear within the experimental error when
K Q] < (kgetk_g), i.€, [*SQls<[*Sl& However, the initial slope has a value of ky(Kge — YKg)/[Ko(K_g * Kge)] Which is not
equal to ky/ky viaEg. (7). Only if kye >> ko, which isthe usual case, will theinitial slope approximate Ky,

The steady-state approximation cannot be applied to the concentrations of intermediates following the absorption of
light from a short-lived source. The solution of differential equations (26) and (27), that describes the dependence of the con-
centrations of *Sand *S-Q as afunction of timet, resultsin Egs. (28) and (29), assuming that [*S] = [*S], and [*S—-Q] =0 at t
=0.

[*SQls = (23)

d*s| . x

& kg [*S-Q] = (Kg * Ky + kix + k[Q]) [*S], (26)
a*sQl _ ., .
T a ke [*SI[Q] = (kg *+ ko) [{*S-Q}], (27)
[*S]; = Cy[* S exp(-myt) + C,[* S|, exp(-myt), (28)
[{*S-Q}] = C4[*S|glexp(-myt) — exp(-myt)], (29)

where

my = Ya(ko + kee + Kog + k[Q]) + %2R,

Ya(Ko + K + kg + k[ Q1) - ¥2R”, (30)

m
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R = (Ko + kge + Ko+ ki Q1)* = A(kok_g + kokae + kieka Q).
and
Cp = (ko + kdQ] = mp)/(my ~ my),
C, = (Mg = ko = k[ QI)/(my — my),
(ko + k[ Q] =~ mp)(my — ko — ky[Q))
K_g(m, —my) .

According to these equations, [* S| decreases with time via biexponential kinetics, while [*S-Q] increases at short times,
reaches a maximum, and then decreases. With increasing [Q], m; increases monotonically while m, reaches a limiting value
of my(lim) = k.. Thelimiting value of m, at [Q] = 0isk,.

In most cases, however, the faster component of the decay of *S, and the grow-in period of *S-Q occur in times too
short with respect to the resolution time of the apparatus; only the slower component of the decay is experimentally observed,
and isidentical for both *S and *S-Q. Under such conditions, provided that Q is not consumed to any significant extent dur-
ing the time period of the experiment, the observed decay follows pseudo-first order kinetics, the apparent rate constant, m,
can be evaluated and a lifetime of *S under quenching conditions, T = 1/m,, can be defined. In spite of the apparent differ-
ences between Eqgs. (24) and (30), the plot of m,/ky = 1o/t versus [Q] from Eq. (30) is quite similar to that of I|°/I, versus [Q]
from Eq. (24). As with the intensity plot described above, the experimentally measureable portion of the 1/t plot generaly
appears to be linear within the experimental error, with an initial slope equal to ky(Kge — Ko)/(K_g + Kge — Ko), Which is approxi-
mately equal to Ky, if kye >> ky. Under these conditions, Eq. (31) isvalid when t = 1/m,.

2y {ﬁl [Q] = 1+ (kfko) [Q] = 1+Ksy[Q] (31)
Ko(kge + K-a)

It is clear that whenever the approximations mentioned above are valid, the quenching of emission intensity and the
guenching of the excited-state lifetime are exactly coincident. The lack of such coincidence is generally taken as evidence for
amore complex mechanism, although this may not necessarily be the case.

C3:

2.6. Other Considerations of the Kinetics

There are severa factors that cause the kinetics of quenching to become more complex than expected from the S-V
equations.

2.6.a. Effect of lonic Strength

When both S and Q are ionic species, the value of k; is a function of the ionic strength of the solution (). Because p
will change as [Q] is changed, the value of k, thus obtained will no longer be a constant for a set of measurements, with the
result being that the observed relationship between A and [Q] may be different from that expected for the proposed mechan-
ism. In order for k, to remain constant for a set of experiments in which [Q] is changed, it is necessary for | to be maintained
constant through the addition of appropriate amounts of an inert electrolyte. Due consideration must be given to the possibility
that pairing of the presumed innocent added ions with S and/or Q can change the kinetic properties of *S and its successors.

Often, k, is evaluated from measurements at very low [Q] in the absence of added electrolyte, where effects due to vari-
ationsin the low values of [ are probably negligible; such values, obtained in the presence of low [S], can be taken as approxi-
mating of k, in the limit of u — 0. Other methods of obtaining limiting values of k, from measurements at constant (but vari-
able) U involve the use of the Debye-Huckel equations (subject to the usual limitations in their use) or, more valuably, the
extrapolation of aplot of k(1) vs an appropriate semi-empirical function of p (e.g., pyz).

2.6.b. Multiple Forms of the Quencher

If, in solution, Q isinvolved in equilibrium reaction (32) (e.g. acid-base, metal ion complexation, etc.) among its various
i forms (Q,, Qp, Q. €tc.), the quenching process can occur from some or al of the Q species, and will be a function of the
solution medium parameters that affect the position of equilibrium. For experimental convenience, A is generally determined
as a function of the total concentration of Q ([Qly,), Where [Ql,: = Z[Q;], and the mole fractions of each of the species (X)) is
expressed as X; = [Q]/[Qlo-

Qe Q= Q (32)



If the values of X; are independent of [Q]y, the value of k, can be obtained in the usual way, where k; is actually the
weighted average of the quenching rate constants for the individual forms: k, = ZXik,(Q;). Because X; is a function of the
solution medium, it is possible, in principle, to obtain the specific values of k,(Q;) through the judicious control of the medium.
If, on the other hand, X; changes with [Q], the concept of an average value of k; is meaningless and the constant cannot be
calculated. The specific k;(Q;) values can be estimated from measurements in various solution media by means of appropriate
algebric procedures (e.g., best-fitting routines), provided that X; can be independently determined for each experimental condi-
tion.

2.6.c. Non-selective Measurements

If the analytical methods used in the quenching experiments are not selective, and reflect the concentrations (and their
changes) of *S and species that originate directly or indirectly from the quenching step (i.e., exciplex), nonlinear S-V plots for
emission intensity under steady-state conditions and very complex time-dependent behavior of the system under pulse condi-
tions may be observed. Very severe assumptions are often required to derive appropriate kinetics equations, and to calculate

2.6.d. Secondary Reactions

Measurements based on the quantum yields of photochemical products may be affected by secondary thermal and/or
photochemical reactions. For example, the primary products of an electron transfer quenching reaction are frequently con-
sumed (and even depleted) through back electron transfer reactions to form the ground state reactants. Secondary reactions
must be included into the mechanistic scheme, and the corresponding kinetic equation must be used to calculate k;. It isworth
noting that data obtained from such systems have a larger uncertainty than those obtained by means of the usua SV equa-
tions; moreover, assumptions about unknown parameters are often required.

2.6.e. Partially Unquenchable Reactions

If a photochemical reaction originates from two excited states of the substrate, but only one state is quenched, Eq. (21)
applies only to the quantum yield of the quenchable part of the reaction, while experimentally, the measured quantum yield is
the sum of those quantities for both the quenchable and unquenchable parts of the reaction. Appropriate corrections must be
made to the experimental values of @, and @ in order for k, to be calculated.

2.6.f. Quenching of a Higher-Energy Excited State

It is possible that a compound used for quenching *Sis also capable of quenching a higher-energy excited state of the
substrate, ** S, at the sametime. If *S originates from the intramolecular deactivation of ** S, the quenching of ** S causes the
population of * S and the resulting luminescence to follow a quadratic dependence on [Q]. However, the lifetime of *Sis gen-
erally unaffected by the involvement of short-lived **S.

2.6.g. Static Quenching

If the substrate and quencher form labile adducts in the ground state, such as the case of ion-pairs between ions of dif-
ferent signs, excitation of S in the adduct results in the quenching of the emission from *S due to intramolecular interactions
within the adduct; the extent of adduct formation is governed by the concentrations of S and Q, and the equilibrium constant of
the process. As a result, the population of *S and the resulting luminescence and photoproduct formation is less than that
occurring in the absence of static quenching, and is a complex function of [S] and [Q]. The existence of static quenching does
not affect the lifetime of * S after pulsed excitation.

2.7. Corrections of kq for Diffusion

When quenching is viewed as occurring via reaction (6), k,, as defined by Eq. (7), is approximately equal to kjky/k ¢
when kg, << k_y, and to ky when ky, >> k_y. In the latter case, in order to reveal the relative importance of kg, in a homologous
series of quenching processes, it is often convenient to use the classical Noyes theory of diffusional reactions to obtain a rate
constant (k) for the final step of a reaction, exclusive of diffusion. From the theory, this rate constant is calculated via Eq.
(33):

Vkeor = Ukq = kg (33)

When the mechanism of quenching is given by reaction (6), the expression for k; in Eq. (7) can be substituted into Eq.
(33), yielding Eq. (34). which is an expression for k., in terms of the elementary processes in reaction (6).
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I(cor = kdkde/ k—d (34)

When K=y,  Keor DKy When ky Oky, ke > K. We have included kg, values in this compilation only when the
corresponding values of k, were not reported in the original publication and could not be easily calculated from k.

2.8. Cage Escape Efficiency

Because of the importance of electron transfer quenching to potential applications of photosensitization, it is important
to know the efficiency with which the primary products of electron transfer escape back electron transfer within the solvent
cage and diffuse freely into the bulk solution. The major experimental approaches for the determination of this quantity ()
are the measurement of the quantum yield of formation of a primary product (e.g., ®(S") for S* from oxidative quenching)
under continuous irradiation, and the measurement of [*S] and the concentration of one of the primary products of quenching
after pulsed excitation; the latter technique requires that the molar absorptivities of the two species be known in order to effect
the conversion of absorbance to concentration. When the measurement of ®(S"), for example, is used as the basis of the deter-
mination of n., care must be taken to account for the back electron transfer reaction of the redox products of quenching in the
bulk solution, or to avoid it completely by the use of a selective sacrificial scavenger for one of the products. These secondary
reactions must be included in the overall mechanism from which the kinetic equation for ®(S") is derived.

If the quenching is assumed to occur viareactions (1)-(4), (6), and (35)-(38), a steady-state treatment leads to Eq. (39).

Ket .

*SQ —— S-Q (35)

*S-Q X, other guenching processes (36)

. ket

S-Q — SQ — S+Q (37)

v ke .

S-Q —— S +Q (38)

. k[Ql H Ket l

®d(S) =n* e 39

&= Lq[Q]"‘ko e *
where

Kg = Ka(Kot + Kog) / (Kot + Kog + K-g) (40)
and

o= (41)

F etk

Inasmuch as n*, ky, kg, and ®(S") can be experimentally determined, the quantity f can easily be evaluated by the use of
its defining Eq. (42).

f:{ i ln (42)
ke tkogl

It is important to note that f represents the fraction of al the quenching acts that eventually leads to the production of
electron transfer products in the bulk solution. Only when electron transfer is the sole quenching process (k,q = 0) does f
represent the cage escape efficiency in electron transfer quenching.

3. Explanation of the Tables
3.1. Scope of the Compilation

The compilation is complete through the end of 1986. The computer search of the bibliographic data base of the Radia-
tion Chemistry Data Center (RCDC) of the University of Notre Dame, using the names of the metals and "porphyrin” as
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keywords, the personal literature files of the authors, and an examination of cross-referenced papers yielded a list of publica-
tionsin books, serials, and periodicals which were then critically examined. Publications of limited diffusion, such as disserta-
tions, theses, and abstracts of conferences, were not included for examination.

3.2. Procedures of Selection

In order to be included in this compilation, values of k, had to be explicitly given in the published paper, or capable of
being calculated by us from values of Kg, and 1, reported in the same paper, or from the values of k, ky, K 4, and kg, reported
in the paper, and the use of Eq. (7). No values of k, were extracted from graphical treatments, nor were any calculated from
Kgy and 1, taken from different sources.

The rate constant of quenching is that of a dynamic process occurring in a fluid solution in which there is the uniform
distribution of substrate and quencher. Data concerning systems in which either the substrate or the quencher, but not both,
might be preferentially confined to localized regions of a microenvironment, such as in the presence of micelles and polyelec-
trolytes, were accepted only if there was clear evidence that quenching requires the diffusion of at least one species through
the medium.

In addition, preference was given to data concerning sufficiently well characterized chemical species obtained under
sufficiently well defined experimental conditions. Data concerning poorly defined systems were included in the compilation
only if more precise reports were lacking; we have taken the point-of-view that poor data are better than none at all, aslong as
the reader is provided with the information to evaluate the quality of the result.

We have found, not unexpectedly, the repetition of the same values of k, for the same excited state/quencher couple
under the same experimental conditions from the same laboratory in a number of references. In this case, reference is made
only to the paper containing the largest amount of information and/or published in the most widely disseminated journal. The
other references, however, are cited in the bibliography, and indication of their existence is made in the tables as a " comment".
Occasionally, we have found different values of k; for the same excited state/quencher couple under the same experimental
conditions from the same laboratory; this situation can occur due to the reevaluation of data over the course of time by the
authors, their recognition of the limitations in their experimental procedures, or the existence of inadvertant typographical
errors. In this case, we have made a critical evaluation, on the basis of the information available, of the quality of the values,
and have chosen one for display; as before, the other references are cited in the bibliography, and the alternative values are
indicated as a"comment”.

For some very well-studied systems, there are multiple reports from different laboratories for the same excited
state/quencher couple under the same, or very similar, experimental conditions. In these cases, all values are presented as
independent entries for the following reasons. When the values of k; are different, we believe that it is impossible for us to
establish which value is more valid short of performing the experiment ourselves; the users of these data are urged to make
their own evaluation of the quality of the numbers from the information given in the papers based on their own expertise.
When the values are the same, or very similar, we have chosen not to average the values and combine the entries so as to to
avoid the loss of valuable pieces of information contained in the individual papers. To remove entries, we feel, would deprive
the reader of the opportunity to make direct comparisons.

3.3. Nomenclature and Speciation

For al the coordination compounds, both substrates and quenchers, in this compilation, names and formulas are written
with the symbol of the central metal as the initial portion for reasons of alphabetical ordering. Use of abbreviations for the
ligands in the substrates were limited to 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen) and their derivatives, but were
widely used for the quenchers as a space-saving measure; a list of all the abbreviations and symbols used appears below in
Sec. 6.

The oxidation states of metallic quenchers, as superscripts in Roman numerals to the symbol of the element, are desig-
nated only in those cases where the exact nature of the species in solution is unclear. For labile complexes, which require the
presence of both the free metal ion and the ligands in solution, the metal ion/ligand ratio ([M]/[L]) in the bulk solution is indi-
cated in the "Solution Medium" column of the Tables; labile complexes of unknown formulation, or those that may actually be
amixture of various speciesin equilibrium are indicated as M-L with the oxidation number of the metal shown.

Organic quenchers are indicated by their names, but the use of abbreviations is very widespread. Names and abbrevia-
tions were chosen in an attempt to achieve a delicate balance among several highly desirable features: succinctness, unambi-
guousness, uniformity, and clarity to even those not fluent in organic nomenclature. Therefore, the names used in the compila-
tion may be different than those that appear in the origina publications. For organic quenchers with very complicated
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structures and correspondingly complicated formal names, such as polymers and heterocycles, generic abbreviations (OrgQue,
PolyVio) are used; their structural formulas are shown below in the Figures (Section 7).

In afew cases, the nomenclature is, regretfully, ambiguous, reflecting analogous ambiguitiesin the original publications.

For the majority of ionic substrates and quenchers, the counterion has not been shown; it has been indicated as a com-
ment in the tables in those few cases in which there is evidence that its presence affects the photophysical properties of the
substrate.

In addition to the substitutional equilibria exhibited by some metal complexes discussed above, a number of substrates
and quenchers in this compilation undergo equilibrium reactions (e.g., acid-base, monomer-oligomer) in solution, so that the
predominant speciesis a critical function of the solution composition and the total concentration of the substance. In general,
the name used is that indicated in the origina publication; no attempt was made to identify the predominant species under the
experimental conditions used, although where important, information about the species is presented as a "comment”". As a
result, the reader will find the names of both the acidic and basic forms, for example, in the Tables and Indexes.

A special case isrepresented by those transition metal ion quenchers that may be present in the solution as fully solvated
and/or partially anated species. We have used the symbol of the simple ion (e.g., Co?") to indicate the ensemble of these
species, the formula of the fully solvated ion (e.g., Co(H,0)¢>") for that specific species, and abbreviated notations without the
solvent molecules (e.g., CoCl*, CoCl;) to indicate partially anated species.

For the majority of the substrates reported in the compilation, only the lowest-energy excited state is quenched, and no
indication of its term symbol is required to avoid ambiguity. When quenching is experienced by two lowest-energy excited
states of a substrate, each state is identified by its spin multiplicity ([si ngsl et] and [triplet] for the upper and lower state, respec-
tively) or, in the case of Tb*", by the usual spectroscopic notations ([ D] and [5D4] for the upper and lower state, respec-
tively).

3.4. Errors and Uncertainties

In many cases, values of k, are given with an error range or uncertainty estimation in the original publication; however,
the criteria used by authors to evaluate the uncertainty in reported values are rarely disclosed, and range from well-defined sta-
tistical treatments (e.g., standard deviation) based on multiple replicate experiments, to empirical estimations based on the
author’s experience. Asaresult, it isimpossible to express the uncertainty in values of k, in a uniform way, and we have pre-
ferred not to report any errors at all. Similarly, no errors are given for values of 1, Kg,, temperature, or any other experimen-
tal value.

In addition, we have found that values of k, and T, are reported in the literature with a wide variation of significant
figures which, it is presumed, reflects the quality of the data as evaluated by the author. However, in our opinion, the uncer-
tainty in values of k, and T, obtained from independent measurements is unlikely to be less than approximately 10%, even if
the reproducibility of the single experimental result is better. As aresult, we have reported al k, and 1, values with a max-
imum of two significant figures, unless they were given to only one significant figure in the original publication, or the reported
error involves the first figure. Data having an error larger than 40-50% have been labeled with "[O'. In cases where upper or
lower limiting values are reported in the literature, only one significant figure is used.

The same criteriawere used for the presentation of activation parameters and other experimental data with the exception
of temperature and solute concentrations; in the latter case, for the sake of succinctness, values are given to one significant
figure if the second figureis zero.

Despite the fact that rate constants and excited-state lifetimes are functions of temperature, many publications in the
literature omit a reference to a specific temperature, or express it in a nonquantitative manner (e.g., "room temperature”,
"ambient temperature). In such cases, no temperature is listed. Otherwise, the temperatures or their ranges are listed as
presented by the authors. If the uncertainty in the temperature is greater than 1 °C, the "' label is used.

3.5. Arrangement of the Data

For the purpose of browsing, asin the published data tables, the data are divided into twenty-nine sets which are ordered
alphabetically according to the name of the metal of the substrate. In the case of ruthenium, which constitutes a large fraction
of the total, the entries are subdivided further to display separately Ru(bpy)32+ and inorganic gquenchers, Ru(bpy)32+ and
organic quenchers except methylviologen (N,N'-dimethyl-4,4'-bipyridinium dication; MV?"), Ru(bpy);** and MV?*, and all
other complexes of ruthenium. Entries in the browsing index are linked to individual data pages by a number similar to the
table numbers in the published compilation.
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3.5.a. Excited States

Within each set, the various excited states with the same metal are ordered a phabetically according to the letters in the
formula; some formulas denote the exact molecular composition while others incorporate names or abbreviations of the
ligands. Singlet states and triplet states of the same molecule are also separated.

3.5.b. Quenchers

For any given excited state, the quenchers are divided into two groups: "inorganic" and "organic". Within each group,
they are further ordered al phanumerically.

3.5.c. Data Pages

The data pages are headed with the name of the excited state and quencher which is repeated with each reported value
for the rate constant along with the conditions of the measurement. For any given page, the order of presentation of the datais
alphabetical according to the name, formula, or abbreviation of the solvent. For mixed solvent systems, the more abundant
solvent is listed first; their ratio (v/v) is given in parentheses. When the ratio is 1:1 and H,O is one of the solvents, it is
presented first because of the importance of that substance.

Within any given solvent or solvent mixture, the ordering is by ascending values of the temperature, with the explicit
value first and the approximate value second. The lowest level of ordering is given to those systems for which no value of the
temperature is entered.

Within any temperature group, the ordering is determined by the absence or presence of additional solutes, and by the
degree of detail to which the solution medium is known. Systems that consist of the substrate and the quencher as the only
solutes are presented first with the "Solution Medium" column blank; thereafter, pH and ionic strength (in units of mol/L; salt
used to control ionic strength in parentheses) conditions are given in ascending order, followed by buffers and other solutesin
ascending values of their concentrations. Within this hierarchy of ordering, we have attempted to group data obtained in simi-
lar media close together.

When more than one additional solute is used in the experiments, we have adopted a specific protocol for the designa-
tion of the components, depending to the degree to which the information is specifed in the original paper. For example, if
both LiCl and NaCl were present, the designation "LiCl and NaCl" is used. However, if independent measurements were
made on solutions containing LiCl and NaCl separately which gave the same value of k;, "LiCl, NaCl" is shown. If, on the
other hand, experiments were performed with either LiCl or NaCl, but the actual contents are not specified, "LiCl or NaCl" is

displayed.

3.5.d. Rate Constants

Values of k, are given in the units of L mol™ s for the second-order reaction. Values of k., are reported here, and are
labelled as "(corr)". For values of k, calculated by us from Kg, and 1, values, or Ky, ky, K g, and kg values appearing in the
same paper, the indicator "(calc)" is appended.

3.5.e. Comments

The Comments contain a wealth of information in essentially this order: the quenching mechanism (if uncertain, "?" is
added); the experimental method used in the evaluation of k; the lifetime of *Sin the absence of quencher (1, in the absence
of air, Tosuperair in air-equilibrated solutions, Tgsuperund in solutions of unknown O, content); the experimental method used
for the determination of the lifetime in the absence of quencher, or the literature reference for the value used; the range of [Q]
used over which the value of k, was determined, and, presumably, is valid; activation parameters; acid-base properties of *S;
references to duplicate or alternative entries; other relevant information. Values of f, the fraction of the quenching acts that
yield electron-transfer products in the bulk solution, are reported here; when n* < 1, the value of n* used in its calculation is
also given. References in the "Comments', are presented as the RCDC bibliographic number as alink to the full citation.

3.6. Experimental Methods

The methods used to obtain k, are listed in the comments as follows: excitation source/analytical measurement/signal
recording. The same listing appears in parentheses after the value of, say, 1, if the latter quantity was independently deter-
mined in the paper. If the method used for k, and, say, 1, is the same, no additional listing is given. If the lifetime was taken
from the literature, the RCDC number of the referenceis given in parentheses.
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If more than one experimental method was used, and both methods gave the same value of k;, both are listed. When we
do not know which one of the two methods was actually used to obtain the reported k, value they are joined by the word or.

3.6.a. Excitation Sources

The excitation of the substrate is accomplished by means of two main types of light sources. steady-state lamps and
lasers that provide a continuous light beam that is monochromatic or that can be passed through a wavelength selection device;
pulsed lamps, lasers, or spark gaps that emit a flash of light with a short duration (ns to ps). The intensity of steady-state
sources can aso be modulated.

3.6.b. Analytical Measurements
Values of k; are calculated on the basis of one or more of the following analytical measurements:

(i) intensity of the luminescence of *S, either as an instantaneous measurement during continuous excitation or as a func-
tion of time after pulsed excitation, with the intensity being proportional to [*S];

(i) absorbance of *S, measured as a function of time after pulsed excitation, with the magnitude of the absorbance being
proportional to [*S];

(iii) amount of a photoproduct produced during a period of continuous or pulsed excitation, which, from the independent
knowledge of the intensity of the monochromatic light absorbed by the substrate, can be converted into the quantum
yield of formation of the product;

(iv) intensity of luminescence from *Q as an instantaneous measurement during continuous excitation;
(v) photocurrent and electric conductivity, which are generally measured as a function of time after pulsed excitation.

3.6.3. Signal Recording

Luminescence intensity, absorbance, photocurrent, and conductivity methods result in the generation of an electric sig-
nal that can be recorded as a function of the time elapsed after pulsed excitation. Each signal can be recorded independently
as a single shot, or many signals from the same system may be collected together and averaged, generally via computer, in
order to increase the signal/noise ratio and improve the quality of the value of k; that results.
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7. Notes on the Tables

In some of the cases reported in this compilation, deviations from the behavior predicted by the simplest mechanism and
the approximations of Sec. 2.5 of the Introduction, such as nonlinear Stern-Volmer (S-V) plots and biexponential decays, are
experimentally observed, necessitating the use of alternative eguations, or the introduction of additional steps to the mechan-
ismin order for values of k; to be extracted. In other cases, conditions specific to the chemistry of the species involved have
led the authors of the papers to invoke mechanisms that have unusual features. In still others, novel experimental approaches
have been employed, requiring the development of new relationships between A and the concentration of the species.

In the discussions that follow, the details of these other equations and mechanisms are presented in sufficient detail in
order to enable the reader to appreciate the basis for the values of k; in those cases. The specific treatments are preceded by
the number of the mechanism (e.g., Mech. [1]) which appears in the Comments column of the tables. Within a particular treat-
ment, there are references to specific papers in which variations on the general theme appear.

For the general treatment of the kinetics of quenching, and the definitions of most of the symbols used here, see Sec. 2 of
the Introduction.

Mech. [1] Nonlinear Stern-Volmer plots

If the experimental plots of I|°/ [, or m, vs[Q] show a negative deviation from linearity, the approximate Egs. (25) or (31)
of Sec. 2.5 can no longer be applied; rather the general Egs. (1) or (2) (Egs. (24) and (30) of Sec. 2.5) should be used.
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Ref. 79E349. This is the only case presented in which a nonlinear plot of emission intensity is reported. With the
assumption that k_q4 > kg, Eq. (1) reduces to Eq. (3). Vaues of k, and k. were obtained independently from lifetime measure-
ments at [Q] = 0 and at very high [Q], respectively; y was evaluated through a best-fitting procedure of the experimental data
to Eq. (3), and k, was calculated by use of the reduced form of equation (7) of Sec. 2.3 k; = Kgkye/K_g-
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Ref. 84E308. The nonlinear dependence on [Q] of the rate constant k, for the decay of the excited-state absorbance
after a flash excitation was interpreted by means of Eq. (4), which is analogous to Eq. (1). Equation (4) was rearranged to Eq.
(5). With ky known from lifetime measurements at [Q] = 0, k, was obtained as the intercept/slope ratio of the linear plot of k,
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kg + kﬂ {kA - kﬂ -
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Ref. 85A013. Results analogous to the previous ones were explained by assuming mechanism 6 in which irreversible
guenching and the reversible formation of an exciplex are involved.
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By assuming that equilibration between *S and * (S-Q) exists during the decay (K,[Q], K3 > (kg + k;[Ql), k,) and g(*S)
=¢(*(S-Q)) at the monitoring wavelength, Eq. (7) was obtained, which rearranges to Eq. (8).
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From decay measurements at various [Q], alinear plot of Y vsk, was obtained; values of ky/k; and [(Kk4/ks) + k;] were
obtained from the slope and intercept, respectively. The value of ks and upper limits for k; and k, were then calculated by
assuming that k, is at the diffusion-controlled limit ((10° L mol ™ s7%).

The value of the overall quenching constant, k, = k; + [Kk,/(ks + K,)], was calculated by us for this compilation by using
the values of the specific rate constants quoted in the original paper.

Mech. [2] Biexponential decay

Refs. 82E636 and 83A101. In these papers, biexponential decays were reported for the quenching of metalloporphyrins
and similar complexes. The optical absorbance of the excited state was found to decrease after the flash according to Eq. (9),
where (AA), is the difference between the absorbances of the solution at timet after the flash and before the flash, and A, and
A, are pre-exponential factors.

(AA) = Arexp(-myt) + Aexp(-myt) 9)

A best-fitting procedure was used to evaluate m;, m,, A;, and A,; the limiting value of m, at high [Q] (my(lim)) was aso
obtained. By assuming that the quenching occurs via mechanism 6, the following relationships were written: m, + m, =a +
b[Q], where a =k + kg + Ky, b = ky + ky, and my(lim) =k, + [kika/ (kg + ky)].

The analysis of numerous pieces of data led the authors to suggest that k; < k, whenever m,(lim) < k,. Under these con-
ditions, therefore, they assumed that k, = b, k, = m,(lim), and k; = (a - ky = my(lim)). The k; values presented in this compila-
tion were calculated by us, using Eqg. (7) of Sec. 2.3, and the values of k, (= ky), k; (= k_y), and k, (= ky,) quoted in the original
papers.

When my(lim) > k;, k; was considered to be no longer negligible with respect to k,. This latter rate constant was
evaluated (see Kapinus, E.I.; Aleksankina, M.M.; Staryi, V.P.; Boghillo, V.I.; Dilung, I.1. J. Chem. Soc., Faraday Trans. 2 81,
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631-42 (1985)) from the pre-exponential factors at various [Q] by means of Eq. (10), assuming £(*(S-Q)) = &(*S). The values
of the other rate constants could then be obtained from a, b, and my(lim). However, the resulting values of k, then become so
uncertain that they have not been included in this compilation.

* S_
= klQ] {L 8((*;»} kgt Ky (10

Am, + A,my
At A

Mech. [3] Self quenching (ground-state quenching)

Ref. 86E677. In this case Q is S and the emission from *S must be measured as a function of [S]. Obviously, |, is no
longer a constant value throughout a set of experiments, but must be evaluated using the Beer-Lambert Law [Eqg. (11)], where
€ isthe molar absorptivity of S at the excitation wavelength, | is the optical path length, and | is the intensity of the incident
light.

I, = lo[1 - exp(-2.303€l[9])] (11)

By assuming that quenching occurs via reaction (5) of Sect. 2.3, and by introducing Eq. (11) into the steady-state treatment,
one obtains Eq. (12), where a isan instrumental factor.

11 { ko . kylS]
1-exp(-2.303el[S]) 1-exp(—2.303¢l[S])

(12)

I oafkglon®

Equation (12) predicts that a plot of 1/, vs [S] will be nonlinear; however, if the absorbance of the solution is <0.1 for
al [S] used, Eg. (11) reduces to I, = 15(2.303¢l[S]), leading to Eq. (13), which predicts a linear relationship between 1/1; and
V[S] with an intercept/slope ratio of k/ky = Kgy. The lifetime used to convert Ky, to k, must be the limiting value of T as [J]
- 0, obtained by extrapolation, for example, from a plot of 1/t vs[S]. Note that a linear SV plot should be obtained from
decay measurements for self-quenching, inasmuch as the decay kinetics are not affected by the amount of light absorbed by S.

1. L {ﬁ + kql (13)
I, 2.303elaBkglon* L [S]

Mech. [4] Quenching by an unstable quencher
Ref. 756452. The quencher (UO?") was produced in situ from the substrate (U022+) by means of the following fast reac-

tion:
UOZ* +Eu* — UO; +EU*
Addition of Eu?* to the solution caused an almost instantaneous decrease of the intensity of UO,>" emission; a Slow
recovery of the intensity was then observed, which was due to the following disproportionation reaction:
2U0; — UOZ +u*

A SV plot was constructed from the emission intensities measured at various times during the recovery; the correspond-
ing [Q] values were calculated from the initial concentration of UO," (equal to the concentration of added Eu*) and the
known rate constant for the disproportionation reaction. Kg, was evaluated from the slope of thislinear plot.

Mech. [5] Quenching of the photoreaction of *S

If *Sand *S-Q undergo photoreaction to product P, the quantum yield for the formation of P after an appropriate period
of continuousirradiation, t, isgiven by Eq. (14).
t

[ (ko™ Slss + ko [*S-Ql et
P) = i
[l

o( (14)
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If both Sand Q are not appreciably consumed during the irradiation period, [* Sl [*S-Qls, and I, can be considered to
be constant. Equation (14) can be integrated to Eqg. (15).

k™ (kg * kge) + kM K[Q]
Ko(K-g * Kge) + Kaeka[ Q]

The ratio between the quantum yields in the absence and presence of Q is represented by Eq. (16), where ®°%(P) is the
quantum yield at [Q] = 0, and & = K,/ /K,y

1% kaeki[ Q] }
o°(P) _ Ko(K-g + Kge)

®(P) { kdQl l
1+9d
I(—d + kde

By neglecting the contribution of *S-Q to the reaction, Eq. (16) is reduced to the SV Eq. (17) for a quenched pho-
toreaction, which isthe same as Eqg. (21) of Sec. 2.5.

B/ P =1+ (kfko)[Q] = 1+ Ksy[Q] (17)

Refs. 80F228 and 82E073. Through the use of Eq. (17), k, was evaluated from the slope of a plot of ®(P)/D(P) vs[Q].

Ref. 81E458. Because Qis S, dJO(P) could not be measured; Eq. (18), which again neglects the contribution of *S-Q to
the reaction, was used instead of Eq. (17). The slope/intercept ratio of the linear plot of L/®(P) vs[Q] yields K.

Vo(P) = (ko/kn) + (kfk)[Q] (18)

Ref. 84A141. A more complex treatment is required when the measured photoreaction is assumed to originate from both
the quenched excited state and a higher-energy, unquenchable excited state, **S, which is directly populated by irradiation.
The light absorption step 1 of Sec. 2.2 is substituted by the following steps:

I

a
S —— **§

(P (15)

(16)

n
I

g ——_, S
n

*xg products

n

Cc
g ——_, *§

A steady-state treatment leads to Eq. (19). However, aplot of ®%(P)/®(P) vs[Q] isno longer linear.

er” r]ick'rx
¢(P) = n n n + (19)
ke + K"tk Kot kg[Q]
Wherenic = kic”/(knr” + er” + kic”)-
At high [Q], ®(P) reaches a lower limit given by Eq. (20), which is the quantum yield for the unquenchable reaction
from **S,

D(lim) = ky'/(kn" + K" + ki) (20)
If d(lim) can be evaluated, Eq. (21) can be applied, so that a plot of ®°(P)/(P(P) — d(lim)) vs [Q] is linear with a
slopef/intercept ratio equal to Kg,.
o) _
®(P) — d(lim)

(ko®(lim) + n;cki)kq
koﬂicer

} [Q] (21)

ko®(lim) + mckrﬂ
+
r]icer
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Mech. [6] Sensitized emission and reaction

When a quenching process occurs, at least in part, via energy transfer, an excited state of Q, *Q, is produced which may
undergo emission and/or photochemical reaction. The overall quenching constant can then be obtained by measuring the
intensity of *Q emission or the quantum yield of its photoreaction under continuous irradiation. The following mechanism is
used to determine ky;:

lan*

— *S

*S —— S and/or products P
*$+Q > *SQ

*SQ —— S+*Q
*S-Q —— other processes
*Q —— Q+heat
*Q —— Q-+ hv' (sensitized emission)
*Q —— products P (sensitized reaction)

The step represented by k; has its analogue in the ET step of reactions (12)-(16) in Sec. 2.4; k, represents all the other
processes involving *S-Q in reactions (8)-(10) of Sec. 2.3. Thus, k; + k, = k.. A steady-state trestment applied to [*S],
[*S-Q], and [*Q] leads to Eq. (22) for the emission intensity from *Q, where a is an instrumental factor.

(k1+kz)(k3+k4+k5)} +{k0(k—d+k1+k2)(k3+k4+k5)l { 1 ]

ol kikokg Q

Provided that Q does not contribute to the absorption of the exciting light, or that an appropriate correction is made, Eq.
(22) indicates that a plot of 11, vs 1/[Q] (SV plot for the sensitized emission) should be linear; indeed, such alinearity is con-
sidered as evidence for the mechanism. Under these conditions, the intercept/slope ratio equals (Kq(k; + Ko))/(Ko(K_g + kq + Ky))

= kq/ko: Ksv-

In an analogous manner, Eq. (23) for the quantum yield of P’ production can be written.

1 {(k1+kz)(k3+k4+k5)}+

1

(22)

aln*kik,

oP) N*kok,
{ko(lcd+k1+k2)(k3+k4+k5)l { 1 l
o (23)
N*kykeky [Ql

Equation (23) implies that a linear relationship exists between 1/®(P) and 1/[Q] (S-V plot for the sensitized reaction),
provided that Q neither absorbs the exciting light nor is substantially consumed during the irradiation period. From Eq. (23),
intercept/slope = ky/ky = Kgy-

Refs. 80E412 and 86E555. Emission intensity from the excited quencher was measured under continuous irradiation
conditions, and k;, was calculated by the use of Eq. (22).

Refs. 85F395 and 86A158. The quantum yield for the sensitized photoreaction of Q was measured under continuous
illumination conditions, and Ks, was evaluated by means of Eq. (23). In the first paper, however, k, was evaluated from the
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competition between the quenching of *Sby Q and by O,, where k; =3 x 10° L mol* s,
Ko
*S+0, —— S+*0,

In the presence of O,, the steady-state treatment yields Eq. (24).

1 {(k1+k2)(k3+k4+k5ﬂ 1 }
= 1+ +
o(P) N*kiks Ksv[Ql
{ (ky +kp)(ks + Ky + ke)ks | | [O2]
(24)
N*kaksk [Ql

Equation (24) predicts that a plot of 1/®(P) vs [O,]/[Q] will be linear at constant [Q] with a slope/intercept ratio of
(Ke/kg)/(1 + (KSV[Q])_l). From Kg, determined in the absence of O,, k; is obtained.

Mech. [7] Primary products of electron transfer under continuous irradiation

If *S-Q undergoes oxidative transfer (OT) to S'-Q” or reductive transfer (RT) to S -Q", consideration must be given to
the back electron-transfer reactions of the geminate pair (S*—Q") within the solvent cage when evaluation of kqismade. The
detailed mechanism is as follows:

lan*

— *S

ko
*S —— S andor P

K
*S+Q &~ *SQ
K
ke .
*SQ —— S-Q°

k
*S-Q *2—> other processes

$-Q° —— S+Q
+ + k4
S-Q — S+Q
Application of the steady-state treatment to [* ], [* S-Q], and [Si—Qi] leads to Eq. (25).
|an*kiky[Q]
{ko(keg * Ky ko) + K[ QI(Ky +ko)} (kg +Ky)

The rate of primary productlon of S"and Q in the bulk solution is d[S*]/dt = d[Q J/dt = k[S-Q" ] The evaluation of k,
from the quantum yield of S* or Q" formation, measured after a finite period of irradiation, is complicated by back electron-
transfer reaction (26) between S* and Q" in the bulk solution, the rate of which increases with increasing [S*] and [Q']. Dif-
ferent approaches have been used to overcome this difficulty.

(25)

[S-Q's =

St +Q° E_> S+Q (26)

Refs. 78A058 and 80F058. In these cases, Q is a Co(ll) complex which decomposes via a transformation to P much
more rapidly than the occurrence of reaction (26), which can be neglected. Equation (27) results, which predicts a linear
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relationship between 1/®(P) and 1/[Q], with an intercept/siope ratio = [ky(k; + ky)]/[ko(K_g + ki + kp)] = ki/ky = Kgy-

11 (k1+k2)(k3+k4)%
OP) Q) N*kiks
{ko(lcd+k1+k2)(k3+k4)l { 1 }
— (27)
N kokoks Q]

Ref. 84F351. In this case, the solution contained a "sacrificial" electron-transfer reagent, X, which was able to react
with S™ to yield S and products with a rate constant ks. When [X] is sufficiently high such that reaction (26) is of negligible
importance and kg[X] > ks[Q'], the relationship between ®(Q") and [Q] is expressed by Eq. (27).

Ref. 81A139. In this case, a similar system was used, but with a concentration of X insufficiently high for reaction (26)
to be rendered negligible. Under these conditions, and by assuming that k, = k, = 0, Eq. (28) was obtained from a steady-state
treatment of [*S], [*S-Q], [S™-Q7], and [S'].
dQl _ |, { k{Ql ] ke[ X]

a7 Lkt k{Q [ klQT + kelX]
Equation (28) shows that [Q] does not increase linearly with the irradiation time. The value of d[Q7]/dt at agiven [Q7]

was obtained at various [Q] and [X] from the tangent of aplot of [Q] vsirradiation time. The value of Kg, was then obtained
as the intercept/slope ratio from the linear plot of dt/d[Q ] vs 1/[Q] at constant [X], as expressed by Eq. (29).

dt [ klQT+kelX] +P<o(l<5[<a‘]+k6[X]) 1 ] 9
dQ] lN*ke[X] ln*kelXIky | [[Q]

Ref. 83A333. In this case, the same treatment as above was used, but d[Q]/dt was evaluated from the initial slope of the
plot of [Q7] vsirradiation time.

Ref. 85F328. In this case, back electron-transfer reaction (26) was prevented by means of competitive irreversible reac-
tion (30); thislatter reaction substitutes for all the reactions of S'—Q~ in the previous mechanism.

(28)

k
S-Q +X L, s+ Q + products (30)

The quantum yield of formation of Q™ as a function of [Q] is given by Eq. (31).
1 { (kg + ko) (kg + ko[ X]) . { ko(Kg + Ky + Ko)(Ky + k[X]) i} (31)
*@Q) N*kiks[X] N*kika[X]ky [Q]

The plot of /®(Q") vs V[Q] islinear, and the intercept/sope ratio is again equal to Kg,. Note that [X] affects ®(Q"),
but not Kg.

Mech. [8] Primary products of electron transfer upon pulsed irradiation

Ref. 82F065. k, was determined from the measurement of the concentration of a primary product, S', resulting from the
flash. The following mechanism was assumed, in which back electron transfer in the bulk solution is neglected:
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lan*

— *S

ko
*S—— S

K
*S+Q —— S +Q

k
*S+Q »2—> other quenching processes

The quantum yield for the production of S" during the flash, assuming that the quenching is irreversible, is ®(S") =
ke[Ql/ (ko + ky[Q]), where kg = ky + ky; Z/D(S") = (k/ky) + (Ky/kq[Q]). Experimentally, ®(S") = [S']¢/[lan*, where [S'], is the
concentration of S" just at the end of the flash, evaluated from absorbance measurements at various times after the flash and
extrapolated to t = O in order to account for back electron transfer. The quantity [l,n* was obtained from actinometric meas-
urements, using very complex numerical calculations in order to account for the changes in [S] (and [Q], inasmuch as this
species absorbs a fraction of the exciting light) during the flash. From the intercept and slope of the linear plot of /®(S") vs
V[Q], ky and the efficiency of formation of the primary products in the bulk solution (k;/k,) were obtained.

Ref. 80A023. The time-dependent variation of the electrical conductivity of the solution after pulsed excitation was used
to evaluate k;, for the following ground-state electron-transfer quenching process:

*S+S ﬁ—> S'+S

With the assumption that *S-Q does not contribute to the reaction, the rate of variation of the conductivity equals the
rate of consumption of *S after the flash as given in Eq. (32). k; was obtained from the slope of the linear plot of
Lty (conductivity) vs[S].

[*Sle = [*Slo exp{—(ko + ky[S])t} (32)

Ref. 80E224. k, was evaluated by means of photocurrent measurements taken after flash excitation. The proposed
mechanism is:
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Ky
Q——> Q
.k
S'+Q —— S+Q
S'+e —— S(attheelectrode)

Inasmuch as the resolution time of the apparatus was of the order of s, the reactions represented by k, and k; were con-
sidered to be complete at t = O after the flash. If the reaction represented by kg is considered to be of negligible importance
during the flash, the concentration of S" at t = 0 is given by Eq. (33), where I is the number of photons effectively absorbed by
1 dm?® of solution during the flash.

. 1{[QI{ky + (kaka[ S]/(ks + kg[S]))}
[S1o = (33)
{ko *+ ko[ QI}

By assuming that the reaction at the electrode is diffusion controlled, and by solving the equation describing the diffu-
sion, Eq. (34) is obtained for the intensity of the photocurrent, i, as a function of time after the flash, from which the product
A[S']o, Where A is a constant, can be evaluated. Inasmuch as Q~ was initially present in excess before the flash, [Q7] is a con-
stant value.

i = A[S'Tot™” exp(-ks[QTt) (34)

A linear plot of YA[S'], vs 1/[Q] was obtained experimentally. The rearrangement of Eq. (33) to Eq. (35) shows that the
intercept/slope ratio of thisplot isequal to Kg,.

1 _{ (kg/Aly)
ASTo [ {ke + (koke[SI/(Ky + ko[ S]))}
{ (ko/Al) r}
— (35)
{ky + (Koka[ SI/(ky + ke[ S} || [Q]

Mech. [9] Quenching of higher-energy excited states

If *Sisindirectly populated from an higher-energy excited state, ** S, and both *S and ** S are quenched by Q, the light
absorption step 1 of Sec. 2.2 must be substituted by the following reactions:
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a
S —— **S

ky
**S —_— S and/or P

k

**G i_) *S
I

**S+Q —— quenching products

By making the steady-state approximation for [**S], [*S], and [*S-Q], and neglecting as usua any emission from
*S-Q, one obtains Eq. (36) for the emission intensity of *S, where Kg, isthe S-V constant for the quenching of *S, and K;, =
ky /(K +k3). According to Eg. (36), the SV plot of I|°/I| vs[Q] shows a positive deviation from linearity.

1%, = 1+ (Kgy + KIQ] + (KeyKpIQI? (36)

On the other hand, in flash experiments the quenching of **S results in a decrease of [*S],, but generally has no effect
on itsdecay, provided that the lifetime of **Sis much shorter than that of *S.

Ref. 74E519. Although the S-V plot for I, from *S has negative deviation from linearity, its initial slope was taken as
equal to (Kg, + K}) because the quadratic term in Eqg. (36) is negligible for [Q] < 1 mol/L. In addition, K, was considered to
be small compared to Kg,; it is presumed that k' [kg, and (ky + ky) > k.

Ref. 79A220. k, for the quenching of *S was obtained from lifetime measurements in the usual way; k, for the quench-
ing of ** S was determined from the measurement of [*S] and [S'] at 50 ps after the flash. The following quenching modes for
**Swere assumed:

K
*S+Q —— *S+Q

ki L
#S+Q —— S +Q

By assuming that at 50 ps after the flash all the reactions involving ** S were completed while those involving *S had
proceeded to a negligible extent, Egs. (37) and (38) were obtained for the concentrations of *Sand S' at that time ([* 5], and

[S's0, respectively).

vy, o ety .
ki + Ky + (Kg + k) [Q]

[S+]50 _ k4[Q]|a (38)
ki + Ky + (Ks + k) [Q]

The ratio of Egs. (37) and (38) yields Eq. (39). From the intercept and slope of the linear plot of [*S]sy/[S']s, Vs V[Q],
ko/k, and kg/k, can be evaluated. Values of ks, k,, and k; (= ks + k) were obtained by assuming that k, the rate constant for
intersystem crossing between **Sand *S, isin the range 10’-10° s 2.

[*Ss0 ks {kﬂ { 1 l
— | +|—| |— (39
k| [ [Q]

[STs ks
Mech. [10] Quenching in the presence of triplet-triplet reactions
Consider atriplet excited state that undergoes ground-state quenching and triplet-triplet reaction simultaneously.

ko
*S—— S

*S+S —— quenching
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Ky
*S+*S —— S and/or products

The decay of *S after pulsed excitation does not follow first-order kinetics: —d[*S]/dt = K[*S] + k,[*S]?, where K = (k,
+ ky[S]).

Ref. 83A102. K and k; were evaluated by a best-fit procedure from the decay curves of the optical absorption of *S
using Eqg. (40), obtained from the solution of the differential equation above. Conversion of absorbances to concentrations was
effected by using the following relationships: [*S], = (Ag — A/E(*S) and [*S]; = (A — A/e(*S), where g(*S) is the molar
absorptivity of *S at the monitoring wavelength, and A, A, and A, are the optical absorbances before the flash, just after the
flash, and at time t after the flash, respectively. k, was then obtained as the slope of the linear plot of K vs[S].

(K/ky)
[*S); = (40)

+ 1jexp(Kt) -1

{ ke[*So

Ref. 60EQ06. For similar systems, K was evaluated by means of Eq. (41), where £(S) is the molar absorptivitity at the
monitoring wavelength, | is the optical pathlength, and &(*S), A, Ay, and A, have the same meaning as above.

d{In[(Ao = A/(A - A} (ki — k(A - Ay)
dt [e(*S) - ()]

= K+ (41)

The value of the derivative [left side of Eq. (41)] was determined as the tangent to the plot of (Ay — A)/(A — Ap) Vst
and K asthe intercept of the plot of the derivative vs (A, — Ay).

Ref. 60A002. The same treatment as above was applied to the quenching of *Sby Q. Now, K =k, + Kk [S] + k;[Q] in
Eq. (41); ky was evaluated from the plot of K vs[Q] at constant [S].

1

*S+Q —— products

Mech. [11] Satic quenching
Static quenching is a nondynamical process that results from the excitation of ground-state adducts between S and Q;
static quenching may occur simultaneously with the dynamic quenching reaction, particularly when S and Q are ions of oppo-
sitesign.
Keg
S+Q <& SQ

When the emission from *S (and * S—Q) is measured under steady-state conditions, the light absorption step of Sec. 2.2
must be replaced with the following reactions, where 1, is the intensity of light absorbed by all the various S species, and ¥ is
the fraction of the light absorbed by uncomplexed S; x = (1 + Keq[Q])'l if Sand S-Q have the same molar absorptivity at the
exciting wavelength.

12X
S—— *S

Ia(l_X)

— *SQ

If it is assumed that K¢, = Ky/k_g, the general steady-state treatment leads to expressions for the dependence of the emis-
sion intensity on [Q]: Eq. (42) for irreversible quenching (reaction (5) in Sec. 2.3), and Eq. (43) for reversible quenching
(reaction (6) in Sec. 2.3).

I = 1+ (Key + Ke[Ql + KoyKeg[QI? (42)
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"wo 1+ (Ksv + Keg)lQl + KevKeQI? )
| kdQ] {(ko + kd[Q])Keq[QW
1+(1+y) +
k—d + I(de k—d + kde

Equation (42) is a quadratic equation which shows positive deviation from linearity when I,°/I| is plotted against [Q].
Equation (43), on the other hand, tends toward a limiting value at high [Q]: I|°/I, (lim) = k4/koy. Equation (43) reduces to Eq.
(42) whenever the denominator of 43 is close to unity, in particular when (K_g4 + Kgo) > ky[Q] and kg > ki. If one assumes that
k.4 = kg the condition that kg, > k, implies that the quantum yield of emission from *S-Q is much smaller than that from *S.

In pulsed excitation experiments, ground-state complexation between S and Q affects [*S] and [*S-Q] at t = O after the
flash, but not their decay kinetics. Then, only the "dynamic" part of the quenching, which generally is monoexponential and
exhibitsalinear SV plot, is monitored.

Refs. B0E669 and 81A250. k, was obtained from steady-state emission intensity measurements by assuming that I|°/II
follows Eq. (42). Inthefirst paper, however, the S-V plot has a negative deviation from linearity. In the latter paper, a value
of K Obtained from the Debye-Smoluchowski and Eigen equations, was used in the best-fit procedure to evaluate K.

Ref. 85E375. A biexponential decay of the emission after pulsed excitation was observed in the presence of static
quenching. The values of ky, k_4, and kg, were obtained through a best-fit procedure from m; and m, values at two different

[Q], by assuming that k4" = K, Ky = Ky, and k" = k. The value of k; reported in this compilation was calculated by us using
the values of kg, k_y, and kg quoted in this paper.

Mech. [12] lon-pairing of the substrate

Ref. 86F346. For the system where the substrate is Ru(bpy)32+ and the quencher is MV?*, it has been found that the
guenching reaction is affected by both the nature and the concentration of added halideions (X~ = Cl~, 7). Thisbehavior was
attributed to the presence of ion-pairs between S and X, their excitation, and subsequent quenching. The following mechan-
ism was assumed:

Keg
S+X <& SX

X
S —— *S

14(1-X)

— *S-X"

Kor
*S —— S+heat
Krg
*S —— S+hv
_ k" i
*S-XT —— S-X +heat

*SXT Ly SXT+hy
Ak _
*S-X +Q —— quenching

The quenching of "free" *Sby Q, and ion-pairing between Q and X~ were ignored. A steady-state treatment, in which it
was assumed that £(S) = €(S-X") at the excitation wavelength, kq = k4", and k,, = k"', leads to Eq. (44).

I Kegl X TKs/[Ql
— =1+ (44)
I 1+ Kg[X ] +Ksy[Q]
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In this treatment, [X™] was taken to be equal to [X],, the concentration of X" in theinitially prepared solution, inasmuch

as[S] < [X7]y. Equation (44) is converted easily to Eq. (45).

1 1

[X]

yo 1A

r +Ksy[Q]
. (45)

KegKsv

Ksv

A linear plot of Y vs 1/[X"] was obtained at constant [Q]; Ky, was calculated directly from the intercept of this plot. It

is worth noting that changes in [X™] also caused changes in the ionic strength of the solution; this fact was not considered in
the paper.
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LIGANDS

acac

AMcapten
AMMEsar
AMMEsarH
13-At

AZAcapten
AZAMEsar
benzo-15-crown-5
bpy

-bpy

C®N'-bpy
5-Brphen
4,4'-Bu,bpy
(BUG),bpy

bzac

4,4'-Cl bpy
CLNOsar
CLOHsar
5-Clphen

ClLsar

CMM Eabsar
4,4'-(COO),bpy
4,4'-(COObz),bpy
4,4'-(COOchl),bpy
4,4'-(COOcyc),bpy
4,4'-(COOdec),bpy
4,4'-(COOet),bpy
4,4'-(COOH),bpy
4,4'-(COOnap),bpy
4,4'-(COOpr),bpy
crypt

cyclam

dbm

diAMchar
diAMsar
diAMsarH,
diAZAchar
diCLsar

diNOsar

DMF

DMG

DMSO
Do,Cabpy

EDTA
EFMEoxosar-H
en

etioporphyrin |
4-(Et;P)bpy

gly

C3 N'-Hbpy
HEDTA

hfac

HY MEoxosar-H
3,3-Me,bpy
4,4'-Mebpy
Me,cycladiene
Megcyclam
Me,dibenzoH,phen
MENOsar
5-Mephen
2,9-Me,phen
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8. Lists of Abbreviations and Symbols

Acetylacetonateion

1-Methyl-8-amino-6,13,19-triaza-3,10,16-trithiabicycl o[ 6.6.6] eicosane
1-Amino-8-methyl-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
1-Amino-8-methyl-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane, protonated
1,4,7,10-Tetraazacyclotrideca-10-13-dienate ion, Fig. 1
1-Methyl-6,8,13,19-tetraaza-3,10,16-trithiabicycl o[ 6.6.6] e cosane
8-Methyl-1,3,6,10,13,16,19-heptaazabicycl o[ 6.6.6] eicosane
2,3-Benzo-1,4,7,10,13-pentaoxapentadeca-2-ene

2,2'-Bipyridine

2,2'-Bipyridine (as monodentate ligand)

2,2'-Bipyridyl-C3N'

5-Bromo-1,10-phenanthroline

4,4'-Bis(tert-butyl)-2,2'-bipyridine

2,2'-Bipyridine with polymeric side chains, Fig. 2
1-Phenyl-1,3-butanedionate ion

4,4'-Dichloro-2,2'-bipyridine
1-Chloro-8-nitro-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
1-Chloro-8-hydroxy-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
5-Chloro-1,10-phenanthroline

1-Chloro-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
1-Chloromethyl-8-methyl-3,6,10,13,15,18-hexaazabicycl o[ 6.6.5] nonadecane
2,2'-Bipyridine-4,4'-dicarboxylate ion

2,2'-Bipyridine-4,4'-dicarboxylic acid, dibenzy| ester
2,2'-Bipyridine-4,4'-dicarboxylic acid, di(3B-cholestyl) ester
2,2'-Bipyridine-4,4'-dicarboxylic acid, dicyclohexyl ester
2,2'-Bipyridine-4,4'-dicarboxylic acid, di(1-decahydronaphthyl) ester
2,2'-Bipyridine-4,4'-dicarboxylic acid, diethyl ester
2,2'-Bipyridine-4,4'-dicarboxylic acid

2,2'-Bipyridine-4,4'-dicarboxylic acid, di(2-naphthyl) ester
2,2'-Bipyridine-4,4'-dicarboxylic acid, di(2-propyl) ester
4,7,13,16,21-Pentaoxa-1,10-diazabicycl o[ 8.8.5] tricosane
1,4,8,11-Tetraazacyclotetradecane

1,3-Diphenyl-1,3-propanedionateion
1,12-Diamino-3,10,14,21,24,31-hexaazapentacycl0[10.10.10.0*°.0"*%,0%¥| dotriacontane
1,8-Diamino-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
1,8-Diamino-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane, diprotonated
1,3,10,12,14,21,24,31-Ocataazapentacycl0[ 10.10.10.0*°.0"%,0>*| dotriacontane
1,8-Dichloro-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] e cosane
1,8-Dinitro-3,6,10,13,16,19-hexaazabicyclo[ 6.6.6]eicosane
N,N-Dimethylformamide

Dimethylglyoximate ion

Dimethylsulfoxide

1,1'-Didodecyl-2,2'-bipyridine-4,4'-dicarboxamide
Ethylenediaminetetraacetate ion

1-Carbethoxy-2-0x0-8-methyl-3,6,10,13,16,19-hexaazabicycl 0] 6.6.6] e cosane, deprotonated form

Ethylenediamine

2,7,12,17-Tetraethyl-3,8,13,18-tetramethylporphyrin
2,2'-Bipyridine-4-(triethyl phosphonio) cation

Glycinateion

2,2'-Bipyridyl-C3N', protonated

Monohydrogen ethylenediaminetetraacetate ion
1,1,1,5,5,5-Hexafluoro-2,4-pentanedionate ion
2-Ox0-8-methyl-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] el cosane, deprotonated form
3,3'-Dimethyl-2,2'-bipyridine

4,4'-Dimethyl-2,2'-bipyridine
5,7,7,12,14,14-Hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene
5,7,7,12,14,14-Hexamethyl-1,4,8,11-tetraazacycl otetradecane
6,7-Dihydro-5,8-dimethyldibenzo[b,j] 1,10-phenanthroline (DM CH)
1-Methyl-8-nitro-3,6,10,13,16,19-hexaazabicycl o[ 6.6.6] eicosane
5-Methyl-1,10-phenanthroline

2,9-Dimethyl-1,10-phenanthroline



4,7-Me,phen
5,6-Mejphen
3,4,7,8-Me,phen
3,5,6,8-Me,phen
MePh,P
mesoporphyrin IX
N-Mevio
5-(NH,)phen
2-(NO,)benz
4-(NO,)benz
4-(NO,)bpy
5-(NO,)phen
NTA

OEP

pdo

4,4'-Ph,bpy
phen

5-Phphen
2,9-Ph,phen
4,7-Ph,phen
4,7-(PhSO,),phen
py

sar

sep
4,4'-(SO;),bpy
TEOA

terpy

tfac

tfbzac

thd

TMePyP

TPP

TPTZ

tta

uroporphyrin |
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4,7-Dimethyl-1,10-phenanthroline
5,6-Dimethyl-1,10-phenanthroline
3,4,7,8-Tetramethyl-1,10-phenanthroline
3,5,6,8-Tetramethyl-1,10-phenanthroline
Methy!diphenylphosphine
7,12-Diethyl-3,8,13,17-tetramethyl porphyrin-2,18-dipropionic acid
N-Methyl-4-(4-pyridyl)pyridinium cation
5-Amino-1,10-phenanthroline

2-Nitrobenzoateion

4-Nitrobenzoate ion

4-Nitro-2,2'-bipyridine
5-Nitro-1,10-phenanthroline

Nitrilotriacetate ion

2,3,7,8,12,13,17,18-Octaethyl porphyrin
1,3-Propanedionateion
4,4'-Diphenyl-2,2'-bipyridine

1,10-Phenanthroline

5-Phenyl-1,10-phenanthroline
2,9-Diphenyl-1,10-phenanthroline
4,7-Diphenyl-1,10-phenanthroline
1,10-Phenanthroline-4,7-di(phenyl-4-sulfonate) ion
Pyridine

3,6,10,13,16,19-Hexaazabicycl o[ 6.6.6]eicosane
1,3,6,8,10,13,16,19-Octaazabicycl o[ 6.6.6] eicosane
2,2'-Bipyridine-4,4'-disulfonate ion
Triethanolamine

2,2',2"-Terpyridine
1,1,1-Trifluoro-2,4-pentanedionate ion
1-Phenyl-4,4,4-trifluoro-1,3-butanedionateion
2,2,6,6-Tetramethyl-3,5-heptanedionate ion
5,10,15,20-Tetrakis(1-methyl pyridinium-4-yl)porphyrin
5,10,15,20-Tetraphenylporphyrin
2,4,6-Tris(2-pyridyl)-1,3,5-triazine
1-Thienyl-4,4,4-trifluoro-1,3-butanedionate ion
Porphyrin-2,7,12,17-tetraacetic-3,8,13,18-tetrapropionic acid

ORGANIC QUENCHERS

bpy

bpy2+
bpyH*
bpyH,*
B-CD
CDTA
DDT
DMSO
DQ*
EDTA
H-3-pyl
H-4-pyl
Me-2-pyl
Me-3-pyl
Me-4-pyl
M V2+
OrgQuel
OrgQue2
OrgQue3
OrgQued
OrgQues
OrgQueb
OrgQue7
OrgQues
OrgQued
OrgQuel0
OrgQuell
OrgQuel2

2,2'-Bipyridine

2,2'-Bipyridinium dication (in N,N'-disubstituted derivatives)
2,2'-Bipyridine, monoprotonated

2,2'-Bipyridine, diprotonated

[B-Cyclodextrin
trans-1,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid
2,2-Bis(4-chlorophenyl)-1,1,1-trichloroethane
Dimethylsulfoxide

N,N'-Ethylene-2,2'-bipyridinium dication (Diquat)
Ethylenediaminetetraacetic acid

Pyridinium-3-yl cation radical

Pyridinium-4-y| cation radical

N-Methylpyridinium-2-yl cation radical
N-Methylpyridinium-3-yl cation radical
N-Methylpyridinium-4-yl cation radical
N,N'-Dimethyl-4,4'-bipyridinium dication (methylviologen, Paraguat)
seeFig. 3

see Fig. 3

seeFig. 3

seeFig. 3

see Fig. 3

2,1,3-Benzothiadiazole-4,7-dicarbonitrile, Fig. 4

1,1'-Bis(phenylmethyl)-3,3'-dicarboxamide-1,1',4,4'-tetrahydro-4,4'-bipyridine, Fig. 5

see Fig. 6
seeFig. 6
seeFig. 6
seeFig. 7a
seeFig. 7b
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OrgQuel3 2,2,6,6-Tetramethyl-4-oxopiperidine-1-oxyl radical, Fig. 8a
OrgQuel4 2,2,6,6-Tetramethylpiperidine-1-oxyl radical, Fig. 8b

phen?* 1,10-Phenanthrolinium dication (in N,N'-disubstituted derivatives)
phenH* 1,10-Phenanthroline, monoprotonated

phenH,* 1,10-Phenanthroline, diprotonated

Poly-2,4-ionene Poly[ (dimethylimino)-1,4-butanediyl (dimethylimino)-1,2-ethanediyl dication], Fig. 9
PolyPTZ Polymeric phenothiazine, see Fig. 10

PolyViol Polymeric viologen, see Fig. 11

PolyVio2 Polymeric viologen, see Fig. 12

PolyVio3 Polymeric viologen, see Fig. 13

PolyViod Polymeric viologen, see Fig. 13

PolyVio5 Polymeric viologen, see Fig. 13

PolyVio6 Polymeric viologen, see Fig. 13

PolyVio7 Polymeric viologen, see Fig. 13

PolyVio8 Polymeric viologen, see Fig. 13

PolyVio9 Polymeric viologen, see Fig. 13

PolyViol0 Polymeric viologen, see Fig. 14

PolyVioll Polymeric viologen, see Fig. 15

PolyViol2 Polymeric viologen, see Fig. 16

PolyViol3 Polymeric viologen, see Fig. 16

PolyViold Polymeric viologen, see Fig. 17

py Pyridine

py* Pyridinium cation (in N-substituted derivatives)

pyH* Pyridine, protonated

sydnone 1,2,3-Oxadiazol-5-one, Fig. 18 (in mono- and disubstituted derivatives)
Triton X-100 CgH;,CsH,(OCH,CH,),OH (x =9 or 10)

vio 4.4'-Bipyridine (viologen)

vio® 4-(4-Pyridyl)pyridinium cation (in N-monosubstituted derivatives)
vio® 4,4'-Bipyridinium dication (in N,N'-disubstituted derivatives)
vioH* 4,4'-Bipyridine, monoprotonated

vioH? 4-(4-Pyridyl)pyridinium cation, protonated (in N-mono-substituted derivatives)
vioH,* 4,4'-Bipyridine, diprotonated

OTHER MATERIALS

ACbuf Acetate buffer

AN Acetonitrile

AQN Poly[imino-2-(dimethylamino)hexamethylene-1-oxo], Fig. 19
BHDC Benzyldimethyl-n-hexadecylammonium chloride

BObuf Borate buffer

BRbuf Britton-Robinson buffer (0.008 mol/L acetate, 0.008 mol/L phosphate, 0.008 mol/L borate)
n-BuOH 1-Butanol

t-BuOH tert-Butyl alcohol

BuN iso-Butyronitrile

CAbuf Carbonate buffer

6CB Cyanohexy!biphenyl

B-CD B-Cyclodextrin

CcMC critical micelle concentration

CTAB Cetyltrimethylammonium bromide

CTAC Cetyltrimethylammonium chloride

DMA N,N-Dimethylacetamide

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

dTBP Tributyl phosphate (perdeuterated)

EDTA Ethylenediaminetetraacetic acid

EtMO N-Ethylmorpholine

EtOH Ethanol

FA Formamide

HAc Acetic acid

HSEtOH Mercaptoethanol

IMIDbuf Imidazole buffer

MeCH Methylcyclohexane

MeOH Methanol

Me,SO, Sulfuric acid, dimethyl ester

MF N-Methylformamide

MP N-M ethylpropionamide



NaAc
NTA
Pbuf
PHTHbuf
PMA
polybrene
PPh,
1-PrOH
2-PrOH
PVA
PVS
py

PY buf
SLS
TBAB
TBAC
TBAF
TBAP
TBAS
TBP
TEAC
TEAP
TEOA
THF
TMAC
TMP
TOAB
TPeAC
TPrAB
TPrAC
TRbuf
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Sodium acetate
Nitrilotriacetate ion

Phosphate buffer

Phthalate buffer

Poly(methacrylic acid)

Poly[ (dimethyliminio)-1,3-propanediyl (dimethyliminio)-1,6-hexadiyl dication], Fig. 20; concentration based on theionic charge
Triphenylphosphine

1-Propanol

2-Propanol

Poly(vinylal cohol)
Poly(vinylsulfate)

Pyridine

Pyridine buffer

Sodium lauryl sulfate
Tetrabutylammonium bromide
Tetrabutylammonium chloride
Tetrabutylammonium hexafluorophosphate
Tetrabutylammonium perchlorate
Tetrabutylammonium trifluoromethylsulfate
Tributylphosphate
Tetraethylammonium chloride
Tetraethylammonium perchlorate
Triethanolamine

Tetrahydrofuran
Tetramethylammonium chloride
Trimethylphosphate
Tetraoctylammonium bromide
Tetrapentylammonium chloride
Tetrapropylammonium bromide
Tetrapropylammonium chloride
Tris buffer

OTHER ABBREVIATIONS AND SYMBOLS

(calc)
(corr)
Ea
EQ
estd

f

kdif
kobs
<
K
L

Po

papp

Q
S

*S
SQ
SV
TT
AG*
AH*
AS
AV+
r] *
U
T

Gy
T
Tglnd
¢

calculated from T and KSV or from rate constants for specific steps
corrected for diffusiona effects

activation energy

quenching of an higher-energy state

estimated

fraction of quenching acts that yield electron-transfer products in the bulk solution
diffusion rate constant (L mol™ s™)

experimentally observed rate constant

guenching rate constant

Stern-Volmer constant

Stern-Volmer constant from lifetime measurements

ligand

partial pressure of gaseous Q in equilibrium with the solution
applied pressure

quencher

substrate

excited state of the substrate involved in quenching

static quenching

Stern-Volmer

triplet-triplet annihilation

free energy of activation

enthalpy of activation

entropy of activation

volume of activation

efficiency of population of the quenched excited state

ionic strength (mol/L)

lifetime in the absence of quencher, air-free solution

lifetime in the absence of quencher, air-equilibrated solution
lifetime in the absence of quencher, solution of unknown O, content
quantum yield of formation of the quenched excited state



