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The rate constants for the quenching of the excited states of metal ions and complexes in
homogeneous fluid solution are reported in this compilation. Values of k, for dynamic,
collisional processes between excited species and quenchers have been critically evaluated,
and are presented with the following information, among others, from the original publi-
cations, when available: description of the solution medium, temperature at which k, was
determined, experimental method, range of quencher concentration used, lifetime of the
excited state in the absence of quencher, activation parameters, quenching mechanism.
Data collection is complete through the end of 1986, and covers the coordination com-
pounds of 26 metals, including the ions and complexes of the inner- and outer-transition
metals, and porphyrin complexes of nontransition 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 discus-
sion 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 £, , 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 30 years, the photochemistry and photo-
physics of metal coordination complexes have been active
areas of research, drawing upon and merging with the exten-
sive experience of coordination chemists, spectroscopists,
and organic photochemists with regard to the synthesis of
compounds, the development of experimental 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 have caused
these research areas to evolve into mature disciplines.

Two very important events occurred almost simulta-

- neously a little more than 15 years ago that triggered a surge
of activity in the field: the observation that the luminescent
excited state of tris(2,2'-bipyridine)ruthenium(2 + ) ion
[Ru(bpy)% * ] can photosensitize clectron-transfer reac-
tions, and the first worldwide energy crisis brought on by the
oil embargo as a result of the Yom Kippur War in the Middle
East. It was recognized almost immediately that the elec-
tron-transfer reactions of the excited state of Ru(bpy);+
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 reac-
tions, can result in the generation of storable fuels. The de-
velopment of schemes for the photochemical conversion and
storage of solar energy involving coordination complexes be-
gan in earnest, and with it detailed studies of all the quench-
ing reactions of excited states (electron transfer, energy
transfer, proton transfer, etc.) and the chemistry of the
products of those processes.
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Theoretical treatments soon made the connection be-
tween the rate constant of the quenching reaction (%, ) and
the energetics of the reactants. Existing k, data were applied
to theory, resulting in a2 demand for more data to test the
theory. As aresult, values of £, for the reactions of the excit-
ed states of many coordination complexes with many
quenchers under widely diverse experimental conditions
have been published in the literature to date. Up to now, it
has been very difficult for researchers to find the values of &,
they want, or to know exactly what has been done and what
has not. In addition, those values of k, that have been pub-
lished in the review literature have not been subjected to a
critical evaluation of their quality, not 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 electronically excited species and quenchers in fluid
homogeneous solution. The excited states have been limited
to those of ions and complexes of the inner- and outer-transi-
tion metals, and porphyrin complexes of nontransition met-
als. Quenchers include inorganic and organic species, as well
as the ground state of the substrates. In addition to display-
ing the k, values for excited state/quencher couples and the
literature references for the sources of the rate constants, the
tables contain descriptions of the solution medium, the tem-
perature at which the experiment was performed, the experi-
mental method used, the range of quencher concentrations
used, and activation parameters, as well as other piéces of
information extracted from the original publications that
could be useful to the reader for the evaluation of the quality
of the results.
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This introduction to the compilation continues, in Sec.
2, with a discussion of the conceptional background to
quenching: the excitation of coordination complexes, the de-
cay of the excited states, the types of quenching processes,
and the fundamental “Stern-Volmer” kinetics of quenching.
Consideration is given to the conditions that lead to devia-
tions from Stern—Volmer behavior, the relationship of the
kinetics of diffusion to k,, and the efficiency of escape of
redox products from the solvent cage as a result of electron-
transfer quenching. The structure of the tables is examined
in Sec. 3: the scope of the compilation, the procedures for the
selection of values of k, from the literature, the problems of
nomenclature and speciation, and our concern with the er-
rors and uncertainties that accompany the numerical quan-
tities. The detailed arrangement of the tables is described, as
well as the experimental methods used by authors to obtain
the data. We offer, in Sec. 4, a list of recent review articles
about aspects of the quenching of excited states of coordina-
tion 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 ex-
traction of the values of k,. A number of indexes have been
included: Author Index, Index of Excited States, Index of
Inorganic Quenchers, and Index of Organic Quenchers.

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
substrate (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 (~107'¢ 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 ab-
sorption of one photon at the wavelength of excitation is 7*.
Depending on the coordination complex involved, *S can be
charge-transfer (metal-to-ligand, ligand-to-metal, com-
plex-to-solvent), metal-centered, or ligand-localized in na-
ture; the excitation may reside in nonbonding or antibonding

orbitals mav be localized or 156, an a
orbitals, may be localized or diffuse, and will have orienta-

tions in space appropriate to the symmetry of the state.
Irrespective of the nature of the specific system, *S and
S are different species; *S is a stronger reductant and oxi-
dant, is more energetic, and, because of its unique electronic
configuration, has the possibility of exhibiting greatly differ-
ing 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, luminescent decay is not kineti-
cally competitive, emission is not observed, and the detec-
tion of *S must be accomplished through the use of an alter-
native 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, nonra-
diative, and reactive intramolecular modes can be described
by reactions (1)—(4), where I, is the rate at which the light
is absorbed by S:

I
S+hv = *S, n

Kra

S+ hv, ' (2)

nr

S ++ heat, (3)

products. (4)

The lifetime of unperturbed *S, 7, is defined as 7,
= 1/ky, where ko =k,, + k,, + K.

2.3. Quenching of Excited States

The subject of this compendium is the second-order
rate constant k, for the bimolecular reaction between an
electronically 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 a single step:

k‘l

*S + Q — products. (5)

When the microscopic details of quenching are consid-
ered, 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
k,. must compete with the breakup of the solvent cage and
the release of *S and Q into the bulk solvent [reaction (6)]:

k(l kd(‘
*S+Q 2 *S-Q — products. (6)
—d
Der srnliine 1306 of tha achamea 1n ranction 6) and 9‘1»\.:

By making usec of the scheme in reaction (6) and th

steady-state approximation for the concentration of *S-Q,
the observed quenching rate constant k, can be expressed by

Eq. (7),
kakae

k, S . 7
In this mechanism, k,, is the rate constant for the bimo-
lecular diffusional encounter of *S and Q, which can be cal-
culated by use of the Debye-Smoluchowski equation [M. V.
Smoluchowski, Phys. Z. 17, 557 (1916); P. Debye, Trans.
Electrochem. Soc. 82, 265 (1942) ], and -k _ , is the rate con-
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stant for the unimolecular dissociation of *S~Q into the par-
ent components. In the case of outer-sphere encounters,
k _ , can be calculated by means of the Eigen equation [ M.
Eigen, Z. Physik. Chem. (Frankfurt am Main) 1, 176
(1954)]. '

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].

S+ Q+mv", (8)

*$-Q S + Q + heat, (9)
ke

Q + photoproducts. (10)

In addition, the “precursor complex’ can engage in re-
actions not available to *S in bulk solution: transformation
into a “successor complex” via intramolecular energy trans-
fer, electron transfer, proton transfer, or formation of an
exciplex via the redistribution of the electronic energy across
the entire species [reaction (11)],

o

r

*S—Q — successor complex. (11)

Therefore, k,, is defined in terms of the rate constants
~of reactions (8)-(11) as k, =k} + k,., where k|
=kl +k, +ki.

In the case of outer-space encounters, it is commonly
assumed that k /,, k.., and k /. have values very similar to
those of the corresponding reactions of *S, and that quench-
ing is mainly, if not exclusively, due to reaction (11) which
defines the nature of the quenching process. Very likely,
k .. > 1/7,, where 7, is the lifetime of *S.

2.4. Types of Quenching Processes

Quenching can occur via one or more of the following
primary processes simultaneously:

(I) Transfer of electronic energy from *S to Q, with the
formation of *Q, an electronically excited state of Q, (ET);

(IT) transfer of one electron from *S to Q (oxidative
electron transfer, OT); :

(IIT) 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 ane proton from *S to Q or vice versa
(proton transfer, PT);

(VI) hydrogen abstraction or some other chemical re-
action between *S and Q (HA, CR);

(V1) catalysis of the radiationless deactivation of *S
by Q (collisional deactivation, CD).

The most predominant processes involving coordina-
tion complexes are I, II, and I1I; 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 var-
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ious successor complexes, which undergo further conversion
toward the final products.

S*Q ET, (12)
ks §*-Q~ OT, (13)
£$-Q - $-Q* RT, (14)
*(S-Q) EX, (15)

PT, HA,CR, CD, etc. (16)

Intramolecular reactions (12)—(16) are written as irre-
versible processes. Of course, the principle of microscopic
reversibility demands that consideration be given to the pos-
sibility of the reformation of *S—Q through the occurrence of
the reverse reactions that are, undoubtedly, energetically un-
favorable.

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

Nevertheless, it remains a challenge to obtain a clear
answer concerning the exact nature of the intermediates, in-
asmuch as the same final products could arise from different
successor complexes existing simultaneously in the same re-
action. Similarly, analogous final products from analogous
systems may arise from different successor complexes.

Experimental evidence in favor of a particular quench-
ing process does not exclude the possibility that some frac-
tion of the quenching acts occurs via a different mechanism.
The experimentally determined value of &, is, however, an
overall rate constant representing the sum of the &, 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
concentration of one or more of the species involved in the
overall photochemical process. The mathematical relation-
ship between A and k,, is derived from the assumed mecha-
nism by the use of the usual treatment of time-independent
tionship 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 tunction of solution
medium is addressed in Sec. 2.6.b below.

1t is obvious that the reliability of the values of k, re-
ported by a researcher depends ultimately on the validity of
the relationship derived from the assumed mechanism. Evi-
dence in favor of a specific mechanism is generally obtained
by the measurement of A for a set of experiments in which
[S] is maintained constant and [Q] is changed across an
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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 mecha-
nism 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 k,
is always related to k,,, which is the sum of the rate con-
stants of all the deactivation processes of *S-Q. The relative
contribution of each deactivation mode to the overall
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
excitation, and the decay of emission from *S, or absorption
by *S, after pulsed excitation.

By assuming that the quenching mechanism is repre-
sented by reactions (1)—(5), application of the steady-state
treatment, 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 *S in the absence (1) and presence (/,) of Q.

[#§], = —=1" (17
T ko+k,1Q1
I/1, =1+ (k,/kp) [Q]. (18)

Similarly, by defining the lifetime of *S in the presence
of Q as 7=1/(ky+ k,[Q]), an equivalent relationship
[Eq. (19)] between the lifetime of *S can also be derived
from the expressions describing the time-dependent behav-
ior of the concentrations of the species.

To/7=1+ (k,/ko) [Q]. (19)

These are the Stern~Volmer (S-V) relationships that
are very widely used in the evaluation of k,. The S-V con-
stant (Kgy ) is defined as:

Ksy = k,/ko = k,7o. (20)

S-V plots of I%/1, vs [Q] or 74/7 vs [Q] are predict-
ed, by Eqs. (18) and (19), to be linear with slopes equal to
Ksv, provided that Q does not absorb the exciting and emit-
ting light, or that appropriate corrections have been made.

Similarly, if reaction (4) leads to a product, the quan-
tum yield of which can be measured in the absence (®,) and
presence (D) of Q, Eq. (21) predicts that a plot of ®y/P vs
[Q] be linear:

Qy/® =1+ Ky, [Q]. (1)

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/% versus 1/[Q] be linear with an intcrcept/slope ratio
equal to Ky .

The calculation of k, from Ky, requires the indepen-
dent measurement of 7, under the same experimental condi-
tions. The use of a value of 7, measured under different con-
ditions implies that 7, is independent 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) in-
stead of (5), a contribution from *S-Q to the emission inten-
sity under continuous excitation should, in principle, be tak-
en into consideration; Egs. (22)—(24) result, where
y=pB"k4/Bk,;,and B and B’ are the ratios of the intensity
of the emission at the selected wavelength and that under the

entire emission band for *S and *S-Q, respectively.

%
(s, = — T Koatha) (22)
koCk _ g +ka) + kak,[Q]
*
[*s-Q1, = — okl ,
kolk_ g +kg) + kg ky[Q]
1—(')= 1+ {kdkde [Q/kolk _ 4 + kde)}
L 1+ [QVk_y+ i)}

Clearly, aplot of 13/1, vs [Q], based on Eq. (24), is not
linear; the plot has a negative deviation from linearity, and
reaches a plateau for [Q] — co. The limiting value of 19/I,
for [Q] - <o is k. /vk,. When ¢ = 0, i.e., when no emission
occurs from *S-Q, Eq. (24) reduces to Eq. (25), which is
identical to Eq. (18) via Eq. (7).

I(I) [ kdkde ]
—=14|—"">——1[Ql (25)
I, kolk_ g + k) ?

Even if ¥5£0, the nonlinearity predicted by Eq. (24) is
commonly not perceived because of the limitations of the
experiment. The initial portion of the plot of 79/1, vs [Q]
can be observed to be linear within the experimental error
when &k, [Q] < (kg + k_ ), 1e., [*S-Q], < [*S],,. How-
ever, the initial slope has a value of
ky(kge — ko) /[ Kok _ 4 + k4.)] which is not equal to
k,/ko via Eq. (7). Only if k,, >k, which is the usual case,
will the initial 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 describe the dependence of
the concentrations of *S and *S—Q as a function of time ¢,
results in Eqs. (28) and (29), assuming that [*S] = [*S],
and [*S-Q] =0at¢=0.

(23)

(24)

208 _k_1s-q)
— (kg + Koy + Ko + kg [QDST, (26
ARk, 1811Q1 - (ke + k) [55-Q),
@7
[*ST, — C,[*Slpexp( — m ) + C,[*S]yexp( — m,1),
(28)
[¥8-Q] = G;[*S]olexp( — myt) —exp( —m;8) ],
(29)
where

my=14(ko+ kg +k_ o+ k,[Q1) + R,
my=4(ko+kae +k_yg+k, Q1) —4RYE (30)
R= (k0+kde +k~d +kd[Q])2

— 4kok _ g + kokge + kg ks [Q1),
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and
C,= (ko +k,[Q] — my)/ (m, — my),
Co=(my—ky— kd[Q])/(ml — m,),
(ko + ka[Q] — my) (my — kg — k,[Q])
k_,(m —m,) .

3=

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 in-
creasing [Q], m, increases monotonically while 1, reaches
a limiting value of m,(lim) = k,,. The limiting value of m,
at [Q] = 0is k.

In most cases, however, the faster component of the
decay of *S, and the build-up 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 is identical for both *S and *S-Q. Under such
conditions, provided that Q is not consumed to any signifi-
cant extent during the time period of the experiment, the
observed decay follows pseudo-first-order kinetics; the ap-
parent rate constant #z, can be evaluated, and a lifetime of *S
under quenching conditions, 7 = 1/m,, can be defined. In
spite of the apparent differences between Egs. (24) and
(30), the plot of m,/k, = 7,/7 versus [Q] from Eq. (30) is
quite similar to that of 1{/1, versus [Q] from Eq. (24). As
with the intensity plot discussed above, the experimentally
measurable portion of the 7,/7 plot generally appears to be
lincar within the experimental crror, with an initial slope
equaltok, (k,, —ko)/(k _ 4 + k,. — ko), which is approx-
imately equal to Ky if k,, > k,. Under these conditions, Eq.
(31) can be applied:

To_q {__M__
T kolky +Kk_4)

=1+ K [Q]. (31

Itis clear that whenever the approximations mentioned
above are valid, the quenching of emission intensity and the
quenching of the excited-state lifetime are exactly coinci-
dent. The lack of such coincidence is generally taken as evi-
dence for a more complex mechanism, although this may not
necessarily be the case.

](Q] =1+ (k,/ko)[Q]

2.6. Other Considerations of the Kinetics

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

2.6.a. Effects of lonic Strength

When both S and Q are ionic species, the value of k, isa
function of the ionic strength of the solution (4£). Recause u
will change as [Q] is changed, the value of k, thus obtained
will no longer be a constant for a set of measurements, the
result being that the observed relationship between A and
[Q] may be different from that expected for the proposed
mechanism. In order for k, to remain constant for a set of
experiments in which [Q] is changed, it is necessary for i to
be maintained constant through the addition of appropriate

J. Phys. Chem. Ref. Data, Vol. 18, No. 1, 1989

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 proper-
ties 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
variations in the low values of  are probably negligible; such
values, obtained in the presence of low [S], can be taken as
approximating &, in the limit of 2 —0. Other methods of
obtaining limiting values of k, from measurements at con-
stant (but variable) u involve the use of the Debye-Hiickel
theory (subject to the usual limitations in its use) or, more
valuably, the extrapolation of a plot of k, (u) versus an ap-
propriate semiempirical function of i (e.g., u'/?).

2.6.b. Multiple Forms of the Quencher

If, in solution, Q is involved in equilibrium reaction
(32) (e.g., acid—base, metal jon complexation, etc.) among
its various i forms (Q,, Q,, Q,, etc.), the quenching process
can occur from some or all 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([Q],,,), where [Q],,, = 2[Q,], and the mole frac-
tions of each of the species (X;) are expressed as X, =

[Q]1/[QJer-

Q=Q,=Q.. (32)

If the values of X; are independent of [Q],,,, 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, — £X,k,(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 &, is meaningless, and the
constant cannot be calculated. The specific £, (Q,) values
can be estimated from measurements in various solution me-
dia by means of appropriate algebraic procedures (e.g., best-
fitting routines), provided that X; can be independently de-
termined for each experimental condition.

2.6.c. Nonselective Measurements

If the analytical methods used in the quenching experi-
ments 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 condi-
tions and very complex time-dependent hehavior of the sys-
tem under pulse conditions may be observed. Very severe
assumptions are often required to derive appropriate kinet-
ics equations, and to calculate k,.

2.6.d. Secondary Reactions

Measurements based on the quantum yields of photo-
chemical products may be affected by secondary thermal
and/or photochemical reactions. For example, the primary
products of an electron-transfer quenching reaction are fre-
quently consumed (and even depleted) through back clec-
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tron-transfer reactions to form the ground state reactants.
Secondary reactions must be included in the mechanistic
scheme, and the corresponding kinetic equation must be
used to calculate k,. It is worth noting that data obtained
from such systems have a larger uncertainty than those ob-
tained by means of the usual S-V equations; moreover, as-
sumptions 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; experimentally, the measured quantum
yield is the sum of those quantities for both the quenchable
and unquenchable parts of the reaction. Appropriate correc-
tions must be made to the experimental values of @, and ® in
order for &, to be calculated.

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

It is possible that a compound used for quenching *S is
also capable of quenching a higher-energy excited state of
the substrate **S. If *S originates from the intramolecular
deactivation of **S, the quenching of **S causes the popula-
tion of *S and the resulting luminescence to follow a qua-
dratic dependence on [Q]. However, the lifetime of *S is
generally 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 in the case of ion pairs between ions of
different signs, excitation of S in the adduct results in the
quenching of the emission from *$ due to intramolecular
interactions within the adduct; the extent of adduct forma-
tion is governed by the concentrations of S and Q, and the
equilibrium constant of the process. As a result, the popula-
tion of *S, and the resulting luminescence and photoproduct
formation are less than those occurring in the absence of
static quenching, and are 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 k, for Diffusion

When quenching is viewed as occurring via reaction
(6), k,, as expressed by Eq. (7), is approximately equal to
kiky /k _,whenk, <k _, andtok; whenk, >k _,. In
the latter case, in order to reveal the relative importance of
k4, 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):

ke = 1/k, — 1/k,. (33)

When the mechanism of quenching is given by reaction
(6), the expression for kq 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).

kcor = kdkde/k*d' (34)
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When k, <k, ko, ~k,; when k, ~kg, ko >k, We
have included k., values in this compilation only when the
corresponding values of &, were nat 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 quench-
ing to potential applications of photosensitization, it is im-
portant to know the efficiency with which the primary prod-
ucts of quenching 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 (7., ) 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 determination
of 77, 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 selec-
tive sacrificial scavenger for one of the products. These sec-
ondary reactions must be included in the overall mechanism
from which the kinetic equation for ®(S*) is derived.

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

*$-Q - §7-Q7, (35)
knq
*S-Q — other quenching processes, (36)
Kt
$*-Q~ = 5-0-8+Q, (37
§*-Q g+ +qQ-, (38)
k k
(I)(S+) :1’*[ q[Q] ] [ et :Ince, (39)
kq [Q] + k() ker + koq
where
ky=ky(k, +k, )/ (ko +k,g +k_4), (40)
and
_ kce 4]
7/ce - kce + km . ( )

Inasmuch as 7%, ko, k,, and ®(S™*) can be experimen-
tally determined, the quantity f can easily be evaluated by
the use of its defining Eq. (42),

k
fz[ . ]
ket+kaq K

It is important to note that frepresents the fraction of
all 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,, = 0)

(42)
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does f represent the cage escape efficiency in electron-trans-
fer quenching.

3. Explanation of the Tabies

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
Radiation Chemistry Data Center (RCDC) of the Universi-
ty of Notre Dame, using the names of the metals and “por-
phyrin” as key words, the review of the personal literature
files of the authors, and the examination of cross-referenced
papers yielded a list of publications in books, serials, and
periodicals. Publications of limited diffusion, such as dissei-
tations, theses, and abstracts of conferences, were excluded
from the list.

3.2. Procedures of Selection

In order to be included in this compilation, values of &,
had to be explicitly given in the published paper, or be capa-
ble of being calculated by us from values of K, and 7, (or
ko, kqy k _ 4, and kg, ) reported in the same paper. No values
of k, were exiracted from graphical treatments, nor were
any calculated from K, and 7, 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 con-
cerning systems in which either the substrate or the quench-
er, but not both, might be preferentially confined to localized
regions of a microenvironment, such as in the presence of
micelles and polyelectrolytes, 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 un-
der 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, as long as the reader is provided with the infor-
mation 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 labo-
ratory 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 dissemi-
nated 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 differ-
ent values of k, for the same excited state/quencher couple
under the same experimental conditions from the same labo-
ratory; 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 inadvertent typographical errors. In this case,
we have made a critical evaluation, on the basis of the infor-
mation available, of the quality of the values, and have cho-
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sen 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, ex-
perimental conditions. In these cases, all values are present-
ed as independent entries for the following reasons. When
the values of &, are different, we believe that it is impossible
for us to establish which value is more valid short of per-
forming the experiment onrselves; 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 com-
bine the entries so as 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 all 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. The use of ab-
breviations for the ligands in the substrates was 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 sym-
bols used appear below in Sec. 6.

The oxidation states of metallic quenchers, as super-
scripts in Roman numerals to the symbol of the element, are
designated 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 li-
gands in solution, the metal ion/ligand ratio ([M]/[L]) in
the bulk solution is indicated in the *“Solution Medium” col-
umn of the tables; labile complexes of unknown formulation,
or those that may actually be a mixture of various species in
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 abbre-
viations were chosen in an attempt to achieve a delicate bal-
ance among several highly desirable features: succinctness, -
unambiguousness, uniformity, and clarity to even those not
fluent in organic nomenclature. Therefore, the names used
in the compilation may be different than those that appear in
the original publications. For organic quenchers with com-
plicated structures and correspondingly complicated formal
names, such as polymeric viologens and heterocycles, gen-
eric abbreviations (PolyVio, OrgQue) are used; their struc-
tural formulas are shown below in the Figures (Sec. 7).

In afew cases, the nomenclature is, regretfully, ambigu-
ous, reflecting analogous ambiguities in the original publica-
tions.

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

In addition to the substitutional equilibria exhibited by -

some metal complexes discussed above, a number of sub-
strates and quenchers in this compilation undergo equilibri-
um reactions (e.g., acid-base, monomer—oligomer) in solu-
tion, so that the predominant species is a critical function of
the solution composition and the total concentration of the
substance. In general, the name used is that indicated in the
original publication; no attempt was made to identify the
predominant species under the experimental conditions
used, although where important, information about the spe-
cies is presented as a comment. As a result, the reader will
find the names of both the acidic and basic forms, for exam-
ple, in the tables and indexes.

A special case is represented 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 ensem-
ble of these species, the formula of the fully solvated ion
[e.g., Co(H,0)¢** ] for that specific species, and abbreviat-
ed notations without the solvent molecules (e.g., CoCl¥,
CoCl; ) to indicate partially anated species.

For the majority of the substrates reported in the com-
pilation, 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 ([singlet] and [triplet] for the upper
and lower state, respectively) or, in the case of Tb>*, by the
usual spectroscopic notations ({*D;] and [°D,] for the up-
per and lower state, respectively).

3.4. Errors and Uncertainties

In many cases, values of k, are given with an error
range or uncertainty estimation in the original publications;
however, the criteria used by authors to evaluate the uncer-
tainty in reported values are rarely disclosed, and range from
well-defined statistical treatments (e.g., standard deviation)
based on multiple replicate experiments, to empirical esti-
mations based on the author’s experience. As a result, it is
impossible to express the uncertainty in values of k, in a
uniform way, and we have preferred not to report any errors
at all. Similarly, no errors are given for values of 7,, Kgy,
temperature, or any other experimental value.

In addition, we have found that values of &, and 7, are
reported in the literature with a wide variation of significant
figures which, it is presumed, refiects the quality of the data
as evaluated by the author. However, in our opinion, the
uncertainty in values of k,and 7, obtained from independent
measurements is unlikely to be less than ~ 10%, even if the
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a result, we have reported all k, and 7, values with a maxi-
mum 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 “~.” In cases
where upper or lower limiting values are reported in the li-
terature, only one significant figure is used.

The same criteria were used for the presentation of acti-
vation parameters and other experimental data with the ex-
ception of temperature and solute concentrations; in the lat-
ter case, for the sake of succinctness, values are given to one
significant figure if the second figure is 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 tempera-
ture, ambient temperature). In such cases, the “T”’ column
is blank for such entries in the tables. Otherwise, the tem-
peratures or their ranges are listed as presented by the au-
thors. If the uncertainty in the temperature is greater than
1° C, the ~ label is used.

3.5. Arrangement of the Tables

The data are contained in 29 tables which are ordered
alphabetically according to the name of the metal of the sub-
strate. In the case of ruthenium, which constitutes a large
fraction of the total, the entries are subdivided further to
display separately Ru(bpy);* and inorganic quenchers,
Ru(bpy)3* and organic quenchers except methylviologen
N, N'-dimethyl-4,4'-bipyridinium dication; MV?*),
Ru(bpy)2™* and MV?*, and all other complexes of ruthen-
ium.

3.5.a. Excited States

Within each table, the various excited states with the
same metal are ordered alphabetically according to the let-
ters in the formula; some formulas denote the exact molecu-
lar composition while others incorporate names of abbrevia-
tions of the ligands. Each successive excited state is
numbered with a table number ¢ and a sequence number m in
a t.m format.

3.5 b. Column Headings

The columns of the tables are headed with the following
entries: No. (of the excited state), Quencher, Solvent, Solu-
tion Medium, 7 (temperature, °C), k,, Comments, and Ref.

3.5.c. Quenchers

For any given excited state, the quenchers are divided
into two groups: “inorganic” and ‘“organic.” Within each
group, they are further ordered alphanumerically, and are
preceded by a number of the form ¢.m.n, where ¢ = the table
number, m = the excited state number, and » = the quench-
er number.

3.5.d. Solvent

For any given quencher, the order of presentation of the
data is alphabetical according, to the name, formula, or ab-
breviation of the solvent. For mixed solvent systems, the
more abundant solvent is listed first; their ratio (v/v) is giv-
enin parentheses. When the ratiois 1:1 and H,O is one of the
solvents, that substance is listed first.
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3.5.e. Temperature

Within any given solvent or solvent mixture, the order-
ing is by ascending values of the temperature, with the ex-
plicit value first and the approximate value second. The low-
est level of ordering is given to those systems for which no
value of the temperature is entered.

3.5.f. Solution Medium

Within any temperature group, the ordering is deter-
mined 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 quench-
er as the only solutes are presented first with the “Solution
Medium” column blank; thereafter, pH and ionic strength
(¢ is units of mol/liter (L); salt used to control ionic
strength in parentheses) conditions are given in ascending
order, followed by buffers and other solutes in ascending
values of their concentrations. Within this hierarchy of or-
dering, we have attempted to group data obtained in similar
media close together.

When more than one additional solute is used in the
experiments, we have adopted a specific protocol for the des-
ignation of the components, depending on the degree to
which the information is specified in the original paper. For
example, if both LiCl and NaCl were present, the designa-
tion “LiCl and NaCl” is used. However, if independent mea-
surements were made on solutions containing LiCl and
NaCl separately which gave the same value of &,, “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.g. Rate Constants

Values of k, are given in the units of L mol™' s~ for
the second-order reaction. Values of &, are reported here,
and are labeled as “(corr).” For values of k, calculated by us
from Ky, and 7, values, or from k,, K, kK _ 4, and k;, values
appearing in the same paper, the indicator “(calc)” is ap-
pended.

3.5.h. Comments

The Comments column contains a wealth of informa-
tion in highly abbreviated form in essentially this order: the
experimental method used in the evaluation of k_; the life-
time of *S in the absence of quencher (7, in the absence of
air, 72" in air- equilibrated solutions, 75™ in solutions of un-
known 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 quenching
mechanism (if uncertain, “?” is added); the range of [Q]
used over which the value of k, was determined, and, pre-
sumably, is valid; activation parameters; acid-base proper-
ties of *S; references to duplicate or alternative entries; other
relevant information. Values of f; the fraction of the quench-
ing acts that yield electron-transfer products in the bulk so-
lution, are reported here; when %* < 1, the value of 7* used
in its calculation is also given.
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3.5.i. References

References whether given for the source of &, in the
“Ref.” column, for the source of 7, in the Comments col-
umn, or for alternate values of k, in the Comments column,
are presented as the RCDC bibliographic number; all num-
bered references are cited in full in the Bibliography (Sec.
10) in ascending numerical and chronological order.

3.5.j. Indexes

Following the Bibliography are the Author Index, In-
dex of Excited States, Index of Inorganic Quenchers, and
Index of Organic Quenchers. Every author in every paper
cited in the Ref. column as a source of &, is listed in the
Author Index with the relevant RCDC number of each ref-
erence and the locator of the entry in the form z./m, where
t = table number and m = excited state number. Each entry
in the quencher indexes is coded in the z.m.n format, where
n = quencher number. The substrates in the excited state
index are coded in the t.m format. In order to obviate prob-
lems in organic nomenclature, the Index of Organic Quench-
ers is cross-referenced with alternative and common names,
and abbreviations

3.6. Experimental Methods

The methods used to obtain &, are coded in the Com-
ments column as follows: excitation source/analytical mea-
surement/signal recording. The same coding appears in par-
entheses after the value of 7, (or 75¥) if that quantity was
independently determined in the paper. If the method used
for ky and 7, is the same, no additional coding is given. If the
lifetime was taken from the literature, the RCDC number of
the reference is given in parentheses. The codes are given
below in the List of Abbreviations and Symbols (Sec. 6).

1f more than one experimental method was used, and
both methods gave the same value of k,, the entry “SS/
LUM, LP/LUM/SST,” for example, is used. When “SS/
T.UMor ILP/T.UM/SST,” for example, is used, it means that
we do not know which one of the two methods was actually
used to obtain the reported &, value.

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 mono-
chromatic or that can be passed through a wavelength selec-
tion device; pulsed lamps, lasers, or spark gaps that emit a
flash of light with a short duration (ns to us). The intensity
of steady-state sources can also 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 function of time after pulsed excitation, with the intensi-
ty being proportional to [*S];

(ii) Absorbance of *S, measured as a function of time
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after pulsed excitation, with the magnitude of the absor-
bance being proportional to [*S];

(iit) amount of a photoproduct produced during a peri-
od of continuous or pulsed excitation, which, from the inde-
pendent 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 instanta-
neous measurement during continuous excitation;

(v) photocurrent and electric conductivity, which are
generally measured as a function of time after pulsed excita-
tion.

3.6.c. Signal Recording

Luminescence intensity, absorbance, photocurrent,
and conductivity methods result in the generation of an elec-
tric signal 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, gener-
ally 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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6. Lists of Abbreviations and Symbols

LIGANDS

acac

AMeapten

AMMEsar
AMMEsarll

13-At
AZAcapten
AZAMEsar
benzo-15-crown-5
bpy

-bpy

G N'-bpy
5-Brphen
4,4'-Bu,bpy
(BUG);bpy
bzac
4,4’-Clybpy
CLNOsar
CLOHsar
5-Clphen
Clsar

CMMEabsar

4,4"-(CGUU)bpy
4,4’-(COObz),bpy
4,4'-(COO0chl),bpy
4,4'-(COO0cyc)sbpy
4,4’-{CO0Odec),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,Casbpy
LDTA
EffMEoxosar-I1

en
etioporphyrin 1
4-(BtsP)bpy
ely
CN'-1bpy
THEDTA

hine
HYMEoxosar-§i

0,3 M, bpy
A4"-Meghpy

Megeyeladiene

Megeyelam

Acetylacetonate ion

1-Methyl-8-amino-6,13,19-triaza-3,10,16-
trithiabicyclo{6.6.6]eicosane

1-Amino-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane

1-Amino-8-methy!-3,6,10,13,16,19-h bicyclo[6.6.6)ei
protonated

1,4,7,10-Tetraazacyclotrideca-10-13-dienate ion, Fig. 1
1-Methyl-6,8,13,19-tetraaza-3.10.16-trithiabicyclol6.6.6)eicosane
8-Methyl-1,3,6,10,13,16,19-h bicy

10[6.6.6]ei
2,3-Benzo-1,4,7,10,13-pentaoxapentadeca-2-ene

2,2'-Bipyridine

2,2'-Bipyridine (as monodentate ligand)

2,2"-Bipyridyl-C*,N'

5-Bromo-1,10-phenanthroline

4,4'-Bis(tert-butyl}-2,2"-bipyridine

2,2'-Bipyridine wilth 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-hexaazabicyclo}6.6.6]cicosane
1-Chlom-8-hydroxy~3,8,10,13,l6,19~hexaazabicyclulﬁAGAS]eicosane
5-Chloro-1,10-phenanthroline
1-Chloro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]cicosane

1-Chloromethyl-8-methyl-3,6,10,13,15.18-
hexaazabicyclo]6.6.5)nonadecane

2,2 -ipyridine-4,4°-dicarboxylale ion
2,2'-Bipyridine-4,4'-dicarboxylic acid. dibenzyl ester
2,2'-Bipyridine-4,4'~dicarboxylic acid, di(33-cholestyl) ester
2,2'-Bipyridine-4,4’-dicarboxylic acid, dicyclohexyl ester

2,2’-Bipyridine-4,4’-dicarboxylic acid, di{I-decahydronaphthyl)
ester

2,2’-Bipyri

ine-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-Pent 1,10-diazabicyclo[8.8.5)tricosane

1,4,8,11-Tetraazacyclotetradecane

1,3-Diphenyi-1,3-propanedionate ion
1,12-Diamino-3,10,14,21,24,31-
hexaazapentacyclo{10.10.10.0°.0"%% 0% ® ot riacontane
1,8-Diamine-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane
1,8-Diamino-3,6,10,13,16,19-h bicyclo[6.6.6Jei
diprotonated

1,3,10,12,14,21,24,31-
Ocataazapentacyclo[10.10.10.0*°.0'%%° 0%**|dotriacontane

1,8-Dichloro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane
1.8-Dinitro-3.6,10,13.16.19-hexaazabicyclo[6.6.8)eicorane
N,N-Dimethylformamide

Dimethylglyoximate ion

Dimethylsulfoxide
1,1’-Didodecyl-2,2'-bipyridine-4,4'-dicarboxamide
Ethylenediaminetetraacetate ion
1-Carbethoxy-2-oxo-8-methyl-3,6,10,13,16,19-

i bicyclo[5.6.6] dep. d form
Ethylenediamine

2,7,12,17-Tetraethy!-3,8,13,18-tetramethylporphyrin
2,2-Bipyridine-4-(triethylphosphonio) cation
Glycinate ion

2,2'-Bipyridyl-C®, V', protonated

Monohydrogen ethylenediaminetelraacetale ion
1,1,1,5,5,5-Hexafluoro-2,4-pentanedionate ion

2-Ox0-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6eicosane,
deprotonated form

2,2 Dimethyl 2,2' bipyridine

4,4"-Dimethyl-2,2'-bipyridine

5,7,7,12,14,14-llexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-

diene

5,7,7,12,14,14-llexamethyl-1,4,8,11-tetraazacyclotetradecane
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Me,dibenzoH,phen
MENOsar
5-Mephen
2,9-Me,phen
4,7-Mezphen
5,6-Me,phen
3,4,7,8-Me,phen
3,5,6,8-Me,phen
MePh,P
mesoporphyrin IX
N-Mevio
5-(NIl;)phen
2-(NO,)benz
4-(NOy)benz
4-(NO;)bpy
5-(NOy)phen
NTA

OLP

pdo
4,4'-Ph,bpy
phen

5.Phphen
2,9-Phyphen
4,7-Phgphen
4,7-(PhS0O;),phen
Py

sar

sep
4,4"-(S03).bpy
TEOA

terpy

tlac

tfbzac

thd

TMePyP

PP

TPTZ

ita

uroporphyrin I

6,7-Dihydro-5,8-dimethyldibenzo[b,5]1,10-phenanthroline (DMCH)
1-Methyl-8-niltro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane
5-Methyl-1,10-phenanthroline

2,9-Dimethyl-1,10-phenanthroline
4,7-Dimethyl-1,10-phenanthroline
5,6-Dimethyl-1,10-phenanthroline

34,7
3,

,8-Tetramethyl-1,10-phenanthiroline

8—Tetrametbyl~l,lﬂ-phenauthroline
Methyldiphenylphosphine .
7,12-Diethyl-3,8,13,17-tetramethylporphyrin-2,18-dipropionic acid
N-Methyl-4-(4-pyridyl)pyridinium cation
5-Amino-1,10-phenanthroline

2-Nitrobenzoate ion

4-Nitrobenzoate ion

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

Nitrilotriacetate ion
2,3,7,8,12,13,17,18-Octaethylporphyrin
1,3-Propanedionate ion
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-ITexaazabicyclo[6.6.6]eicosane
1,3,6,8,10,13,16,19-Octaazabicyclo[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-butanedionate ion
2,2,6,6-Tetramethyl-3,5-heptanedionate ion
5,10,15,20-Tetrakis(1-methylpyridinium-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
bpy’
hpyH*
bpyH,"*
B-CD
CDTA
bbT
DMSO
DQH
EDTA
11-3-pyl
1-4-pyl
Me-2-pyl
Me-3-pyl
Me-4-pyl
le{»
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OrgQuel
OrgQue2
OrgQue3
OrgQued
OrgQueb
OrgQueb
OrgQue7

OrgQue8
OrgQued
OrgQuel0

2,2'-Bipyridine

2,2'-Bipyridinium dication (in N,N'-disubstituted derivatives)
2.2'-Ripyridine, manapratanated

2,2'-Bipyridine, diprotonated

B-Cyclodextrin
trans-1,2-Diaminocyclohexane- N, N,N',N'-tetraacetic acid
2.2-Bis(4-chlorophenyi}-1.1.1-trichloroethane
Dimethylsulfoxide

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

Pyridinium-3-y! cation radical

Pyridinium-4-yl cation radical

N-Methytpyridinium-2-y| cation radical
N-Methylpyridinium-3-y| cation radical
N-Methylpyridinium-4-y! cation radical

N,N'-Dimethyl-4,4'-bipyridinium dication (methylviologen,
Paraqual)

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

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

see Fig. 6
see Fig. 6
see IPig. 6



OrgQuell
OrgQuel2
OrgQuel3
OrgQueld
phen®*
phenll?
phentl,®!

Poly-2,4-ionene

PolyPTZ
PolyViol
PolyVio2
PolyVio3
PolyViod
PolyVio5
PolyVio6
PolyVio7
PolyVio8
PolyVio9
PolyVio10
PolyVioll
PolyVio12
PolyViol3
PolyViold
Py

py'

pyH*

sydnone

Triton X-100

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 calion, protonated (in N-mono-
substituled derivatives)

violL,** 4,4'-Bipyridine, diprotonated

OTHER MATERIALS

ACbuf Acetate buffer

AN Acetonitrile

AQN Poly[imino-2-(dimethylamine)hexamethylene-1-oxo], Fig. 19

BHDC Benzyldimethyl-n-hexadecylammonium chioride

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

+BuOH tert-Butyl alcohol

BuN iso-Butyronitrile

CAbufl Carbonate buffer

Cn Cyanohexylbiphenyl

B$-Ch B-Cyclodextrin

CMC critical micelle concentration

CTAB Cetyltrimethylammonium bromide

CTAC Cetyltrimathylammanium chioride

DMA N,N-Dimethylacetamide

DMF N,N-Dimethylformamide

DMSO Dimethyisulfoxide

dTBP Tributylphosphate (perdeuterated)

EDTA Ethylenediaminetetraacetic acid

EtMO N-Ethylmorpholine

juielt) Ethanol

FA Formamide

HAc Acetic acid

HSEtOH Mercaptoethanol

IMIDbuf Imidazole buffer

MeCH Methylcyclohexane

MeO1l Methanol

Me,SO, Sulfuric acid, dimethyi ester

MF N-Methylformamide

MP N-Methyipropionamide

NaAc Sodium acetale

QUENCHING OF EXCITED METAL COMPLEXES IN FLUID SOLUTION

see Fig. 7a

see Fig. 7b

2,2,6,6-Tetramethyl-4-oxopiperidine-1-oxy! radical, Fig. 8a
2,2,6,6-Tetramethylpiperidine-1-oxyl radical, Fig. 8b

1,10-Phenanthrolinium dication (in N,N'-disubstiluted derivatives)

1,10-Phenanthroline, monoprolonated
1,10-Phenanthroline, diprotonated

Poly[{dimethylimino)- ,4&-butanediyl(dimethylimino)-1,2-
ethanediyl dication], Fig. 9

Polymeric phenothiazine, see Fig. 10
Polymeric viologen, see Fig. 11
Polymeric viologen, sec Fig. 12
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 13
Polymeric viologen, see Fig. 14
Polymeric viologen, see Fig. [5
Polymeric viologen, see Fig. 16
Polymeric viologen, see Fig. 16
Polymeric viologen, see Fig. 17
Pyridine

Pyridinium cation (in N-substituted derivatives)
Pyridine, protonated

1,2,3-Oxadiazol-5-one, Fig. 18 (in mono- and disubstituted
derivatives)

CH,7CoH,(OCH,CH,),0H (x = 9 or 10)

NTA
Pbul
PHTHbuf
PMA

polybrene

PPhy
1-PrOH
2-PrOH
PVA
PVS

py
PYbul
SLS
TBAB
TBAC
TBAF
TBAP
TBAS
TBP
TEAC
TEAP
TEOCA
THF
TMAC
TMP
TOAB
TPeAC
TPrAB
TPrAC
TRbuf

Nitriloiriacetate ion

Phosphale buffer

Ththalate buffer

Poly(methacrylic acid)
Poly|(dimethyliminio)-1,3-propanediy}(dimethyliminio)-1,6-

231

hexadiyl dication), Fig. 20; concentration based on the ionic charge

Triphenylphosphine
1-Propanol

2-Propanol

Poly(vinylalcohol)
Poly(vinylsulfate)

Pyridine

Pyridine buffer

Sodium lauryl sulfate
Tetrabutylammonium bromide
Tetrabutylammonium chloride

i fl 1 hale

Tetrabutylam

Telrabutylammonium perchlorate
Tetrabutylammonium trilvoromethylsuifate
Tributylphosphate
Tetraethylammonium chloride
Telraethylammonium perchlorate
Triethanolamine
Tetrahydrofuran
Tetramethylammonium chioride
Trimethylphosphate
Tetraoctylammonium bromide
Tetrapentylammoniunm chloride
Tetrapropylammonium bromide
Tetrapropylammonium chloride
Tris buffer

OTHER ABBREVIATIONS AND SYMBOLS

{calc)
(corr)
E,
EQ

Papp

o

3t

T&'"d

b

calculated from 7 and Kgy or from rate constants for specific steps

corrected for diffusional 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

quenching 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- Voimer

triplet-triplet annihilation

free energy of activation

enthalpy of activation

entropy of activatlon

volume of activation

efficiency of population of the quenched excited state
ionic strength (mol/L.)

lifctinge in the abseuce of yuenches, ai-fiee sulution
lifetime in the absence of quencher, air-equilibrated solution

lifetime in the absence of quencher, solution of unknown O,
content

quantum yicld of formation of the qnenched excited state

Ezpertmental methods

ABS
AVE
ECM

absorption
muliiple shol with signal averaging

electric conductivity
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EMlI emission quenching (method not specified)
FP conventional flash

LIF lifetime quenching (method uot specified)
LpP laser (lash

LUM luminescence

MS modulated light source

PCM photacurrent

rM phase modulation

PR pulse radiolysis

QYP quantum yield of a photoproduct

SL spark lamp

SPC single photon counting

S§ steady state irradiation

SST single shot signal

Quenching mechanisms

CD collisional deactivation
CR chemical reaction

ET energy transfer

EX exciplex formation

HA hydrogen abstraction

oT oxidalive electron transfer
PT proton transfer

RT reductive electron transfer

7. Figures

1] \
1 1
N N
] FiG. 1. 13-At.
Al [ ]
~

FiG. 2. (BUG), bpy.

o o
/XA
N N

FiGg. 3. OrgQuel (X=S. Y =80,
OrgQue2 (X =8¢, Y=S8); OrgQuel
(X =Se, Y=CH,); OrgQued (X=S§,
Y = CH,); OrgQue5 (X =8, Y =8S).

CN
N
AN

S FiG. 4. OrgQueb.

/

/ \

N
CN
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O S =
||
H,NOC  CONH,

Fi1G. 5. OrgQue7.

H COOH

N,/
C=C
NS R

Fic. 6. OrgQue8 (R =Br);
OrgQue9 (R = H); OrgQuel0

(R = OCH,).
i1
OO
)
(a} o Fic. 7. (a) OrgQuell; (b)
H H OrgQuel2.
@i+
O N
()
(b) o
(o]
|
H4C CH, HyC O CH
~ ~ ~| -2
"'30/ N \(:H3 H30/ T \GH3
[0}y o )
(a) (b)
FIG. 8. (a) OrgQuel3; (b) OrgQuel4.
o
+ +
Hen,),— N -(cnz)a—:r—}-n
CH, CH,

Fi1G. 9. Poly-2, 4-ionene.
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{(cu~cnz){0ﬁ—cuz-)};({(-cn-cnz}(,cu—cuzh —Ec”z CHa—*NDO CO:N"};

F1G. 15. PolyVioll.

?Hz CH,CI
00
s
CH. )N N"}— FIG. 16. PolyViol2 (x = 4);
F1G. 10. PolyPTZ. '—E( ’-)x :OHO n

PolyViol3 (x = 3),

-{-CH-—CHz-};
—EICH——CHZ}I-‘
0

e .
Nt C=0
O Fi1G. 11. PolyViol (41% quaternization). l
o
+ FIG. 17. PolyViol4 {40% quaterniza-
O N tion).
N+ :
|
5 (b) CH3

F1G. 12. PolyVio2.

® H
H-N -
9 2 2 3 4
-[—NH-(cnz)‘—cu-c-]x—g-un-(cua)q—t‘:n-c};{-»n—{cuz)‘—tcn—-c . Fic. 18. Sydnone.
*N{CH,), N(CH,), 'rlc(cﬂs)z
(‘i""a). R ONZ 5 =0

i o
o

NY
|
CH,

FiG. 13. PolyVio3 (X = 5%, ¥ = 95%); PolyViod (X = 10%, ¥ = 90%): i

PolyVioS (X=12%, Y=88%); PolyViob (X=25%, ¥=75%). ‘%NH"(CHZ)(’CH'"C In' FiG. 19 AON
PolyViol (X=5%, Y=45%, Z=50%, R=CH,): PolyVios | 1G. 19. AQN.
(X=5%, Z=95%, R=CH,); PolyViod (X=5%, Z=95%, N(CH3)

R =C,H,S0; ).
CH,—"NO)~ON*
CHZ-@S . c CH,

H3
| i
—chz)a—‘n;x —(cuz)s—-*r’d —J—  Fic. 20 Polybrene.
CH,

Fi1G. 14. PolyViol0. CH,
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