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We present a compilation of spectral parameters associated with triplet-triplet
absorption of organic molecules in condensed media. The wavelengths of maximum
absorbance and the corresponding extinction coefficients, where known, have been
critically evaluated. Other data, for example, lifetimes, energies and energy transfer
rates, relevant to the triplet states of these molecules are included by way of com-
ments but have not been subjected to a similar scrutiny. Work in the gas phase has
been omitted, as have theoretical studies. We provide an introduction to triplet state
processes in solution and solids, developing the conceptual background and offering
an historical perspective on the detection and measurement of triplet state absorp-
tion. Techniques employed to populate the triplet state are reviewed and the various
approaches to the estimation of the extinction coefficient of triplet-triplet absorption
are critically discussed. A statistical analysis of the available data is presented and
recommendations for a hierarchical choice of extinction coefficients are made. Data
collection is expected to be complete through the end of 1984. Compound name,
molecular formula and author indexes are appended.

Key words: condensed phase; data compilation; extinction coefficients; glass, organic; lifetimes;
photophysical processes; review; solution; triplet states; triplet-triplet absorption.
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1. Introduction

In 1971, as part of the classic volumes on organic mo-
lecular photophysics edited by the late J.B. Birks,
Labhart and Heinzelmann contributed a review' which
contained an extensive compilation of spectral data rele-
vant to the absorption of light by the excited triplet state
of organic molecules in condensed phases. The energies
of absorption maxima in both fluid solution and in various
glasses and solids were recorded together with the corre-
sponding extinction coefficients where known. This com-
pilation was neither limited to a specific class of com-
pounds nor to a particular experimental method as had
been the case with previous reviews?’, Data on the polar-
ization properties of triplet-triplet absorption transitions
in rigid matrices were also listed, and a bibliography of
theoretical calculations on and assignments of triplet
spectra was given. A short discussion of all techniques
then currently in use for both transient excitation and
extinction coefficient determination was provided and
the importance of correct identification of the absorbing
species was highlighted.

Some years later Bensasson and Land produced a
review” on the physical properties of excited states which
also contained a compilation of extinction coefficients of
triplet-triplet absorption maxima for a range of organic
molecules, some of biological importance, in solution.
This review was limited to those measurements made by
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the comparative energy transfer technique introduced by
Land’ and subsequently developed together with several
coworkers. Some previous data obtained under similar
experimental conditions, but by different. approaches,
were also listed by way of comparison. These reviews
have served to illustrate the ubiquitousness and im-
portance of the triplet state in a wide variety of photo-
chemical and photophysical phenomena, under condi-
tions ranging from steady illumination to pulse radiolysis.

With the availability of commercial laser flash photoly-
sis equipment and nanosecond pulse radiolysis facilities
and the subsequent explosion of time-resolved studies
monitored by light absorption, the need for routine identi-
fication of transients has become crucial. One of the main
transients observed in organic nonaqueous solution in
such experiments is the triplet state. Whether this state is
itself under investigation, or whether the purpose of study
is to eliminate or implicate the triplet state as a precursor
for a longer-lived species such as a free radical, a com-
pilation of spectral characteristics of triplet-triplet ab-
sorption is of great value.

The quantification of such photophysical processes as
intersystem crossing requires the knowledge of the triplet
state concentration. One method to obtain this informa-
tion relies on the existence of a dependable estimate of the
extinction coefficient for triplet-triplet absorption®. This
then can lead to the determination of the quantum yield
for triplet formation and, subsequently, if the appropriate
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lifetime data, ideally measured under closely similar ex-
perimental conditions, is available, to the calculation of
the rate of intersystem crossing. However, while the qual-
itative shapes of the transient absorption spectra are rela-
tively routinely measured, though often unsatisfactorily
reported’, the determination of reliable extinction coeffi-
cients is both more ditticult and tedious. Clearly an eval-
uation of the existing extinction data is in order.

For these reasons we have undertaken the compilation
and critical evaluation of information relative to the
triplet-triplet absorption spectra of organic molecules in
condensed phases. In the course of laying the foundations
of this work we have published three bibliographies®'°
citing the relevant works in the literature up through the
end of 1984. These lists were produced with the assistance
of our local bibliographic data base', and it is our in-
tention to provide regular updates to this series whenever
the number of appropriate references accumulated is
sufficient. From these bibliographic lists we have culled

" the data presented in the main body of this work, the table
of the wavelengths of maximum absorbance (An,,) and
extinction coefficients (€n.,), where determined. Atten-
tion has been paid to the critical evaluation of these data
as discussed below. In the comments associated with each
entry in the table are found numerous other relevant data
such as triplet state lifetimes, energies and energy transfer
rate constants. No effort has been expended on this data
to provide a comparable evaluation of these numbers
which must thus be regarded as simply the authors’ re-
ported values. The subject of this work is then triplet-
triplet absorption spectra of organic molecules in con-
densed media, i.e. solution, glass, liquid and solid. Gas
phase studies are not included. For completeness, and to
enhance the usefulness of the present document we have
also scanned the literature for the period rather thor-
oughly covered in the work of Labhart and Heinzelmann.
However we have addressed neither the compilation nor
the evaluation of theoretical calculations on the triplet
triplet absorption process and provide no. update to that
section of their review.

We begin with a conceptual introduction to the photo-
physical processes involved in triplet-triplet absorption,
followed by an historical perspective on the discovery
and characterization of the triplet state. In Sec. 2. we
provide a discussion of the methods commonly used for
populating the excited triplet state focusing on the differ-
ences between photolysis and radiolysis and the problems
and advantages inherent in each technique. The various
methods which have been used for the estimation of the
extinction coefficient of triplet-triplet absorption are crit-
ically analyzed in Sec. 3. Seven principal approaches are
outlined, numerous required corrections and precautions
are pointed out, possible extensions are illustrated and
each technique is evaluated in the light of its advantages
or disadvantages. Several less used methods are cata-
logued in Sec. 3.8. A discussion of the data evaluation
procedure follows in Sec. 4. The arrangement of the prin-
cipal data table, Table 6, is presented in Sec. 5. and lists of
abbreviations aud syibols used are given.

Since this compilation derives from part of a series of
computer accessible numerical data bases under construc-
tion at the Radiation Chemistry Data Center, we are able
to include, in an automatic fashion, a number of indexes
which we hope will enhance the usefulness of this work.
We have provided a compound name index, a molecular
formula index and an author index.

1.1. Conceptual Background

Triplet states can be generated in several ways. We
will discuss the direct intramolecular photoproduction of
triplet states in the process of introducing the general
photophysical scheme, saving until later photo-
sensitization and pulse radiolysis techniques, where the
triplet energy is transferred intermolecularly from the
triplet manifold of another solute or the solvent, re-
spectively. When an organic molecule, M, is excited, it is
most likely to go to an excited singlet state,

1.1 ‘M + hv — ‘M, kex

where k., is the intensity dependent excitation rate. The
excited singlet state, 'M", will then decay via several inde-
pendent processes, again both intermolecular and intra-
molecular. Intramolecularly it can undergo photo-
chemistry, with rate constant k., intersystem crossing,
kis, internal conversion, &, or fluorescence, k;.

These decay channels are represented by the following
four processes:

12 'M" — products, Ky
13 'M* — *M" + heat, kise
14 ‘M" — 'M + heat, ki
15 M — M + Av, ke

In the usual kinetic scheme these processes are indepen-
dent, and the singlet state decays exponentially with a rate
constant,

ks = kp + ki + ki + ki, (1.1)

which is equal to the inverse of the measured fluo-
rescence lifetime. Triplet states are thus generated di-
rectly by the intersystem crossing process, 1.3. The quan-
tum yield, @1 for production of the triplet state in this
scheme is simply given by

Or = kigo/ks . (1.2)

Schematically, these elementary processes may be sum-
marized in the energy level diagram displayed in Fig. 1.

Depending on the frequency of the incident radiation,
the initial state achieved in the absorption event, 1.1, may
lie in the vibrational manifold associated with the first
electronically excited state (S,) or that of a higher singlet
(S,)- Rapid radiationless deactivation (vibrational relax-
ation and internal conversion) soon (rate constant
10" —10" 57") leuds W population uf S; (Kasha’s Rule"),

J. Phys, Chem. Ref. Data, Vol. 15, No. 1, 1986
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FiG. 1.

Rate processes connecting electronic energy levels.

though in exceptional cases radiative emission from S, has
been observed". These processes are of course in com-
petition with intersystem crossing and photochemistry
from the higher excited singlet states, but because of the
high rates of internal conversion, this competition is gen-
erally ineffective.

Figure 1 also provides an illustration of the decay chan-
nels available to the triplet state (again within the above
simplified model). Triplet states once formed can un-
dergo similar processes to those of the singlet state. The
intramolecular processes are again photochemistry, with
rate constant k., (reverse) intersystem crossing, ki, and
phosphorescence, %,.

L6 ’M" — products, Ko
L7 ‘M" — 'M + heat, kit
1.8 M > M + hv,. ‘ k,

The intramolecular decay is usually observed to be ex-
ponential with a dccay rate constant of
kr = kie + ki + Ky (13)
Phosphorescence is almost always absent in fluid media
because of collision-induced intersystem crossing.
Energy transfer from the singlet manifold, process 1.3,
is, of course, spin-forbidden, but the presence of several
small interactions, both intramolecular and inter-
molecular, serve to make the process weakly allowed.
Such radiationless transitions may lead to an excited vi-
brational level of the lowest triplet state (T,) or that of a
higher electronic origin (T,). Rapid radiationless deacti-
vation (vibrational relaxation and internal conversion)
within the triplet manifold soon (rate constant ~ 10" s~")
leads to population of the lowest electronic state, T,
though in exceptional cases triplet-triplet fluorescence
has been observed'. Again these processes compete with

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986

(reverse) intersystem crossing and photochemistry and
again this competition is generally ineffective. In addi-
tion, once thermal equilibration has occurred, a further
deactivation channel is open, provided the necessary
thermal energy is available.

L9 M" + heat — 'M". ki,

This process leads to a type of delayed fluorescence.

In the presence of radiation of a suitable frequency, the
relaxed triplet excited state, *M’, can again absorb pho-
tons populating higher triplet states with characteristic
probabilities,

110 M+ AV - M. ke

This process, then, is triplet-triplet absorption,
T, < T, in terms of the symbols used above, the subject
of the present compilation.

1.2. Historical Perspective

The discovery of the naturc of the “phosphorescent
state” of photoexcited organic molecules as the triplet
and its detection in absorption have led to the devel-
opment of triplet-triplet absorption spectroscopy as an
important tool in quantitative photochemistry and in the
study of photophysical and, more recently, radiation
chemical processes in general. But it was really with the
study of phosphorescence that the history of triplet states
of organic molecules began. The origin of phos-
phorescence was a research puzzle until Lewis and Kasha
ascribed the phosphorescing state to an excited state with
a total electronic spin of 1, namely a triplet excited state'.
Throughout the early history of the phenomena impli-
cating the triplet state (up to and including the Lewis and
Kasha work and indeed for many years thereafter) phos-
phorescence spectra and decay characteristics remained
the primary method of studying these transient states.
However even before the nature of the phosphorescing
state was assigned to the triplet state, Lewis and co-
workers had recorded that state in absorption'®. Such
early work employed high intensity continuous light
sources and was limited by the lifetime of the metastable
state to viscous media.

By maintaining a boric acid glass at low temperature
and monitoring the bleaching of the ground state absorb-
ance, Lewis et al. were able to estimate the extinction
coefficient of the phosphorescing state of fluorescein rel-
ative to that of the ground state. This was the first use, in
the study of the triplet state, of the method we designate
singlet depletion, employed here in specially favourable
circumstances since distinct spectral regions of transient
and ground state absorption could be found. Some years
after the clarification of the states participant in triplet-
triplet absorption, again using a photostationary tech-
nique, McClure'” recorded transient spectra of a number
of aromatic molecules in EPA glass at liquid nitrogen
temperature. To deduce the extinction coefficients of the
observed transitions he introduced the new method of
intensity variation.



TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 5

A big breakthrough in the absorption studies of triplet
states came when Porter and Windsor'® applied the then
recently developed technique of flash photolysis'**. The
introduction of this excitation source allowed the facile
detection of triplet-triplet absorption in fluid media, thus
extending considerably not only the range of materials
and solvents open to investigation but also the time scale
available for observation. Studies of triplet states in fluid
solution on the microsecond time range, which is gener-
ally inaccessible to phosphorescence monitoring, now be-
came possible. Porter and Windsor?' were able to obtain
an absorption spectrum for anthracene in liquid hexane
and used the singlet depletion criterion to estimate ex-
tinction coefficients far in excess of McClure’s values.
(Improvements in the intensity variation technique later
confirmed that the original measurements by this method
were indeed in error.)

The introduction of the technique of electron pulse
radiolysis®? and its use to produce triplet states of or-
ganic molecules by Dainton et al.? provided access to a
wider range of compounds by removing the limitation
formerly imposed by low quantum yields of intersystem
crossing. It was, however, four years before Land® was
able to report extinction coefficients using this excitation
source, through the development of an estimation method
involving triplet energy transfer. (See Sec. 3.1. for de-
tails).

Finally the late 1960°’s brought the introduction of
pulsed laser techniques” to the study of triplet states.
Further developments in this equipment, namely the ap-
plication of Q-switching, together with advances in the
associated hardware for photoelectric detection even-
tually brought flash photolysis to the nanosecond time
scale®®. Shorter lived transients such as the carbonyl
triplets® in fluid solution could now be studied. Pico-
second pulse photolysis techniques, made possible
through the phenomenon of mode-locking, have also
been used to study triplets**? on the picosecond time-
scale. The much wider availability of commercial nano-
second laser flash photolysis equipment, together with
the inherent lower cost of associated detection apparatus,
make the nanosecond work much more extensive and the
derived data more reliable.

Based on the number of entries corresponding to each
of the four principal excitation techniques, Table 1 sum-
marizes their introduction and development over five
year spans. However we expect that the numbers in the
80-84 row will be underestimated due to unavoidable
timelags in our collection procedure. (Abbreviations arc
explained in appended list).

Roughly parallel to the development of new and faster
techniques for the population of the triplet state has been
the growth of the associated methods for estimating the
extinction coefficient of the transient population. Singlet
depletion and intensity variation initially deployed in
photostationary experiments, as mentioned above, have
been extended as needed to accommodate the use of
pulsed sources. The kinetic method has been used with
modulated excitation sources, while relative actinometry

and energy transfer techniques were also popularized
with the introduction of flash photolysis and pulse radiol-
ysis. Several other comparative techniques based on elec-
tron and hydrogen atom transfer have also been devel-
oped and exploited mainly with the help of laser facilities.
Sec. 3. presents a critical discussion of these methods, and
here we trace the growth in the application of these meth-
ods to the study of the triplet state in Table 2 below. This
table lists the number of entries in the data base per 5-year
period for several popular methods. (Again an expla-
nation of the symbols used can be found in the lists appen-
ded to Sec. 5.)

TaBLE 1. Excitation methods per 5-year period
Period LP FP PR PS Total*
50 54 0 19 0 32 51
55-59 0 75 0 9 84
60-64 0 88 4 11 104
6569 23 166 63 193 452
70-74 121 222 80 45 569
75-79 443 218 75 26 795
80-84 768 174 67 32 1046
Total 1355 962 289 350 3103

*Horizontal totals reflect the presence of entries assigned to methods
other than those specifically indicated in the vertical columns.

TaBLE 2. Extinction methods per 5-year period

Peiod ET SD TD RA KM IV Total
50-54 0 30 o0 0 3 6
55 0 17 0 O 0 0 17
60-64 0 11 o 0 0 0 1
65-69 28 54 11 3 12 2 173
70-74 73 45 19 8 31 0 185
7579 93 49 37 28 7 1 255
80-84 96 75 68 28 I3 1 320

Total 250 225 135 67 63 27 972

*Horizontal totals again reflect the presence of entries assigned to meth-
ods other than those specifically indicated in the vertical columns.

2. Methods for Populating and Detecting
the Triplet State

There are two basic methods for achieving substantial
triplet state populations: photolysis with light in the vis-
ible or, more commonly, ultraviolet spectral regions and
radiolysis with jonizing radiation, usually high energy
electrons. In fluid solution, where the triplet state lifetime
is on the order of microseconds, both techniques are gen-
erally applied in a pulsed form. In low temperature
glasses, where triplets can endure for up to about 30 sec-
onds, steady irradiation can be usefully employed.

Experimental setups for the detection of triplet-triplet
absorption spectra differ greatly, but there are at least two
elements common to almost all of these experiments. First
of all every experiment has an “exciting” source to pro-
duce triplet state species. Second, each experiment has a

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986
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“monitoring” light source to probe their absorbance. In
laser photolysis setups the laser often provides both mon-
itoring and exciting light when used with suitable fre-
quency multiplication and light path adjustment. Addi-
tionally, if a complete spectrum is desired, the laser pulse
can be used to generate a continuum as a monitoring
source.

Details of the detection equipment will not be given.
We mention only the following historical development.

In the earliest flash photolysis systems the transient spec-

trum was photographed, and the changes in optical
density laboriously converted from densitometer
measurements of the exposure intensity. With the growth
of efforts to discern the mechanism of the various rate
processes involved, kinetic spectroscopy using photo-
multipliers became popular. Here the decay of the tran-
sient is monitored at a particular wavelength. When this
pattern has been recorded at several observational wave-
lengths, the entire spectrum may be judiciously recon-
structed. More recently the introduction of vidicon, and
later reticon, detectors has offered a way to fulfil both of
the above functions simultaneously.

We discuss the two primary excitation sources, starting
with pulse radiolysis, focusing on the special features of
each method, and mention some problems encountered in
the respective detection process.

2.1. Generation of Triplets by Puise Radiolysis

In the technique of pulse radiolysis the sample is irra-
diated by short bursts of ionizing radiation. Most com-
monly, pulses of high energy (120 MeV) electrons ex-
tracted from a linear accelerator or Van de Graaff
generator are employed. Initially, the usable pulse width
was of the order of a few microseconds, but stcady im-
provement in equipment’ design soon made the nano-
second regime attainable.

2.1.1. Theoretical Concepts

The deposition of energy from these injected electrons
does not discriminate among the chemical components of
the systems irradiated. Thus in a dilute solution, which is
almost always employed in the study of triplet-triplet ab-
sorption, the radiation is absorbed almost exclusively by
the solvent, S, which is conscquently ionized,

21 S m— 8t 4 e,

to give solvent radical cations and electrons. The sub-
sequent mechanism of solute excitation depends to a large
extent on the properties of the solvent.

In polar solvents, such as water and the lower alcohols,
the ionized clectron is rapidly thermalized and readily
solvated. Thus on the nanosecond time scale the reactive
species are the various oxidizing and reducing radicals
and radical ions formed from the solvent. These inter-
mediates are also stabilized by solvation. Correspond-
ingly, solute radical ions (and other redox or radical addi-
tion products) are predominantly produced by pulse
radiolysis in polar solvents.

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986

If the solvent lacks the driving force for electron and
(radical) ion solvation, by virtue of its nonpolar character,
then radical recombination will promptly occur. In room
temperature hexane, for example, the electrons are
largely (90%) captured by their parent cations, the par-
ticles being unable to escape from their mutual
Coulombic attraction. While this geminate recombination
is complete within a few nanoseconds, those electrons
which do escape recombine homogeneously over a much
longer microsecond timescale. With the addition of an
electron (or hole) acceptor, A, these processes can be
intercepted to produce solute radical ions.

2.2 e + A — A",
2.3 T + A > AT + S

These species then recombine to give both singlet and
triplet solute excited states.

2.4 AT 4+ A7 = AT (AY) + A

In general the solvent radical cation can also participate
in this neutralization process,

2.5 8t 4+ 2A- 5 A (AN + S
Further triplets may then be formed by intersystem cross-
ing from the singlet manifold.

A further complication ensues in the above scheme if
the solvent itself possesses long-lived excited states, for
example benzene (but note that the triplet state lifetime in
neat benzene is strongly dependent on the purity of the
liquid®). Electron attachment

2.6 e” + S — %8,

is followed by solvent radical ion recombination to give
solvent excited states.

2.7 1§+ + 28 - 38" (8Y) + S.
Energy transfer may then occur from the excited states of the

solvent molecules to those of the solute in a spin-selective
fashion.

28 IS+ A S 4+ A"

2.9 ' 4+ A S 4 AT

Again intersystem crossing may augment the solute trip-
let yield.

The above simplified picture has been debated in the
literature for several years. Clearly each individual sol-
vent must be carefully examined to determine the extent
to which a given process contributes to the overall triplet

yield. Within these limitations the scheme presented
serves as an extremely useful guideline.

2.1.2. Special Considerations for Pulse Radiolysis

The absorption intensity of a transient created by such
pulses of electrons depends both on the dose per pulse and
the G value (100 eV yield) for that transient in addition to
its intrinsic extinction coefficient at the monitoring wave-
length. For a typical triplet with G = 2 say, to obtain
an uplical deusity of 0.1 at a wavclength where the ex-
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tinction coefficient is on the order of 10* L mol~! cm™!

over a path length of 1 cm, requires a dose per pulse in
excess of 2.5 Gy (1 Gy=1gray = 1T kg™ ).

Van de Graaff generators with pulse widths on the
order of a few nanoseconds can produce bursts of 3 MeV
electrons to give a maximum dose of about 20 Gy. Care
must be taken in quantitative work to ensure a sufficiently
low dark charge to beam charge ratio when operating
under conditions of high dose per pulse or high pulse
repetition rate.

Single-pulse generators such as the Febetron eliminate
the dark current problem completely and can deliver
doses of up to 5000 Gy in a 25 ns pulse of 2 MeV elec-
trons. Problems arise from the lack of penetration depth
of such electrons. If they are stopped within the sample
severe space charge distortions of the dose distribution
result*. In addition spurious optical effects on the micro-

second time scale have been observed® in typical experi- -

mental geometries, presumably due to pressure waves
generated by the radiation source.

The incremental acceleration of electron by repeated
traversal of microwave fields in a linear accelerator has
proved to be the most versatile source of ionizing radi-
ation for transient spectroscopy. Coupled with powerful
computerized signal averaging techniques to reduce
noise, the characteristics of reproducible ~5 ns pulses of
~20 MeV electrons delivering a dose per pulse of ~ 100
Gy has made this the method: of choice for irradiation of
fluid samples. Certain problems specific to optical de-
tection of intermediates created by nanosecond pulse ra-
diolysis have been summarized by Hunt et al.**. More
recently, modern technology has enabled the resolution
of the fine-structure components of linear accelerator
puises, pushing the domain of excitation by this method
into the picosecond time range. This is much in analogy
to the development of mode-locked lasers, though quan-
titative work on this timescale still remains problematic
due to instabilities in the integrated yield arising from
pulse to pulse jitter in both the electron beam and the
analyzing light.

Electron linear accelerators produce their own source
of analyzing light. Broad band (ultraviolet 10 infrared)
Cerenkov radiation, emitted by electrons traveling above
the speed of light pertinent to the solvent under study can
be used for the detection of transients. A stroboscopic
pulse radiolysis system capable of picosecond time resolu-
tion which implements this light as a probe has been
reported®’.

The principal advantage of the technique of pulse radi-
olysis then lies in the possibility of populating the excited
triplet state of molecules which have intrinsically low
efficiency for intersystem crossing. Note however that to
study species with short excited state lifetimes, substantial
concentrations (~0.1 mol L) of solute are required. For
the simple reason of solubility this problem can set a
limitation on the usefulness of the technique.

Extensive reviews of the development of this field and
the instrumentation required have been provided by
Dorfman® and Hunt®.

2.2. Generation of Triplets by Photolysis

The sources of light employed to excite molecules to
the triplet state are quite varied. Intense steady-state
sources have been a popular excitation source for samples
in glasses; long triplet state lifetimes allow large steady-
state concentrations of triplets to build up. Conventional
flash lamps have provided most of the triplet-triplet ab-
sorption spectra recorded up to the middle 1970’s. Their
short, but intense, pulses make them ideal for studying
spectra and kinetics on the pus time scale, which is in the
range of the lifetimes of many triplets in fluid solution. In
order to study shorter lived triplets such as those of aro-
matics ketones, it is most convenient to use Q-switched
lasers® to get into the nanosecond time range. Recently
mode-locked lasers have been used to study triplets (in-
cluding rise times) in the picosecond time range®. Non-
pulsed lasers (continuous wave lascrs) have also been
used in much the same fashion as conventional steady-
state light sources.

2.2.1. Theoretical Concepls

Triplet states are generated in two ways by photons. In
the first method, exemplified in Sec. 1.1. of the above
introduction, the compound under study, irradiated
within its ground state absorption band, absorbs the pho-
ton as in process 1.1, going first to a singlet excited state.
The excited molecule then undergoes intersystem cross-
ing, process 1.3, to reach the triplet state.

Should the efficiency of this process be low, another
technique is available*. In this method another molecule,
M, with a suitable intense ground state absorption and
high quantum yield for subsequent triplet state formation
is added to the solution (usually in excess). This species
intercepts the light energy and transfers it via the inter-
mediary of a triplet state to the triplet state of the com-
pound under study, M, during collisions.

2.10 M) + M, — M, + *M;.

At least in dilute solution, excited singlet states are usually
too short lived to participate in an analogous singlet-
singlet energy transfer, though several examples have
been. documented®”. This photosensitization technique
will generally be successful provided the triplet energy of
the sensitizer (donor) is at least 8—12 kJ mol~' greater
than that of the acceptor*®*. Given a suitable energy
difference as a driving force, it is usually assumed that
triplet-triplet energy transfer proceeds with unit effi-
ciency. However this assumption is often erroneous and
detailed kinetic analysis is then required to produce valid
estimates of the triplet state concentration of acceptor
molecules formed and its temporal evolution. Such cor-
rections are discussed in Sec. 3.1.2. If the acceptor itself
absorbs the incident radiation further adjustments must be
made to the estimated extinction coefficients.

2.2.2. Speclal Considerations for Photolysis

Steady-state light sources have often been used with a
modulator. In some cases the modulation of the light

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



8 . CARMICHAEL AND G. L. HUG

source has been used to enhance the signal/noise ratio of
the signal®, enabling the study of very low triplet concen-
trations. This is particularly effective when combined
with a phase-sensitive detection system*. In other cases a
modulated light source has been used in connection with
the kinetic method to measure extinction coefficients**.
Modulated moderate intensity light sources are also use-
ful if the sample under study is susceptible to photo-
decomposition by more intense pulse techniques®.

The advent of laser flash photolysis with relatively mo-
nochromatic pulses greatly enhanced the accuracy to which
the total energy absorbed by a species in solution could be
measured. Previously, conventional flash techniques with
intense but polychromatic sources, had made this estimation
difficult. This feature enabled, in principle, substantial im-
provements in the results derived from both the pulsed inten-
sity variation and relative actinometry methods discussed
below (Secs. 3.8.3. and 3.4. respectively).

The monitoring light sources that measure the spec-
trum of the transients have not been nearly as varied in
type as have been the exciting sources. They are usually
a fairly weak source, for instance of the arc-lamp type.
Sometimes the sources have been pulsed to increase their
intensity or modulated as part of phase-sensitive detection
systems®,

A more salient feature of analyzing beams is their spa-
tial arrangement with reference to the path of the exciting
light. Both in-linc (front-facc) and crosscd beam (right-
angle) geometries are popular. This arrangement of the
exciting and monitoring beams can be of crucial im-
portance. when using photons to generate the triplet
states. The concentration of triplets is central to the deter-
mination of extinction coefficients, but this concentration
varies along the exciting beam according to Beer’s Law.
When right-angle monitoring is used, the particular re-
gion sampled, along the exciting beam, is one in which the
concentration is uniform along the direction of the mon-
itoring beam. Thus kinetics (especially second-order ki-
netics) can be measured accurately, but spectra are more
difficult to obtain since the region sampled will not in
general be near the front face of the cell where the con-
centration of transients is greatest.

In-line monitoring of the triplets has the disadvantage
that the observation is along a gradient in the concen-
tration. Unless the concentration of the triplets is kept
low, for example with the optical density of triplet ab-
sorption < 0.05, the kinetics can be severely distorted
when looking at second-order reactions™. In-line mon-
itoring, however, has an advantage in that it is possible to
easily access the region of high concentration of triplets
near the surface of the cell on which the exciting light is
incident. On the other hand the usual way of calculating
concentration from the optical density, in regions where
the ground state does not absorb,

AOD = ¢ M7 2, @.1)

will not be meaningful because of the variation in [*M']
with the distance across the cell along the exciting light
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beam. An early work by Ross* provided an estimate of
the effect of such nonuniform triplet concentrations on
the absorption spectrum recorded during steady-state ex-
periments in glasses. In that study it was concluded that
while the general features of the spectrum should be pre-
served, band to band distortion was not ruled out. Further
corrections are discussed in Sec. 3.

There are indeed several other possible sources of spec-
tral distortion. If there is substantial singlet depletion, i.e.
removal of ground state molecules in the path of ex-
citation, the resulting difference spectra can offer only a
limited guide to triplet-iriplet absorption maxima in the
vicinity of regions of negative AOD. On the other hand,
this effect can be very useful because it can often give a
quantitative indication of the amount of ground state pop-
ulation that has been converted into triplets. This is the
basis for the method of measuring extinction coefficients
of triplet-triplet transitions discussed in Sec. 3.2. How-
ever due to possible distortions, while we retain differ-
ence spectra that are clearly removed from the singlet
depletion region in this compilation, we do not report
maxima of spectra near the singlet depletion region of
uncorrected spectra.

Light scattering of the monitoring beam can cause dis-
tortions in the form of the spectral shape and can also shift
the position of the spectra in some cases. The intensity of
scattered light varies as 1/A* and so becomes a problem in
the ultraviolet. In addition conventional monitoring
sources usually have very low output in the ultraviolet,
and thus they are susceptible to light scattering from the
more intense visible regions. The effect on the spectra can
be seen by the following example. The experimental opti-
cal density is given by

AOD,,, = logi{l b + L) /T + 1) }, 22)

where [, is the incident light which is measured before the
pulse, I, is the intensity of the visible scattered light that
is measured along with Iy, I is the true intensity of the
transmitted light through the solution containing the tran-
sient, and I} is the excess scattered light from the visible
that is measured along with /. AOD,,, is the experi-
mentally measured optical density which is just the equal
to the logarithm (to the base ten) of the total intensity
measured before the pulse divided by the intensity at
some specific time during the decay of the transient. The
true optical density is given by

AODy,,. = logi( I/T). 2.3)
AOD,,, can be written in terms of AOD,,; as
AOD,,. = —logie{ (1 + 1./1p) exp(—2.3A0D,y,)
5 2.4)

If we consider an example in which scattered light con-
stitutes 50% of the incident and also the transmitted
beams, then (I./I) = 1 = (I/I). If we also assume
AOD,,, — 0.01, then AOD,,. ~ 0.02. Fora second exam-
ple take the same numbers except for (I;/Iy) = 0.996. This
would mean that not as much light is being scattered from
the visible while the transient is present. AOD;n. ~ 0.018
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in this case. These examples illustrate the general behav-
ior of excess scattered light on the true spectrum. This
effect is often seen on the “blue” side of absorption peaks
in the ultraviolet, namely the “blue” side of the un-
corrected spectra is suppressed.

Distortions of the spectra can also arise from improper
overlap of the analyzing and exciting beams. Proper over-
lap means that the analyzing beam should go only
through the region of the cell that is excited and that the
cell should be excited across the total width of the cell in
right angle apparatus. In a right-angle setup, if the cell is
not excited over the whole width, then the optical path is
not the same as the path through the excited region of the
cell®. This does not lead to a distortion, but it leads to an
incorrect concentration of the transient. The distortion of
the spectra due to incorrect overlap comes when the
analyzing beam samples regions of the cell that contain no
excited molecules. In effect this extra light is scattered
light, and the equations that Bazin and Ebbesen® derive
- for the relationship between the true optical density and
the experimental optical density are very similar to Eq.
(2.4) above for scattered light. Such distortions can lead
to large errors in measuring extinction coefficients.

Novel sources of nonuniform concentration of tran-
sients are hot spots generated in a sample photolyzed by
a pulse of laser light (T. W. Ebbesen and M. Bazin, un-
published data). The equations derived by Ebbesen and
Bazin in this extension are similar to those reported in
their earlier work® and indicate the possibility of large
effects because lasers can cause very severe non-
uniformities in transient concentration.

Extensive reviews of the development of pulsed photo-
lytic techniques and the instrumentation involved have
been provided by Porter and West* and West™.

2.3. Miscellaneous Methods

While there exist other methods for the formation of
the triplet states of organic molecules, for example
enzymolysis* and thermolysis”’, we know of no reports
concerning the estimation of the extinction coefficients of
triplet-triplet absorption in these ways and of none in
which new spectra, otherwise unobserved, have been
recorded. ’

3. Methods for Measuring Extinction
Coefficients

We discuss seven principal techniques currently in use
for thc dctermination of the extinction coefficient for
triplet-triplet absorption. Special problems, extensions of
the basic method, and advantages and disadvantages of
each approach are documented. Several features (e.g. re-
quired corrections) are common to more than one tech-
nique. To avoid repetition these items are detailed only on
their first occurrence. The various methods are presented
approximately in order of number of entries in our data-
base, energy transfer being the most frequently adopted
approach. Miscellaneous methods are collected in Sec.
3.8.

3.1. Energy Transfer (ET) Method
5.1.1. Desc;rlption of Method

The energy transfer method is currently one of the
most widespread methods of measuring extinction coeffi-
cients. It was originally used for measuring extinction
coefficients of triplet states generated by pulse radiolysis’
and later extended to include population by pulsed laser
photolysis®. Energy transfer methods have been crit-
icized because of uncertainties in the probability of trans-
fer. However over the past few years this method for
measuring triplet state extinction coefficients has been
improved and can now yield reliable results when used
carefully.

The basic idea of the method is quite simple®. Two
compounds are placed in a cell. One compound, R, has a
triplet state whose extinction coefficient is well-known.
The other compound, T, is the compound whose ex-
tinction coefficient is to be determined. In the ideal ex-
periment, one of the triplet states (either R’s or T’s) is
initially populated, and the other triplet state is not popu-
lated. The compound with the initially populated triplet is
chosen so that it can act as the triplet donor of the pair of
triplet states. It does not matter whether R or T acts as the
triplet donor. After the donor triplet is populated it can
then transfer its energy to the acceptor triplet. This is
done by collisional quenching involving the exchange
interaction”. In the ideal experiment where the triplet
lifetimes of the isolated molecules are infinite on the time
scale of the quenching experiment, every donor triplet
molecule produces exactly one acceptor triplet molecule.
The “one donor triplet yielding one acceptor triplet mol-
ecule” is the heart of the method because it allows one to
get a handle on the persistent problem of measuring ex-
tinction coefficients of transients, namely determining the
concentration of the transient. So in the ideal experiment
the initial concentration of the donor triplet is equal to the
final concentration of the accepter triplet and so

€r = € ( AODz / AODg ). 3.0

In this equation €7 is the unknown extinction coefficient,
and ¢g is the reference extinction coefficient and the su-
perscript “*” refers to the excited state. The meaning of
the AOD’s depends on whether T or R is functioning as
the donor. The AOD of the compound serving as the
donor is set equal to the AOD extrapolated back to time
zero, and the AOD of the compound serving as the ac-
ceptor is set equal to the AOD at infinite time.

3.1.2. Kinetic Corrections

Corrections need to be made for several things when
the conditions are not as described above. One problem
occurs because the probability for transfer from donor,
D, to acceptor, A, is not always unity. In addition to
populating the acceptor triplet, the donor triplet can de-
cay by other paths. In well degassed solutions, the most
likely path is by unimolecular, radiationless decay to the
ground state. The kinetic scheme is often modelled by the
following reactions:
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Scheme 1
3.1 D" - D, kp
32 ‘D’ +'A—'D + A ket
3.3 AT - A, ka

Ignoring the last process, the probability of transfer, Py, is
Ptr = ket[lA] / (kel[lA] + kD)' (3'2)

The concentration of the acceptor is reduced by this fac-
tor. So an equation analogous to Eq. (3.1) can be written
with

€\ = €5 (AOD, / AODp ) / P,.. (3.3)

In order to make this correction one has to know &y, and
k.['A). The unimolecular decay rate constant of the do-
nor, kp, is just the rate constant of the decay of the donor
triplet measured in the absence of the acceptor, but with
all other conditions similar to those in the actual energy
transfer experiment. If the acceptor is then added to the
cell, the combination A, + k.{'A] can then be measured
as an effective first-order decay rate constant of the donor
triplet. This effective first-order rate constant is the sum
of the donor’s unimolecular decay rate constant and the
pseudo first-order, energy transfer rate constant, k.['A).
With the measurement of kp + k.{'A] and kp, P, can be
calculated using Eq. (3.2).

Two precautions are often taken when applying this
kinetic correction factor. First, care is taken to eliminate
second-order decay of the donor triplets. These processes
could complicate the kinetic scheme. Second, kp +
k.{'A) is often measured by checking both the decay rate
constant of the donor absorption and also the inverse rise
time of the acceptor triplet. If the kinetic scheme is as
simple as the model assumed above, these two rate con-
stants should be the same. If they are not, complicating
factors have probably cntcred the analysis.

The rise time of the acceptor is often obscured by the
decay of the acceptor. For instance, the rise and decay
kinetics of the acceptor in Scheme I is given by

PAl = W X {exp(—kat) — exp(—kd'Al —kpt)}, 3.4
where
W = D' k['Al / (kp + kf'A] — ka), 3.5)

and where [°’D"), is the initial triplet concentration of the
donor. If k4 is not small compared to the argument of the
second exponential in Eq. (3.4), then the growth of A will
be complicated by the first term in Eq. (3.4). :

When k, is not small compared to k.['A] + kp, a2
modification to Eq. (3.3) is often used®. The mazimum of
the decay curve represented by Eq. (3.4) is the one unique
feature of the curve. The time at which this point is
reached is found by differentiating Eq. (3.4) and setting
the derivative to zero. This time is given by

fo= In{ka/ (ks_trA] + kp)}
T ks — ko['A]l — kp

(3.6)
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This time, £, and the measured AOD ,(#,.,) can be used
to find the AOD, needed for Eq. (3.3) in the following
manner. First one can calculate [PA’] at #,,,, for the Egs.
(3.4,3.5). Second one can calculate [PA"} as t — « under
the Egs. (3.4,3.5) for k, = 0, that is no decay of ’A".
Taking the ratio of these two results gives a simple cor-
rection factor, and the final result is

AOD, = AOD,(tnar) X €Xp(kalmas)- 3.7

This is the AOD, that is to be used in Eq. (3.3) to obtain
the sought for €,. In order to do the kinetic correction in
Eq. (3.7), an extra rate constant, k,, must be obtained in
addition to the rate constants needed to calculate P,. If
[*A'] cannot be directly populated, then k54 must be ob-
tained from a fit to the two-exponential decay given by
Eq. (3.4).

3.1.3. Uncertainty in Probability of Transfer

Even after the two kinetic corrections are made, there
still remains an uncertainty in the energy transfer method.
This uncertainty involves the probability of transfer.
With the two kinetic corrections already discussed, ac-
count can be taken of the unimolecular decay of both the
donor, Eq. (3.3), and the acceptor, Eqgs. (3.3,3.7). Nothing
can be done in this scheme if the acceptor deactivates the
donor without the acceptor itself being excited.

3.4 ‘D' + A —'D + 1A, kpa

Eq. (3.2) would have to be modified by the pseudo first-
order rate constant, kpa['A] to read

P, = k.['A]l/ (koal'A] + k['A] + kp). (3.8

The concentration dependence of this process and the
qualitative kinetics are the same as that in Scheme [ alone,
and, on a routine basis, it is not easy to check whether this
type of deactivation of *D’ is occurring.

3.1.4. Special Problems in Radiolytic Excitation

There are special problems with both photoexcitation
and radiolytic excitation methods. In pulse radiolysis,
benzophenone has been the most widely used triplet do-
nor. The benzophenone triplet can either transfer its en-
ergy to the acceptor via reaction 3.2 in Scheme I or it can
abstract a hydrogen from the solvent and form a ketyl
radical.

3.5 (CgHs)zCO + C6H6 g (CsHs)zCOH + CGHS'

By varing the concentration of the acceptor, the amount
of benzophenone ketyl radical will also vary. The absorp-
tion spectrum of the ketyl radical is well-known’, and
variations in its spectrum reflect the competition between
reactions 3.2 and 3.5.

The first problem with the radiolytic method arises out
of one of its strengths. One of the attractive features of the
mcthod is that the extinction coefficient of the ketyl radi-
cal can be independently and reliably measured by pulse
radiolysis. As a general rule it true that measurements of
extinction coefficients in aqueous solution of radicals will
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be more reliable when measured by pulse radiolysis than
by flash photolysis. This is due mainly to the existence of
reliable G values of the radicals in aqueous solution and
also due to the fact that in radiolysis, uniform concen-
trations of the transients can be generated throughout the
cell. The problem arises precisely because the well estab-
lished extinction coefficient of the ketyl radical is known
in water; whereas the radiolytic generation of triplets can
be done only in hydrocarbon solvents where radiolytic
yields are not at all well established. The procedure that
is used is that the extinction coefficient of the ketyl radical
in the hydrocarbon solvent is calculated from the ex-
tinction coefficient in water by assuming that the oscil-
lator strength is independent of solvent®..

The second special problem with the pulse radiolysis is
that there is part of the ketyl radical population that cannot
be scavenged. The unscavengeable fraction of ketyl radicals
can be quite large. In applications it is assumed that the uns-
cavengeable fraction is constant, independent of the accep-
tor concentration.

The third special problem with the radiolysis method is
that ketyl radicals themselves are often reactive with the
acceptors. This is not a problem with hydrocarbons, but
with quinones and acridines the method cannot be used*.

There are pulse radiolytic methods, of course, which
- do not involve the competitive step of ketyl radical for-
mation. In these methods, a potential triplet donor, for
example biphenyl, is present at roughly 100 times the
acceptor concentration. The donor triplets are formed by
energy transfer from the solvent triplets. This. pulse radi-
olysis technique is more analogous to the flash photolytic
method in that it does not require competition between
two reactive paths with the subsequent formation of two
transients which may or may not interfere with one an-
other.

3.1.5. Special Problems in Flash Photolysis

The complications unique to the photolytic method are
bound up with the production of nonuniform distribu-
tions of transients according to Beer’s Law. Using the
differential form of the law, namcly that Al =
—2.3ep['D) Ax, one can see that the number of photons
absorbed in a volume of unit cross section and of depth Ax
(during unit time) is equal in magnitude to abs(Al). To
convert this number, abs(AJ), of excited molecules into a
concentration that varies with x across the cell, one must
divide the number of excited molecules by the volume (1
unit cross scction X Ax) containing them. In addition one
needs to multiply by the duration of the exciting pulse, T,
and by the triplet quantum yield, ®1, which results in

FD'Ix) = 2303 € ['D] [,(x) T, ¥(D).  (3.9)

In Eq. (3.9), I(x) is the intensity of the photolyzing light
at x, ['D] is the concentration of the absorbing species
whose extinction coefficient at the exciting frequency is
€p. When the x-dependence of I,(x) is displayed, using
the integrated form of Beer's Law, I =
Lexp{ 2.3¢,['Dlx}, Eq. (3.9) becomes

PDlx) = 2303 €p ['D] I? exp(—2.3¢p ['D] x)
x T, (D), (3.10)

where I is the incident intensity of the photolyzing light.
When ['D] and €, are smail enough, ie.

€5 D] x = 0.05, (3.11)

then the exponential in Eq. (3.10) is approximately unity
and [°D*}(x) is roughly constant across the cell®. This is
the usual technique to obtain uniform concentration dis-
tributions in flash photolysis. However, this technique
often fails when the absorbance of the resulting transient
is low because then a larger concentration of donor is
needed than is allowed by condition (3.11).

When no light is absorbed by the acceptor, the non-
uniform distribution does not present a problem even at
concentrations where Eq. (3.11) is no longer valid. The
following discussion is for a linear arrangement of the
monitoring and photolyzing light. Placing the excited
state concentration given by Eq. (3.10) into the differ-
ential form of Beer’s Law for the monitoring light in-
tensity, I,,, the effective optical density,

OD = logi(l%/I.), (3.12)
is found by integration to give
N It
OD() = ep(hn) (T2 k=D ldly (343,

eo(A,)['D]¢

where quantities without asterisks refer to the ground
state, and ¢ is the optical path length of the cell. Even
though-Eq. (3.13) does not look immediately like the
conventional formula for an optical density, namely OD
= ep[’D']Z, it can be understood as such if the quantity
in curly brackets is interpreted as an effective concen-
tration. From Eq. (3.13), it can be seen that the effective
concentration, in front-face experiments, is equal to the
difference between the true triplet concentrations at the
front and back faces of the cell divided by the optical
density of the solution at the exciting wavelength, A,
Note that this interpretation of an effective concentration
keeps intact the important relationships between ex-
tinction coefficient and optical density, namely that they
are proportional to each other and that the
An-dependence of the right-hand side of Eq. (3.13) is only
in the factor ¢r,. (In most of the equations in this work we
will use the traditional form for the optical density, but it
should be kept in mind that for front-face alignment the
concentration of the transient refers to an effective con-
centration defined by the expression in curly brackets in
Eaq. (3.13)).

The complications arise when the acceptor starts to

" absorb the exciting light directly. Even when the quan-

tum yield of direct triplet formation is zero for the ac-
ceptor, problems can enter. Because of the problem of
extrapolating the donor absorbance accurately back to
zero time when an acceptor is present, the initial optical
density can be taken from a measurement before the ac-
ceptor is added to the cell. Then an inner filter effect™ can
oceur just as is common in emission spectroscopy®. The
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basic equations for numbers of the excited state species
now become

PA"l(x) = 2303 P,&(D)I, & ['D]

X I} exp{~2.3(es ['D] + €4 ['ADx} (3.14)

and Eq. (3.10). There is no inner filter effect with only the
donor in the cell, Eq. (3.10); so after integrating the differ-
ential form of Beer’s Law using separately Eq. (3.10) and
Eq. (3.14) and dividing the two resulting equations, one
obtains Eq. (3.15) which is a modification to Eq. (3.3).

€A2) = Cone€b(A2) (AOD, / AODy) / Py, (3.15)
where
Cinner = Ninner / Dinnery (3'16)
Ninner = {eﬂ(hp) []D] 4 }
X (1 — exp{—2.3ep(Ap) ['D]¢
— 23e,(0) ['AIZD), (3.17)

Dinner = { €D()\'p) [lD] ' + EA(hp) [IA] 4 }
X (1 — exp{—2.3ex(\,) ['D] €}, . (3.18)

and A, is the exciting wavelength. The terms ep(A,) ['D]} ¢
and ep(A,) ['D] € + €a(A,) ['A] ¢ are easily accessible to
measurement because they are just the usual optical densi-
ties of the unexcited solutions at the exciting wavelength
and thus can be measured with an ordinary absorption
spectrometer. This correction is not necessary when the
absorbance of the donor is measured in the presence of
the acceptor because inner filter effects will be the same
for both the donor and acceptor triplet, and both will
cancel. Even when the absorbance of the donor is mea-
sured separately, as long as the concentration of the do-
nor is such that

(M) ['D] € >> eady) ['A] 7, (3.19
Cimer Will approach unity and Eq. (3.3) will hold.

When the quantum yield for direct triplet formation in
the acceptor is not zero, the corrections for the acceptor
absorbing the exciting light are even more complicated.
In order to present the results simply, we assume that
both the donor and acceptor absorbances are made with
both species present, eliminating the correction of type
containing C;,,., in Eq. (3.15). With this qualification, the
basic concentration equations, for the case where the ac-
ceptor absorbs and forms triplets directly, are

FA"J(x) = 2303 P, &«(D)ep['DIT, I
X exp{—2.3(ep['D} + es['ADx}
+ 2303 ®r(A) €4 ['A] T, I

X exp{—2.3(ep ['D] + €4 ['A]x} (3.20)
and
PD}x) = 2303 ®(D) & ['D] T,
X loexp{—2.3(ep ['D] + e ['ADx}.  (3.21)
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Using these equations with Beer’s Law gives the equation

€ = €p (AOD, / AODp)
« @(D)ep ['D]
P.®:(D)ep ['D] + Pr(A)ea ['Al

which is the analog of Egs. (3.3,3.15).

(3.22)

3.1.6. Summary boi Advantages and Disadvantages

In summary, the energy transfer method has an advan-
tage over the singlet depletion method in that it does not
depend on overlaps of the ground-singlet and triplet-
triplet absorption spectra. In addition using the pulse radi-
olysis excitation method, independent reference ex-
tinction coefficients can be obtained because of accurate
dosimetry in radiolysis experiments. However the accu-
racy of the method is only as good as the reference ex-
tinction coefficients. The disadvantages and limitations of
the energy transfer method have heen discussed above.
The most troublesome problem is the uncertainty in the
probability of transfer. This is mainly manifested in the
process of collisional deactivation without energy trans-
fer, namely reaction 3.4,

3.2. Singlet Depletion (SD) Method

3.2.1. Description of Method

If the measurement of the change in OD due to the
population of the triplet state can be extended into a spec-
tral region in which the starting material (singlet) absorbs,
then another technique is generally available for the esti-
mation of the extinction coefficient of triplet-triplet ab-
sorption. This is the method of singlet depletion.

The precision of the technique can be considerably
enhanced if the accessible region is one in which the
underlying singlet absorption is sharply structured, as will
be seen below.

Assuming that all the molecules which are pumped out
of the starting ground state, S, either return to S, or
populate the lowest triplet state, T, within the time scale
of the observations, then the change in optical density
may be simply expressed as

AOD = (er — €5) 'M’] ¢, (3.23)
where [*M'] is the concentration of the triplet state at the
time of observation and ¢ is the optical path length of the
monitoring beam in the sample (which can usnally be
determined with reasonable precision).

From the resulting difference spectrum (AOD as a
function of observational wavelength), the triplet-triplet
spectrum may be reconstructed in a number of ways
which are documented in Sec. 3.2.2.

It is often assumed that a region of the conventional
ground state absorption spectrum (S, < S;) can be lo-
cated (and accessed for excitation) where the triplets
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formed on excitation will not absorb. Thus if the change
in optical density, AODjs, due to singlet depletion at this
wavelength, \,, is measured, then
AODs(A) = — & ['M7] ¢, (3.24)
assuming, of course, all find their way to the lowest ex-
cited triplet state, T,. The triplet extinction follows sim-
ply by using the value of ['M] from Eq. (3.24) and by
observing the change in absorbance, AODr, at some fur-
ther wavelength, A,, where the ground state molecule is
known not to absorb.
AOD(\) = & [PM7] 7. (3.25)
If it is assumed that the nascent triplet state does not
absorb in the spectral region where the singlet depletion
is monitored, then an upper limit to e will be derived. In
many cases this assumption will be unjustified and the
more complicated procedures documented below must

be adopted 1o recover correct quantitative estimaies of
[*M"] and thus 7.

322 Reconstruction of True Tripiet.triplet Absorbance

Labhart* recasts equation (3.23) to give the optical
density, OD+, due to triplet-triplet absorption as
OD; = e [°M'] ¢ = AOD + & ['M"] ¢ (3.26)
It is then possible, by trial and error, to find a value of
[*M"] such that OD shows no evidence of the peaks in the
original singlet absorption spectrum. If [°M] is chosen to
be too large, then the peaks of the predicted triplet spec-
trum will coincide with those of the underlying singlet.
Too small a value for [°M"] aligns the peaks of the triplet
spectrum with troughs in the singlet absorbance. Upper
and lower limits for [°M’] are thus readily established.
Dawson® assumes that the triplet extinction coefficient
did not change between the wavelength of the peak, A; of
a strong singlet absorption and an adjacent trough, A,.
This gives an equation for [°M"] in terms of the AODs and
the ground state extinction only.

AOD(Q\;) — AOD(\;) |

£ PMT =770 — &)

(3.27)

The resulting value for the concentration of triplets may
be checked, in a similar fashion through the region of
overlapping singlet absorption. Bowers and Porter® had
previously derived an equation similar to Eq. (3.27). In
that work the wavelengths, A, and A,, were chosen to
bracket a strong singlet absorption and the value for er
was again assumed constant in this range. Unfortunately
their Eq. 1 contains a misprint with extinction coefficients
instead of AOD’s in the denominator.

By utilizing the change in OD at both troughs neigh-
boring a strong singlet peak, and at the peak itself, Hadley

and Keller® obtain three simultaneous equations for ['M"]
and the triplet extinction at the three wavelengths in ques-
tion. These are

AOD() = {ex(\) — esM)I[PM'] ¢ ;i=1,2,3. (3.28)

Assuming that the triplet extinction changes linearly over
the spanned wavelength range provides a fourth relation,

5}()\1) - €.T(7\z) _

) —ery — MM/ (As—h),

(3.29)

which is sufficient to allow solution for [’M’]. An alterna-
tive choice for the observation wavelengths is made by
Pavlopoulos®. Assuming that the triplet extinction coeffi-
cient varies linearly

e\) = A+ B\ (3.30)
over the region between the onset of a ground state ab-
sorption band, A,, and the isosbestic point in the difference
spectrum, A, and recording the change in optical density
at these wavelengths and also at some intermediate wave-
length, A, again leads to a set of equations which may be

solved for the triplet concentration. Noting that, at the
isosbestic point,

er(A) = es(A) (331
these equations may be written as
‘AOD(\) = (A + BA) PM] ¢, (3.32)
AOD(\,) = {(A + BA, — es(M)} M1 2, (3.33)
and
&s(A) = A + BA,, (3.34)

and A,B and [°M'] may be recovered.

The success of these methods obviously depends on the
existence of accessible spectral regions where S, < S; and
T, < T, transitions overlap, which is often found to be
the case.

" 3.23. Corrections for Triplet Decay

As long as no (irreversible) photochemistry has oc-
curred upon excitation, no corrections for triplet decay
are required. In a pulsed laser experiment, after the ex-
cited singlet has decayed, the original population will be
distributed between the ground state and the triplet state
only. Changes in OD at the depletion and observation
wavelength should thus simply be measured after equiv-
alent time delays.

3.2.4. Summary of Advantages and Disadvantages

Obviously, if other channels are open (eg. photo-
chemical) and can be quantified, appropriate corrections
can be made — but these complications would greatly

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986
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reduce the usefulness of this method and detract from its
principal advantage, its simplicity. This simplicity rests in
the fact that no detailed knowledge is required concern-
ing the rate constants of the various participating elemen-
tary radiationless processes.

Though this method is free from kinetic considerations
one practical weakness remains. In the singlet depletion
region no precise knowledge of the triplet absorption
profile can be gained without recourse to one of the ap-
proximation schemes discussed above. Only at an isos-
bestic point in the difference spectrum can a certain value
of the triplet extinction coefficient be given. The values at

other wavelengths are critically dependent on the func-

tional form for e(A) chosen above.

3.3. Total Depletion (TD) Method

3.3.1. Description of Method

It is often assumed that by simply increasing the in-
tensity of a pulse of exciting radiation complete con-
version of a suitably small ground state concentration to
the triplet manifold is possible, provided, of course, that
the quantum yield of intersystem crossing is not negli-
gibly small. Thus [*M’] is simply set equal to ['M].

Kinetic considerations based on a simple two-state
mode! for the population of the triplet state may be used
to justify the assumption of complete conversion®. In this
model the intermediacy of the excited singlet state is ne-
glected and the excitation process is modelled by two
kinetic equations,

d[flﬂ = —2303¢s/,(1)®+('M] (3.35)
and
d[?f] = +2303esd()P4['M]. (3.36)

The excitation rate, k., has been explicitly defined as

kex = 2303 €5 I,(2) (3.37)
to clearly exhibit its intensity dependence, €5 is the ex-
tinction coefficient of the ground state at the photolyzing
wavelength and optically thin samples are assumed. Solv-
ing these equation for [°M’] with the initial conditions
['M] = ['M], and ’M"] = 0 gives
M7 = ['Ml(1 — exp{—2303¢6,[,®,1})  (3.38)

for the concentration of triplet at time, ¢, after a pulse of
constant intensity, I, is turned on. In the limit of infinite
excitation intensity the exponential vanishes and Eq.
(3.38) collapses to give the initial concentration of the
ground state. Notice that the triplet state is not allowed to
decay in this model.

If it is assumed that the ground state is totally depleted
then a lower limit can be set on the extinction estimation.
While this assumption may indeed be valid for systems
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studied by conventional flash photolysis’®® it does not

hold, in general, when laser pulses of a few (or a few tens
of) nanoseconds duration are employed®. Under such
conditions kinetic limitations become important and the
participation of S; must be accounted for. Below we for-
mulate a model which adequately encompasses such fea-
tures.

3.3.2. A Three-state Excitation-deactivation Model

To describe the detailed time development of the popu-
lation of an excited state, Processes 1.1 — 1.8 may be mod-
elled by a set of three coupled kinetic equations

d[;, 1. ko{'™] + (kr + kJI'M'] 4+ kM'], (3.39)
d[fl‘f'] = ko{'M] — k{'M7}, (3.40)
and
gfd%l = ki M1 — ki 'M) (3.41)

Note that loss by photochemical processes has been ex-
plicitly neglected. For several choices of pulse shape
these equations may be solved analytically. For example,
for a square pulse of width, I';, the triplet concentration
at some time, #, after the pulse, is given by®

EM], = PM'Texpl{— (¢ — TYks}
+ {kise/ (ks — kT)}ElM']rp
X (exp{—(t ~Tkr} — exp{—( —Tks}), (3.42)

where ['M]r, and {'M']r, are the end-of-pulse values of
the triplet and excited singlet state concentrations re-
spectively. In the limit of an infinitely short (8-function)
pulse, as the excitation intensity grows toward infinity
and when the sampling time, ¢, is sufficiently long that the
excited singlet has decayed then
M),/ ['M] = &1 . (3.43)
However, for a finite pulse width there will exist a
finite end-of-pulse concentration of both T, and S; re-
gardless of the excitation intensity. Indeed, in the limit of
infinite excitation rate (or, equivalently, intensity) we
find®
k.
IM'], = "M
(M = DM+ )
X{ (1—exp{— (ks +k:)T,}) exp{—k-(t —~T}}
+ (kr+kicexp{ ~ (kr+ k)T, })
exp{—(t — T kr} —expl —(t — I‘p)ks}} .44)

ks —kT

X

Only in the limit of sufficiently fast singlet decay (or
sufficiently long pulse duration) can complete conversion
be attained. For a small number of systems examined
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previously (polycyclic aromatic hydrocarbons) we find®
that 95% conversion can be expected only when

s < OrL,/2. (3.45)

If this inequality is not satisfied for the system under study
then a systematic error will be introduced into the ex-
tinction coefficient of triplet-triplet transitions if the con-
centration of the absorbing triplet is simply set equal to
that of the starting ground state. The method will afford,
in general, only a lower limit of the true extinction coeffi-
cient.

3.3.3. Corrections for Triplet Decay

In a pulsed laser experiment the change in optical den-
sity at the wavelength of observation will be a function of
time. Usually these changes are extrapolated back to
“zero” time (i.e. immediately after the pulse) by assuming
a simple single exponential decay of the triplet absorb-
ance. This point should of course be checked and for this
purpose the initial ground state concentration should gen-
erally be kept as low as possible. Complications in the
decay curve due to triplet-triplet annihilation may thus be
avoided.

3.3.4. Summary of Advantages and Disadvantages

The principal advantage of the total depietion method
is that it offers a simple direct estimate of the triplet
concentration and hence of the triplet-triplet extinction
coefficient.

Empirically, the approach to total depletion is inferred
from a saturation in the AOD at some monitoring wave-
length as the excitation intensity rises. The assumption
then is that the asymptote toward infinite intensity repre-
sents complete conversion. Unfortunately, especially in
laser photolysis, many other sources of this apparent
saturation are possible. Multiphotonic processes™ inctud-
ing biphotonic ionization’" and excited state absorp-
tion™” have been shown to produce a similar behavior.
In order to reduce the chance of interference from such
spurious phenomena a partial saturation method has been
developed” which is discussed below in Sec. 3.7. How-
ever even when these and other complications such as
photochemical decomposition can be avoided one basic
problem still remains. The desired conversion to the trip-
let state may be kinetically unattainable within a typical
pulse duration®, although the observed AOD may still
appear to saturate.

3.4. Relative Actinometry (RA) Method

3.4.1. Description of Method

The basic principle of the technique defined here as
relative actinometry is simple’™. A comparison is made
between the change in optical density produced in some
solvent, St at some wavelength, A, upon excitation of the
triplet, T for which the extinction coefficient, ey is re-
quired and that change produced under comparable con-
ditions (but in a separate sample) in some reference triplet,

R of known extinction coefficient, €; at some wavelength,
A, (not necessarliy equal to A,) in another solvent, Sg. The
concentrations of the ground state precursors of T and R
are adjusted, based on a knowledge of their respective
absorption spectra so that the same number of excitation
photons are absorbed by both sample and reference.

If AODy is the observed change in optical density due
to the formation of the triplet state, R and AODy that
change for T, then, if ®(R) is the (known) quantum yield
for intersystem crossing in the reference compound in the
same solvent, Sy in which the extinction coefficient ex
was determined (under the same conditions of excitation),
then the extinction coefficient of the unknown triplet
state is given by

AOD; ®(R) .
AODR (DT(T) eR(}\'Z)a

where ®1(T) is the quantum yield for intersystem cross-
ing leading to the triplet state of unknown extinction (and
again measured in the appropriate solvent, Sy under simi-
lar excitation conditions).

e(\) = (3.46)

3.4.2. Corrections for Singlet Depletion

As written, Eq. (3.46) requires that the ground state
depletion (in OD) is negligible at the respective wave-
lengths of observation. Thus either the starting singlets do
not absorb appreciably at A; and A, respectively or the
excitation intensity is kept low. This latter factor weighs
significantly in the use of a laser source in this technique.
Considerable care must be taken to ensure that all the
excitation beam is channeled into the appropriate photo-
physical processes and none is lost to S, « S; (bi-
photonic) absorption for instance, if this process does not
exclusively lead to papulation of the triplet manifold.

If such singlet depletion is, in fact, a problem, it will be
evidenced by the presence of curvature in a AOD vs
intensity plot. Restricting the excitation intensity to the
initial linear region is then recommended. The extrapo-
lation of AODY’s observed in a nonlinear regime is prob-
lematical since the curvature may also be due to other
effects. v

Often the respective singlet ground states also absorb
the monitoring radiation. The extinction coefficients ap-
pearing in Eq. (3.46) may be altered to take this feature
into account to give
_ AOD;®+(R)

{e0w)—~ 0} = 35 p g5 0D -0} (3.47)

-where €} is the extinction coefficient of the ground state

absorption (S, « S), eventually leading to the triplet, T,
at the indicated wavelength. The extinction coefficient,
€%, is similarly defined for the reference compound.

3.4.3. Corrections for Triplet Decay

Comments entirely similar to those presented in Sec.
3.3.3,, applicable to the technique of total depletion are
again relevant to the method of relative actinometry.

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986
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3.4.4. Corrections for Laser Excitation

The achievement of an equal initial excitation popu-
lation in both sample and reference is usually performed
by matching starting ODs in a separate ‘“‘conventional”
spectrometer. If a laser is then employed to populate the
respective transients, questions of bandpass differences
should be addressed. These are, in general, difficult to
answer. However, to be most suitable the relevant photo-
physical properties (such as the spectral band shapes) of
both sample and reference should be comparable.

3.4.5. Extensions

Obviously, if the initial ODs are different but known
then the differential excitation probability may be ac-
counted for by the inclusion of a simple multiplicative
factor in either of Eq. (3.46) or Eq. (3.47), whichever is
appropriate to the experimental situation.

There is also no need to restrict the reference to an-
other triplet-triplet absorption. The benzophenone ketyl
radical, for which formation quantum yields are known,
has also provided a useful actinometer.

Recently an interesting extension of the relative acti-
nometry method has been presented” which removes the
need for a knowledge of the quantum vields for triplet
formation. The triplet populations formed in both the
sample and the reference cells are scavenged by biacetyl
and the intensities of the resulting phosphorescence are
compared. The extinction coefficients are then related by

&0 = ROpLTer SO
The ratio, I,(R)/I(T) of the phosphorescence intensities
then takes the place of that involving the triplet yields,
though assumptions as to the extent of conversion of indi-
vidual triplets must be confirmed or kinetic consid-
erations cannot be obviated.

(3.48)

3.4.6. Summary of Advantages and Disadvantages

The principal disadvantage in the technique of relative
actinometry as outlined above is the required knowledge
of the respective quantum yields for intersystem crossing.
Indeed, the method is most commonly used to determine
these yields given estimates of the triplet-triplet extinction
coefficients™. If the quantum yields are known (and not
inferred from those measured or estimated in disparate
experimental circumstances as is unfortunately common),
if the AOD can be satisfactorily extrapolated and if the
appropriate precautions are taken when singlet depletion
is a complicating factor, then this technique should yield
extinction coefficients of comparable accuracy of those
derived from the other methods documented here.

3.5. Intensity Variation (IV) Method
3.5.1. Description of Method

The intensity variation method was one of the first
techniques to be used to measure extinction coefficients of
triplet states'”. The initial application gave results which
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turned out to be several orders of magnitude too low.
Later applications of the method””®, however gave val-
ues that were in accord with those results obtained with
different techniques.

The derivation of the method is again based on the
kinetic equations for Processes 1.] —1.8, given by Eqgs.
(3.40) and (3.41). However. conventionally, a steady-state
approximation for both singlet and triplet excited states is
made and the depletion of the ground state is specifically
neglected leading to

PMV/['M] = 2303 71 €5 I,(x) . (3.49)

Here 71 is the measured triplet lifetime, for example the
measured phosphorescence lifetime in glassy solutions
and the concentrations are measured at some volume ele-
ment in the cell at distance, x, along the optical path, from
the point of incidence of the photolyzing light. ®; is the
probability of forming the triplet state from the lowest
excited singlet. To obtain extinction information then, it is
thus necessary to know the quantum yield for intersystem
crossing, ®r.

At the time of the inception of this technique, the triplet
yield could be related to experimentally measured values
in several ways'”. In particular, it could be related to the
ratio, R, of the fluorescence to phosphorescence quantum
yields and also to the total luminescence quantum yield,
. If internal conversion takes place from the singlet state
but no intersystem crossing occurs from the triplet to the
ground state then

®; = O/(R + 1. (3.50)
If the reverse is true, then
Oy =R 4+ 1 — ROY/R + 1). (3.51)

If only intersystem crossing from the singlet state occurs,
then »

Or=1/R+1)=1- & (3.52)

Currently many other approaches are in use for deter-
mining ®y. These methods have been comprehensively
reviewed most recently by Wilkinson™.

Using Beer’s Law for the intensity variation with x,
one gets, for an in-line arrangement of the monitoring and
photolyzing light, in a manner analogous to the pulsed
excitation results of Egs. (3.9,3.10) that

OD = e ®; 7% (1 — exp{ — 2365 ['M]4) X 10°. (3.53)

In this equation. everything is assumed known except for
the extinction coefficient of the triplet. The intensity, I,
is varied, and from the slope of the plot of OD vs I3, one
can calculate the extinction coefficient.

The derivation given above follows closely that of Kel-
ler and Hadley”. They take Eq. (3.53) one step further
and assume that the exponential makes no contribution
because of a large OD of the ground state at the exciting
wavelength. However this is not likely to be the usual
case because OD’s are usually of the order of unity or
lower; in which case the exponential cannot be ignored.
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McClure'” used a modification of this derivation in
which the initial concentration, ['M], appeared instead of
the concentration of ground state, ['M] in the steady-state
mixture as the denominator of the lefthand side of Eq.
(3.49). This lead to a more complicated expression for the
conversion to the triplet state.In particular, the intensity
dependence varied as 1/(1/1 + constant). This equation
reduces to the one given above when the concentration of
triplet is low and when the ground state is not depleted
significantly in the steady-state. However because of this
dependence, McClure chose to plot 1/0D vs. 1/8. In
effect this means that he was emphasizing the OD at
infinite I3 whereas Keller and Hadley were able to ex-
trapolate their OD vs I plots easily to zero IS which is in
conformity to the assumptions of the method.

3.5.2. Summary of Advantages and Disadvantages

This method has been applied to glassy systems with
weak steady-state illumination. Under these conditions
this method is at its best because neither the energy-
transfer nor the singlet-depletion methods can be used.

Beyond these conditions, the method becomes cum-
bersome. Like some of the other methods photochemistry
can cause problems. However in addition one needs a
very complete knowledge of the photophysics of the mol-
ecule before one can use the method. First of all one must
decide which of the three cases to use for @ in Egs.
(3.50—3.52). Then the triplet lifetime and the ratio, R, of
fluorescence and phosphorescence yields must be known
under conditions of the experiment. That is the minimum
information that must be available in addition to the in-
tensity variation measurements. For some of the forms of
@1, the absolute luminescence yield must also be known.
Finally if the method is to be used, the 1/0D. vs. 1/} is
more susceptible to extrapolation errors than plotting OD

vs. I,

3.6. Kinetic Method (KM)

3.6.1. Description of Method

Another approach employed to estimate the triplet ex-
tinction coefficient, closely related to the intensity vari-
ation technique of Sec. 3.5., is termed here the kinetic
method. This method was developed originally in con-
junction with phosphorescence studies®™, and later, inde-
pendently, applied to triplet-triplet absorption spec-
troscopy*”*#!. The basis of this technique also lies in Eqgs.
(3.40—3.41). It is convenient for the present derivation to
rewrite these as

d[:ft{—.'] = ko {'Ml — [M'] — PM]} — &s['M], 3.54)
and
d[;htd'] = ke ['M] — Kz PM'], (3.55)

where ks and k7 are defined in Eqgs. (1.1) and (1.3) re-
spectively and ['M}, is the initial concentration of solute.

In the photostationary state it is assumed that d['M'])/dt
= 0 which implies
['M'] = ke {['M]y — PM'T}/ (kex + ks).  (3.56)
Then, from equation (3.55) and using the fact that [*'M’],
=0,
M1 = v ['M] 1 — exp{—(y + 0t} ,
v + kr

where the (excitation intensity dependent) constant 7y is
given by

(3.57)

_ kex kisc .
Y= kex + kS

Atlong times, i.e.t > > (y + kr)~' equation (3.57) may
be reduced to

(3.58)

I g ,._ZIM]O.
[M]m~7+kT

Defining the (excitation flux dependent) rise time of the
triplet-triplet absorbaince, T, as

kS + kex

(3.59)

= 3.60
4 kex (ke + ki) + krks (3.60)
and the triplet decay time as

T = kg, (3.61)

then equation (3.59) for the photostationary triplet con-
centration may be recast as

M), =['MLQA — 7./ ™). (3.62)

Thus determination of the growth time of triplet ab-
sorption and its decay time after cessation of excitation
allows the straightforward estimation of the triplet con-
centration.

Assuming that the monitoring beam does not signifi-
cantly deplete the ground singlet state (through transi-
tions to higher singlet states for example) then the relation

OD: = €1 [3M']m £ (3.63)
is valid and € may be estimated.
3.6.2. An Alternative Derivation of the Kinetic Method

As opposed to the technique of intensity variation, the
kinetic method is inherently a nonstationary approach. It
is thus not clear that the traditional method**** of solv-
ing equations (3.54) and (3.55) using the steady state ap-
proximation, as described in Sec. 3.6.1., is valid. In fact it
turns out that this approximation is unnecessary and leads
to an unsatisfactory conceptualization. Thus the follow-
ing is a more elaborate derivation than is usually given.
From this derivation it can be easily seen how the usual
equations arise and under what conditions the usual equa-
tions apply.

The scheme and mechanism are identical to the in-
tensity variation method. However the kinetic method is
a time-dependent method. The photolyzing light is turned
on as a very long square pulse. Initially the triplet signal
builds up after the pulse is switched on. This build-up is
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taken to be exponential with a characteristic time, 7,.
When the light of the pulse is turned off at the end of the
square pulse, the triplet decays with a lifetime of 7+, given
by Eq. (3.61). These two lifetimes can easily be measured
as indicated above, the derivation of the kinetic method
relates them to the fraction of triplets in a steady-state
mixture that has evolved during the-duration of the pho-
tolyzing pulse.

A consistent derivation of Eq. (3.57), with a rise time
given by Eq. (3.60), starts with a solution of the Egs.
(3.54,3.55) for the initial conditions 'M’], = ['M"), = 0.
The general solutions are given by

['M] = —G_exp{m,t} + G exp{m_t} + a (3.64)
PM] = —Z,G_exp{m, ¢}
+ Z_G.exp{m_r} + B, (3.65)
where
me = —(ka+ks+kr)/2
=+ I/Z*V{(kex“’ks“"k'f)z - 4kexkisc}7 (366)
G: — a(kex + kS + m:t) - kexB’ (367)
m_ — mg,
Zt = (kex + kS + mi)/kexr (3‘68)
kS = kt‘ + kisc + kic’ (3'69)
a = kaex[lM]O/(keka + kexkisc + kSkT)! (370)
and
B = akisJkT. (3.71)

It can be seen immediately that this derivation gives
rcsults that are quite different in general from the results
of the standard derivation of Sec. 3.6.1. The results given
by Egs. (3.64—13.71) hold for the duration of the square
pulse, given the conditions of no triplets and excited sin-
glets at the beginning of the pulse.

In order to make further progress in reducing the dou-
ble exponential behavior of the general results in Egs.
(3.65, 3.66) to the single exponential risc time expression
of Eq. (3.60), it is necessary to make several approxi-
mations. The first step is to remove the radical in Eq.
(3.66) by making an appropriate expansion. There are
several ways in which this can be done. The most con-
venient way is to rewrite the radical as

V{tke, + ks + k)
- 4(keka + kexkisc + kSkT)}’

to then extract a factor of (k., + ks + kr), and finally to
expand the remaining radical, V{1—Y], where

(3.72)

Y = 4(kexk’r + kexkisc +kSkT)
(Rex + Kg +k'r)2

(3.73)

The expansion is allowed if Y < 1. Y must be < 1 or the
radical will be imaginary. After making the expansion,
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kex + kS

and, as always,
m_ = _(kex + ks + k’r) — m,, (3.75)

where 7, is defined by Eq. (3.60). From Egs. (3.74, 3.75),
it can be seen that if

(kex + ks) > > ki, (3.76)

then
m, ~ —7;' (3.7

and
m_ ~ —(key + ks + ky) + 770 (3.78)

The value of m, is exactly what is required of one of the
exponentials in Eq. (3.65) if the simplified theory of Sec.
3.6.1. is to be obtained. Furthermore, since m_ contains
the measured fluorescence rate constant, one expects it to
be too fast to see on the time resolution of most instrumen-
tation conventionally employed in the kinetic method.
Mathematically, this empirical requirement that m_ > >
m, can be written as

(Kex + ks) >> 7/ (3.79)

since one can neglect k¢ in Eq. (3.78) for m_ by the
condition in Eq. (3.76). So ignoring the second ex-
ponential in Eq. (3.65), Eq. (3.65) can be written as

M1 ~ B8 {1 — (Z,G_/B)exp(m,1)}. (3.80)

If conditions can be found such that the coefficient of
the exponential, Z, G _/8, can be shown to be one, then
under those conditions Eq. (3.57) will hold. Using the
definitions of Z, and G.. and applying the conditions in
Egs. (3.76, 3.79) to the expression for Z,G_/F becomes

Z+G__/B = {kex - (T:l_kT)kT/kisc}/kex' (3'81)
This does reduce to one if -
ke >> (77" —kn)kr/Kise. (3.82)

Thus Eq. (3.65) reduces to the traditional result of Eq.
(3.57) under the approximations in Eqgs. (3.76, 3.79, 3.%2).

Even though the standard result holds, the standard
justification does not necessarily hold. Applying the three
approximations in Egs. (3.76, 3.79, 3.82) to the ratio of
G_, the coefficient of exp{m, ¢} in Eq. (3.65) for ['M’], to
a, the time-indepéndent part of ['M’] in the same equa-
tion, gives

G_/a = {kex/(kex + ks)} X (kisc/kT)- (3'83)

Only if this expression is small does the steady-state con-
dition for ['M "] hold. The second factor on the r.h.s of Eq.
(3.83) is equal to B/a by Eq. (3.71), and B/a is the ratio
of the time-independent concentrations of the triplet to
singlet. This ratio is not likely to be small in a glass where
kr may be quite slow and where k;, will still have to be
large enough compared to the natural fluorescence life-
time or no triplet will be able to form. The only way for
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the time-dependent part of ['M"] to be small would be for
the first factor on the r.h.s. of Eq. (3.83) to be small. This
means that the excitation rate constant, &.,, must be very
small compared to the decay rate constant for the singlet
state, ks.

3.6.3. Summary of Advantages and Disadvantages

The parallel derivations of the intensity variation tech-
nique in Sec. 3.5.1. and the traditional approach to the
kinetic method outlined in Sec. 3.6.1. suggest the close
kinship of these two methods®'. Both are usually applied
to studies in glassy systems because of the inherent me-
chanical limitations of rotating sector excitation devices
which require long triplet lifetimes. The kinetic method
has some advantage over the intensity variation technique
in that not as many assumptions need be made about the
photophysics involved. Rather this information is ob-
tained directly.

3.7. Partial Saturation (SM) Method

3.7.1. Description of the Method

Recently a method”! was developed that makes use of
the large photon fluxes available with lasers. It is different
from the total depletion method, which was discussed in
Sec. 3.3., but the final form of the descriptive equations is
very similar to the expressions employed in that ap-
proach. Originally the technique was devised for a situ-
ation other than triplet-triplet absorption, but the method
has been applied in this field in the last few years.

The basic equation of the method is derived from a
two-state model of the excitation process, where the two
states considered are the ground state and the triplet state.
In the partial saturation method, the ground state may
become significantly depleted, and its kinetic behavior
can no longer be ignored. The two kinetic equations for
the excitation process in this model are given by Eqgs.
(3.35) and (3.36). Combining the solution given in Eq.
(3.38) for the initial conditions ['M] = ['M], and [’'M'] =
0 with the expression for optical density change given by
Eq. (3.23) gives

AOD = a(l-—«exp{——bfp}), (3.84)
where
a = (& — e)['Mh? (3.85)
and
b = 2303est D - (3.86)

We will refer to Eq. (3.84) as Lachish’s equation for iden-
tification purposes: The intermediate excited singlet does
not appear in the equations even though it is the state that
is initially populated by the radiation. Eq. (3.84) is used by
fitting the data to the two-parameter functional form. The
excitation intensities must be high enough so that the plot
of AOD vs. I, reaches a nonlinear region, a partial satur-
ation region, or the method will not work. When the
exponential in eq. (3.84) is expanded in low I, the leading
term is linear in I, with a coefficient proportional to (a X

b). There is no constant term, so a and b cannot be deter-
mined separately, and thus the €r also cannot be deter-
mined independently of ®.

Even though one must use fairly high intensities to
reach the nonlinear region, the intensities are lower than
those needed to obtain total depletion. Herein lies the
advantage of the method over the total depletion method
whenever photochemistry is involved.

3.7.2. An Aiternate Model for Photoexcitation

In order to see under what conditions the singlet can be
ignored in a kinetic model of excitation, we solve a more
complete model for the excitation process®. The equa-
tions in this model will apply only while a square pulse of
intensity I, is on, and the decay of the triplet state will be
ignored, as was also done in the two-state model de-
scribed in Sec. 3.7.1. Such a model for excitation can be
written as the following rate equations:

LM = ket BAIM] — Kol M), 387)
IMY o — ki (33%)
and % = kM. (3.89)

Notice that these equations are simply Eqgs. (3.39—3.41)
with kr=0 (chosen to correspond with the two-state
model above).

The solution to these kinetic equations, using the same
initial conditions as in Sec. 3.7.1., together with ['M"},=0,
is

['M] = E((—kidexp{—Nt}/2,

+ (kie—As)exp{—Ast}/Ay), (3.90)

(M7 = E(—exp{—Ayt}+exp{—As}), | (.91

and

PM'] = ke Z(exp{—Ast}/A; — exp{—Ast}/\,
+ (a—=A3)/MA). (3.92)

The definitions of the symbols used in Egs. (3.90), (3.91),
and (3.92) are

E = ko['M]/(A2—As), (3.93)
M= X+Y)2 (3.94)
M= X=Y)/2, (3.95)
where
X = ke + ke + ki + Kic
= kex + kS (3'96)
and
Y = V(X2 - dkiker). (3.97)
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In order to relate this to Lachish’s equation, one can
expand Eq. (3.92) in a systematic fashion. This is done by
rewritting Eq. (3.97) as

Y = X V({1 — 4kikeo/XD) (3.98)
and expanding everything as a power series in
Y = kika/XA (3.99)
The series is valid if
kisckes < (ke + k). (3.100)
The lowest order term in such an expansion is
M ~ ['M](1 — exp{—=Ast}) + O(y).  (3.101)

This is almost in the form of Lachish’s equation. Using the
inequality of Eq. (3.100)

N3 ~ KeKise/(Kex + Ks). (3.102)
If the further assertion that
ke << ks (3.103)
holds, then
Ay ~ keokio/ks = ko®r (3.104)
and Eq. (3.101) finally reduces to
Ml = ['ML(1 — exp{—k.®rt}). (3.105)

Since k., is proportional to I, by Eq. (3.37), Eq. (3.105) is
equivalent to Lachish’s equation.

Thus in order for the two-state model for exciting the
triplet state to be valid the condition in Eq. (3.103) must
hold. This means that k., must be in general much smaller
than 10° s='. Two examples of photon densities can be
used to illustrate whether this is a reasonable expectation
or not. In one report®” the onset of saturation occurred
with pulses of 1.2 X 107 einsteins/cm? and in another
experiment” nonlinearity was observed at 0.2 MW/cm?,
Taking a moderate absorbance of the ground state of es=
5000 L mol~' cm~!, these two measurements translate
into k,’s of 1.4 X 10" s™' and 6.7 X 107 s~/ respectively.
However the photon intensities in these two experiments
are too large for the condition in Eq. (3.103) to be well-
satisfied if the singlet lifetime is 10~% s. So in such cases,
the a and b parameters obtained by fitting the Lachish
equation to the experimental data may not be related to
the experimental quantities that they are supposed to rep-
resent in Egs. (3.85) and (3.86).

3.7.3. Summary of Advantages and Disadvantages

The partial saturation method is basically a curve-
fitting technique. In order to get extinction coefficients
from the Lachish formula, high enough intensities must
be reached for the AOD vs I, curves to exhibit non-
linearities. However if the power densities and ground
state €g’s are such that k., is of the order of ks, then the
more exact formula Eq. (3.92) must apply, but it is not
simply related to €r. If the adverse condition of k., ~ ks
applies, but the formula AOD = a(1—exp{—bl}) is
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used anyway, it is still likely that some fit will be obtained
since the exact equation looks, in form, something like the
Lachish equation. However the meaning of the extinction
coefficients obtained by this method will be in doubt.

If this method can be used in an intensity region where
the Lachish formula is valid, then the method has distinct
advantages over the total depletion method. The advan-
tages lie in that one can operate in some intermediately
intense laser excitation regions that may not be plagued
with multiphotonic effects such as intensity quenching
due to excitation by the laser of the excited states,”> multi-
photonic ionization or photochemistry via the excited
states,>*** or other true multiphotonic processes.”

The problem of course is whether a suitable inter-
mediate excitation intensity range does exist for the mo-
lecular system under study. This will depend on the laser
intensity, I,. the ground state extinction coefficient, s,
and the singlet state lifetime, k5'; all of these are com-
ponents of the condition in Eq. (3.103). If the intensity is
too small, no extinction coefficients can be obtained by
the method since AOD vs I;, must exhibit some nonlinear
behavior. However this nonlinear behavior must be due
only to saturation, not to the nonlinear processes listed in
the last paragraph. Furthermore the intensity must be low
enough so that k., < < ks or the simple formula will not

apply.

3.8. Miscellaneous Methods for Measuring
Extinction Coefficients

3.8.1. Electron Spin Resonance (ESR)

Most of the methods used to measure triplet extinction
coefficients try to avoid the difficult problem of mea-
suring the triplet concentration directly. On the other
hand the ESR method tackles this problem directly. The
method makes use of the property that molecules in the
triplet state are paramagnetic and thus have an esr
signal®.

Brinen and coworkers®® and Alfimov et al.*®® have
developed this method. The former workers make use of
an equation® which relates the concentration of triplets,
Ny, which has selection rule Am = 2 to the concentration
of a free radical, N,, which has selection rule Am = 1.
These concentrations are related by the following formula

Nr = N,(15/8) {(hv)*/(D*+3E%} (It/L),  (3.106)

where I and I, are the integrated microwave absorptions
of the triplet and radical, respectively, Av is the micro-
wave energy, and D and E are the zero-field splitting
parameters of the triplet. The factor containing D and E
can be evaluated using the method of Kubo and Tomita®
which relates it to the first moment, u,, of the triplet esr
spectrum by the formula,

pi = (4a/TY(D*+3E)v/(hv). (3.107)

The advantage of this method is that it attempts to
determine the triplet concentration directly. A disadvan-
tage is that the Eq. (3.106) is derived for a uniform con-
centration of triplets, but the concentration from optical

86,87
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excitation is governed by Beer’s Law. One way to min-
imize the effects of this last problem is to use small con-
centrations. Then the variable concentration represented
by Eq. (3.10) can be expanded to keep only the first term,
and the concentration is roughly constant™.

3.8.2. Other Comparative Techniques (ELT,HAT,RF)

In the energy transfer technique there is the transfer of
triplet energy from (to) a donor (acceptor) compound
with known extinction coefficient to (from) the acceptor
{donor) whose extinction coefficient is sought. Particu-
larly with the development of nanosecond pulsed laser
and electron sources the possibility of quantifying other
photochemical quenching has been realized. Thus the ex-
tinction coefficient of the triplet state of 5-nitro-2-furoic
acid has been cstimated relative to the radical cations of
various amines from which it has abstracted an electron®
(ELT). Hydrogen atom abstraction (HAT) by ketone

- triplets leads to the corresponding ketyl radicals for
which extinction data is often independently obtainable.
Photoreduction of benzophenone by lactams has been
used in this fashion to evaluate the triplet properties of the
ketone®?. These approaches assume of course that some
estimate of the amount of conversion of the triplet state
can be obtained and that appropriate corrections can be
made for the absorbance accompanying the production of
the associated ionic and radical species.

The basis of another comparative method (RF) rests in
the observations of Lavalette et al.” They have noted that
the oscillator strength of the principal triplet-triplet ab-
sorption peaks in a series of aromatic hydrocarbons re-
mains roughly constant for a given molecule in a range of
solvents. Apart from a (usually small) refractive index
correction, this consistency is expected on theoretical
grounds, and the result serves as a basis for another useful
comparative technique.

To estimate the oscillator strength, f, associated with a
particular triplet-triplet absorption band, the area under
the absorption profile expressed as a function of wave-
number must be measured. Note also that the extinction
coefficient must first be known. Thus if we integrate the
identity of Eq. (3.26)

JODW) dv = [er['M] ¢, (3.108)

i

a, f[*M] ¢, (3.109)
where the constant of proportionality, a,, contains only
fundamental constants and the solvent refractive index.

Using Eq. (3.26) once more to eliminate the unknown
product, [*°M"] ¢, gives an equation relating the oscillator
strength to the area under the experimentally determined
OD curve scaled to the maximum value of the extinction
coefficient for the band.

€r(Viax)

OD(vo) fODW) dv = a,f.

(3.110)

If the empirical OD curve is normalized to unit maximum
absorbance and the enclosed area termed Z, then

an f = €r(Vma) 2. @3.111)
Thus for some compound in a certain solvent, if either the
oscillator strength is known or if the extinction coefficient
is available and an appropriate area can be measured, then
simply repeating this area measurement in subsequent sol-
vents allows the determination of the corresponding ex-
tinction coefficients.

We note again that strictly this procedure ignores the
variation in refractive index in a set of solvents. A number
of experimental difficulties also arise. Often the complete
spectral shape for a given electronic band cannot be de-
tected. Thus some extrapolation of the observed OD is
usually necessary. Often, the assumption of “triangular”
bands is made, and the area is approximated as the prod-
uct of the height and halfwidth, 8, (i.e. full width at half
maximum). In terms of the area, 2, defined above this
simplification amounts to a direct comparison of half-
widths.

oy f = €x(Viay) 8. (3.112)
Preferably, some extrapolation of the observed OD
should be attempted. Commonly the bands are assumed
to be symmetrical around their maxima (as a function of
wavenumber). Obviously, the OD observed must be
strictly attributable to the unknown triplet state or else
corrections such as those documented in the foregoing
sections must be assessed. Also the electronic nature of
the band must remain reasonably intact in the disparate
solvating environments.

3.8.3. Puised Intensity Variation

The formulation of the intensity variation technique
presented in Sec. 3.4. above, with its steady-state assump-
tions, is adequate under conditions of steady illum-
ination” or conventional flash photolysis™. With nano-
second pulsed eacilation, however, a time-dependent
solution of the corresponding kinetic equations must be
sought. Such a solution, for low intensity, is possible for
a square pulse within the context of the simple two-state
model given in Eqgs. (3.35—3.38) above. If the pulse is of
width, T', and the excitation rate, k., is as in Eq. (3.37),
then we find®

[ZM.]FP/[lM]O ~ qu)Tkex - (rp@Tkex)z/Z' (3'113)
Triplet decay within the pulse has been specifically ne-
glected. For a fixed pulse width a linear variation of AOD
with pulse intensity is thus expected at low intensities.
The slope of this line is proportional to the product of the -
triplet yield and the required extinction coefficient™. This
approach has recently been adopted® to suggest a refine-
ment of the triplet extinction coefficient for benzo-
phenone, a commonly used reference value.
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Solution of the three-state model given in Egs.
(3.39—3.41) again with the assumption of no triplet decay
during the pulse leads to a more complex limiting behav-
ior. The end-of-pulse triplet concentration is given by*

[SM‘]FP/[IM]D ~ qu)Tkex + kexq)Texp(_kSrp)/kS
+ O (k). (3.114)

It thus appears that even at low intensities a further re-
quirement must be met to achieve correspondence with
the simple result presented above; the rate constant for
singlet deactivation must be sufficiently fast to reduce the
contribution of the second term in Eq. (3.114). Otherwise
a false estimate of the extinction coefficient will be ob-
tained. However, empirically, the change in optical den-
sity upon laser photolysis is recorded after the induced
fluorescence has subsided. Thus a more suitable com-
parison with the two-state result of Eq. (3.113) is pro-
vided by the long-time solution of the three-state ap-
proach which is®

M /['M] ~ T ®rke, — (Dp@rke)/2
+ k(P — DT ks + exp(—ksTyp)/k3}.  (3.115)
This expression differs from the commonly used limiting
form of Eq. (3.113) only in terms of second order in k.,.
Thus, provided no curvature is observed in plots of AOD
against intensity, the simple relation
[JM*]/[IM]O -~ qu)Tkex (3116)

will be valid.

The principal disadvantage of this technique is, of
course, that ® must be known. This problem is weighed
against the fact that at low intensities complications such
as photochemisiry can be alleviated.

4. Evaluation Procedure
4.1. General Methodology

The above discussions of the problems encountered in
the application of the various types of excitation sources
in Sec. 2. and, in particular, of the advantages and disad-
vantages inherent in the methods employed to determine
the extinction coefficients of triplet-triplet absorption
bands listed in Sec. 3., serve as a framework for a sci-
entific evaluation of the wavelength maxima and ex-
tinction coefficient data presented in Table 6.

Thus we have pointed out various precautions and cor-
rections required in each method and have outlined their
respective domains of applicability. It was initially in-
tended to develop an automatic evaluation procedure
based on a quality indicator derived from a list of require-
ments which, ideally, would have to be satisfied to ensure
sound application of the experimental extinction tech-
niques. Unfortunately, in the course of extracting data in
the primary literature, we regularly encountered inade-
quate reporting of experimental methodology. This defi-
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ciency should hopefully be remedied in the future if the
guidelines for the presentation of photchemical and pho-
tophysical data issued by TUPAC*" are routinely fol-
lowed. For the purposes of the present compilation we
have had to judge the data firstly on a case by case basis
as they were converted for entry into our database and
save any global comparison until this compilation was
near completion. This procedure represents, then, a first
step in our evaluation.

Many decisions and interpretations had to be made
merely to get the data into our structured data file. Insuf-
ficient information was often present in a given work to
fulfil even the minimum requirements for tabulation. In
this case similar articles by the same authors could often
be found and some extrapolation made to glean the neces-
sary data for entry into the table. If this extrapolation was
very great, it was documented in the comments column.
A most common inadequacy was failure to mention the
solvent system used.

A problem central to the kinetic spectroscopy of tran-
sients is the identification of the absorbing species. We
indicate the method(s) adopted, where these were re-
ported, in the comments for each entry in the main data
table. Often, however, comparison with an earlier spec-
trum of the same molecule or a closely similar compound
is implied (if not stated), and this comment has not been
included. Of course we are careful to note or eliminate
bands which have been interpreted or proven by later
authors to be due to other species. Oxygen quenching, the
susceptibility of the transient to aeration or oxygenation of
the ambient medium, has been most widely quoted as an
identification method. Unfortunately the decay rates of
many transient species are reduced in the presence of
oxygen either through photochemical quenching or en-
ergy transfer. For triplet states, the most likely process is
thought to be™

4.1 M+ 0, - M + '0:

Another popular technique involves the sensitization of
(by) the transient by (of) well characterized triplet state
species. In this method it is implicitly assumed that only
3D*3A* transitions are effective in transferring energy to
(from) the triplet states of known acceptors (donors).
However, both D’ — 'A” energy transfer®® and ‘D’ —3A"
energy transfer'® have been reported, though the latter is
quite rare. These two approaches are most reliable when
some estimate of the quenching rates involved is given or
when multiple references have been used, for example in
an effort to bracket the triplet energy of the unknown
sample.

If the absorption can be followed in a glassy matrix, and
if the observed transient lifetime matches the decay of
phosphorescence, then a triplet state can be confidently
assigned. This technique is particularly useful carried out
at a number of distinct wavelengths. Corresponding de-
cay times would thus eliminate the possibility of multiple
transients. Again in glassy samples, if the transient can be
detected by ESR techniques, then the presence of Am =
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2 transitions in the ESR spectrum provides convincing
evidence of its triplet nature. Another interesting tech-
nique involves an additional monitoring of a fluorescence
signal. If the square of the transient absorbance can be
correlated with the intensity of delayed luminescence
arising from triplet-triplet annihilation, then a triplet state
source is likely®.

Simply observing a first-order decay of the absorption
signal on a time scale appropriate for triplet disap-
pearence under the conditions used. has been cited by
some authors as evidence for triplet state participation.
Radicals often vanish through second order processes
and can be longer lived. But this method is obviously not
free from criticism. Over the course of this work we have
formed the impression that serious identification strate-
gies are only attempted when the assignment is either
novel or questionable.

Another example of a problem encountered in the data
extraction phase is the precise chemical nature of the
triplet species, for instance the state of ionization es-
pecially when the solvent is water. This problem was
addressed by collecting pK,’s (or pK,’s) of the triplet
conjugate acids (or conjugate bases), by including these in
the comments and then by analyzing which triplet species
should be present at the pH specified.

As we have stated previously, there exists a good deal
of agreement among the values reported by various
workers, using different excitation methods for the wave-
length maxima of the triplet-triplet absorption spectrum
of a particular compound in a particular environment.
Solvent shifts in A.... are also consistently documented in
general. An exception however is found in the values of
Amax derived from uncorrected difference spectra. As a
difference spectrum approaches the singlet depletion,
SD, region, AOD drops precipitously. This effect can add
spurious maxima and/or greatly shift maxima that occur
in or near the SD region. For this reason we have at-
tempted to avoid quoting maxima near the SD region
which have been clearly obtained directly from differ-
ence spectra. Also we have not attempted to locate such
peaks on published difference spectra. Indeed we have
often simply omitted mention of original articles which
record spectral data derived solely from such difference
spectra. This criterion, unfortunately, means that we have
excluded more data relevant to such molecules as por-
phyrins and chlorophylls than was our original intent.
Most reports of triplet-triplet absorption in these com-
pounds contain only uncorrected difference spectra and,
in addition, such spectra occur almost entirely in the SD
region.

Unfortunately, the relative reproducibility revealed in
the various measurements of A, is not present in the
corresponding estimations of the extinction coefficient,
€max- Data for the same molecule in different solvents are
of course subject to a wide scatter. However, data for the
same solvent/molecule system, but obtained by different
measurement techniques, are still inconsistent. Two of the
principal methods employed to determine the extinction
coefficient of triplet-triplet absorption, the energy trans-

fer method, ET, (see Sec. 3.1.) and that of relative acti-
nometry, RA, (see Sec. 3.4.) as well as a number of the
less widespread approaches (see Sec. 3.8.2.) are compara-
tive techniques. Ideally the data derived from these meth-
ods should form a network within which questions of
internal consistency both within a given technique and
across a range of approaches could be answered. A num-
ber of problems remain which currently prohibit the
achievement of such a goal. Usually authors mentioned
the standards that they used for reference in some detail.
However quite often the authors would quote a standard
that was measured in a totally different solvent. The refer-
ence € may have been measured in a similar solvent, but
this does not automatically guarantee that it will be un-
changed in the solvent that the authors found convenient
to study. A good deal of work has been done to
document® that this apparent neglect of solvent effects
underlies much of the apparent discrepancies between
€max measured in different laboratories (even if this deter-
mination is performed by the same technique). In fact it
was shown that the use of oscillator strengths would
serve to be a better guide to relating the absorption spec-
trum of a solute in one solvent with its spectrum in an-
other solvent®,

This empirical rule that oscillator strengths are rela-
tively independent of solvent has a theoretical justifi-
cation. Most of the well-studied spectra are allowed tran-
sitions; thus solvent effects, being first- or second-order
perturbations, will not contribute a very large fraction to
the transition matrix elements, which are directly related
to oscillator strengths and not to €’s. In order to deal with
this problem for this compilation, we made a special effort
to report, in the comments for comparative methods,
both the reference € used in addition to the solvent which
was used to get that particular reference € and the rele-
vant oscillator strengths if given.

In summary, then, roughly 30% of the entries in the
Table contain extinction information. Of these, about 40%
are relative measurements which can be checked for in-
ternal consistency. Data derived from other techniques
lie outside of this network, and their quality must be judged
accordingly.

4.2. A Statistical Analysis

4.2.1. Statistical Test of Solvent and Temperature Effects

As a further step in a quantitative evaluation of the
triplet-triplet extinction coefficients, we undertook a
short statistical analysis of the data. One of the first things
that strikes an observer of the extinction coefficient mea-
surements is that there is a large variation between the
values derived for most compounds for which multiple
determinations exist. The question arises as to whether
these variations are so large as to swamp more systematic
scatter arising for example in solvent effects. Some
progress'™ has already been made in evaluating photo-
physical and photochemical data by ignoring solvent ef-
fects and by treating all the variation between mea-
surements as random.
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To judge whether or not the systematic variations can
be ignored, we ran a series of statistical tests on one of the
key compounds. The approach chosen was a ¢ test which
gauges the validity of the hypothesis that two sample
distributions had the same mean. The test assumes that the
variances of the two sample distributions are the same,
but unknown. The procedure is described by Ostle and
Mensing.'” A test statistic, T, is used in the method, and
T is defined by

T = (<X;> — <X:>)/VA{S(I/n, + 1/n)}, (4.1)
where S’ is the estimate of the common variance given by
$?* = {(n,—1)s} + (n,—1)s3}/(n,+n,—1) 4.2)

and where <X;>, n;, and 5; are the mean, size, and sample
standard deviation, respectively, of the ith sample. The
critical region of the test is given by

abs(T) > L0 —a/2)(ny+ny~2> 4.3

t is obtained from tables of Student’s 7-distribution, and
a X 100% is called the level of significance of the test. The
level of significance is the probability that one will reject
a true hypothesis for the given test procedure. Tradi-
tionally, the acceptance or rejection of hypotheses is
based on a 5% level of significance, or even on a 1% level
if it is really important to avoid rejecting a true hypothe-
sis. The test is done by first calculating T, from Eq. (4.1)
and then checking to see whether the calculated T falls in
the region defined in Eq. (4.3) for the chosen level of
significance. If T falls in this region, then the hypothesis
is rejected.

Five such 7-tests were run on the anthracene data using
31 measurements. The 2800 value was discarded because
of a systematic error in the measurement, and another
value was discarded from these initial tests because no
solvent conditions were given. Five separate tests were
run, but tests were made on three general areas. First the
data was tested to see if the measurements in polar envi-
ronments and nonpolar environments had different
means. Second it was tested whether measurements at
low-temperature and room temperature had the same
means. Third it was tested whether measurements in ben-
zene vs other nonpolar solvents were different.

In all of the five specific tests for anthracene, the hy-
potheses that “the means are equal” in all cases could not
be rejected at the 5% level of significance. In fact the
observed values of the test statistics were just significant
at the “levels of significance” ranging from 14 to 30%, see
Table 3. These values, being in the range of 14 to 30%, are
well above the traditional levels of 5% or 1%. This implies
that if one chooses to reject the hypotheses that “the means
are equal”, then one runs quite a large risk, 14 to 30%, of
rejecting a true hypothesis.

The simple sequence of ¢-tests just described is only one
way to test for the equality of a series of means. It can lead
to several problems; one of which is the problem of tran-
sitivity of the means. This problem is that if one tests
means two-by-two it is possible to find no significant dif-
ferences from the tests even when the differences are
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present. This could happen if not all possible pairs are
tested. However if all pairs of means are tested two-by-
two then it becomes more likely that a mistake will enter
in the form of a rejection of a true hypothesis.'®

In order to circumvent the problems of doing a large
number of two-by-two tests, but yet being able to test all
the means, one can use an f-test along the lines of a
technique called Analysis of Variance (ANOVA). The
specific test we chose is described on pp. 123-5 of Ostle
and Mensing'® with the ANOVA for an unequal number
of experimental units described'® on pp. 295-7. The hy-
pothesis to be considered is that “the means of all the
groups are equal” as opposed to the alternate hypothesis
that “at least one of the group means is different than the
other means.” In the ANOVA technique one compares
the variation within the groups to variations among the
groups. If the variation among the groups is significant
relative to that within the group, then the hypothesis that
the means are equal is rejected.

For the ANOVA, we chose five groups related to sol-
vent and temperature among the anthracene mea-
surements. The five groups were polar-RT, polar-LT,
benzene-RT, cyclohexane-RT, and nonpolar-RT. RT and
LT refer to room temperature and to low temperature,
respectively. The nonpolar group did not contain any
benzene or cyclohexane data. With this five-level classi-
fication of the same 31 measurements of anthracene as in
the z-tests, we obtained an F-ratio of about 1. This indi-
cated that the hypothesis was not to be rejected at the
usual levels of significance. However since there may be
extreme values that are significantly affecting this result,
we used Chauvenet’s criterion (see Sec. 4.2.2.) on the data
to check for such outliers. The value of 118000 failed and
was rejected. With this revision of the data groups we
performed the ANOVA again and obtained the tradi-
tional ANOVA table given in Table 4.

TABLE 3. 1 tests of solvent effects in anthracene

Dual compari;);sr i No.vh; t test r

samples  statistic /%
Polar / Nonpolar (RT") 9/16 1.06 30
Potar (KT) / Polar (LT*) 9/6 1.61 14
All (RT) /7 Al (L) 25/6 1.21 24
Benzene / other Nonpolar 6/10 1.09 30
Benzene / Cyclohexane 6/5 1.17 28

2 Comparison is statistically significant at f %,
°® Room temperature.
¢ Low temperature (usually 77 K).

TABLE 4. ANOVA table for anthracene *

Source of Degrees  Sum of Mean F

Variation of Squares Square Ratin
Freedom /X 10° /X 10}

Mean 1 111 1110 —

Among Groups 4 L.11 2.18 1.15

Within Groups 25 6.05 2.42 -

Total 30 111 - -

* Excluding outlier.
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The F-ratio of 1.15 was compared to an F-distribution
with 4 and 25 degrees of freedom and was found to be not
significant at the traditional levels. The F-ratio would
have to be about 3 before one could reject the equality of
the group means at a 5% level.

Both the ¢-tests and the ANOVA have limitations.
They complement each other in the sense that the
ANOVA assumes that all of the groups have the same
variance, but each #-test makes a separate assumption
about the equality of the variances of the means that it is
testing. The ANOVA is more limited in this sense, but it
has the advantage that it tests the means only once as
discussed above.

One feature that is shared by both tests is the assump-
tion of an underlying normal distribution. It is relatively
easy to test whether the large distribution of 30 mea-
surements used in the ANOVA is normal or not. The
procedure we chose was the Kolmogorov-Smirnov test,
described in a textbook by DeGroot'® on pp. 465-8. The
largest difference, D;, between the empirical distribution
function and the distribution from a standard normal dis-
tribution was 0.10 for the data used in the ANOVA
above. Following through the rest of the procedures for
the Kolmogorov-Smirnov test, we found a tail region of
over 90%, which is very far from the 5% or 1% tails tradi-
tionally used in rejecting the hypothesis that the distribu-
tion is normal.

Another assumption of the statistical models under-
lying the ¢-tests and the ANOVA is that the variances of
the normal distributions of the groups being tested are
equal. One can also test this assumption if one uses an
F-test. The F statistic chosen'? is

F = si/s} 4.4)
where the rejection region of the test is
F > Fu_amye—tmg—0 4.5
or
F < F(a/Z)(nl—l,m—l)- (4.6)

As before s; and n; are the sample standard deviation and
size of the ith sample, respectively, and the F’s on the
righthand sides of Eqgs. (4.5,4.6) are taken from tables of
the F-distribution with n;—1 and n,—1 degrees of free-
dom. The variances of the five pairs of groups in Table 3

were tested using this test, and none of the five tests

showed any statistically significant result.

In summary the ¢-tests and the ANOVA both failed to
detect differences between the means of the groups of
anthracene measurements based on solvent and tem-
perature. This does not imply that the measurements all
truly come from the same distribution and that there are
no solvent or temperature effects. But it does indicate
that, given the data in the literature, we cannot reject the
hypothesis that there is no statistically significant difference
between the means of the various solvent-temperature groups.

4.2.2. Mean ¢ and Confidence Intervais

Based on the results of the statistical tests of solvent and
temperature effects on anthracene, we proceeded with
the statistical analysis by ignoring these effects. We stud-
ied the 32 compounds that had five or more measure-
ments at a particular wavelength. The number five was
chosen because it allows reasonable statistics to be done,
such as using Chauvenet’s criterion.

Since the samples were taken from a distribution whose
mean and variance are both unknown, we used the ¢
factor to calculate the confidence interval.'® The assump-
tion made here is that the sample is distributed normally
with unknown mean and variance. The 95% confidence
interval was calculated from

Cl = tosmsgu-ny X s/ VN, @7

where s is the sample standard deviation and N is the
number of measurements. The values of fog7sv—1) Were
taken from tables of the z-distribution. The calculated
means of the samples of measurements on the various
compounds are given in Table 5 along with the calculated
95% confidence intervals. )

In an attempt to critically evaluate the data, we chose
Chauvenet’s criterion to examine the individual mea-
surements on each of the 32 compounds. The guiding
principle!® of Chauvenet’s criterion is that individual
measurements should not inordinately influence the cal-
culation of the mean of a sample. If an individual mea-
surement has a much larger (or smaller) deviation from
the mean than any other measurements, then it will pull
the value of the mean toward it to a much greater extent
than other measurements pull the mean toward them-
selves. Measurements that do affect the mean in such an
unwanted fashion can be identified and eliminated from
the sample if desired. The explicit form is such that if the
deviation from the mean, d,, is greater than q, where q is
given by

1 — {1/sV@m} X [*tlexp{ —y*/(25) } dy = 1/(2N),

4.8)

then the ith measurement can be eliminated from the cal-
culation of the mean. This is Chauvenet’s criterion.

Chauvenet’s criterion gives a more flexible procedure
than simply discarding measurements that are 2 (or some
other fixed number of) standard deviations away from the
mean.'” For the same sample standard deviation, s, a
sample with N=5 would throw away measurements that
had d; > 1.68 X 5. However, a sample with N=30 would
not throw away a measurement unless d; > 2.39 X s. This
implies that the criterion is much more tolerant of large
deviations in large samples than it is in small samples,
which is just another way of saying that the mean of a
small sample is more sensitive to a large deviation than is
the mean of a large sample.
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TABLE 5. Average extinction coefficients
Compound Name (Aga/nm)* No. <€e> 957% confidence e(benzene)® e(cyclohexane)®
/L mol~! cm™! interval /L mol~! cm™’ / L mol~!'cm™!

1. Acridine (440) 12 23900 +:3250 (=14.%) 24300 31500
2.  Anthracene (430) 31 A1000 £ 5670 (= 9%) 45500 64700
3. Benz[alanthracene (490) | 10 23300 +4190 (£ 18.%) 20500 28800
4. Benzola]coronene (570) 5 22300 +4170 (+=19%) I J—
5. Benzophenone (525) 17 7640 +1050 (14.%) 7630 _
6. Biphenyl (360) 8 36600 +6300 (£17.%) 27100 42800
7. Carbazole (425) 6 14000 +3110 (£22%) _— -
8. 3-Carbethoxypsoralen (450) © 7 4620 + 1870 (40%) —_— —
9. B-apo-14'-Carotenal (480) 4 120000 +9840 (= 8%) J— N
10. Chloranil (510) 5 6810 +1170 (£17%) — —_—
11. Chrysene (580) 7 30000 +13700 (=46%) J— I
12. Dibenz[a,h]anthracene (580) 6 21600 +10000 (+46%) — —
13.  9,10-Diphenylanthracene (445) 6 16500 42230 (£13%) N _
14. ‘DPB (350) 5¢ 52600 +8890 (+=17%) N I
15, DPH (420) 7 112000 45390 (* 5%) N N
16. DPO (440) 7 189000 422900 (£ 12%) —_ —
17.  Duroquinone (490) 10 6180 41330 (£21.%) 6950 5330
18. Methylene Blue* (420) 4 10800 +3760 (=35%) —— J—
19. Methylense Blue™, protonated (370) 4 13800 + 1910 (£ 14%) P J——
20. Cir-aldehyde (440) 7 59600 +6640 (11%) —_— J—
21. Naphthalene (415) 16 22500 45230 (£23%) 13200 24500
22. Naphthalene-d; (415) 6 23500 411700 (50%) N P
23.  5-Nitro-2-furoic acid (490) 5¢ 20700 +1550 (= 7%) - -
24. Phenanthrene (490) 10 26900 46500 (==24%) 15700 25200
25. Pyrene (415) 5 36400 + 14700 (£40%) 20900 30400
26. 1-Pyrenecarboxaldehyde (440) 104 18400 +311 (£ 2%) — —_
27.  11.cis-Retinal (450) é 49700 220300 (£41%) —
28. ali-trans-Retinal (450) 14 71000 +3420 (+ 5.%) — N
29. TMPD (620) 5 15300 46610 (=43%) N 12200
30. Triphenylene (430) 9 12700 +4120 (z=32%) N -
31. Ru(byp)i* (370) 5 27600 + 1830 (4 7%) —
32, Zinc(II) phthalocyanine (480) 5 33300 15400 (£46%) — —

* Nominal wavelength maximum (large environmental and instrumental shifts are often present).
® Data from R. Bensasson and E.J. Land, Trans. Faraday Soc. 67, 1904 (1971).

€ 450 nm not necessarily a maximum.

¢ Average computed from one paper only. Scatter in the data for these compounds s likely due to real solvent and temperature effects.

The measurements that do not satisfy Chauvenet’s cri-
terion for the 32 compounds studied are marked in Table
6. These valucs arc not included in the averages listed in
Table 5. There are two other type of measurements that
we have excluded from the averages in Table 5 and have
marked in Table 6.

The first includes measurements that are commonly
acknowledged to contain systematic errors. In this class
we have marked only values from some of the first papers
to measure extinction coefficients of triplet-triplet absorp-
tion. These values are uniformly too small by an order of
magnitude or so.

The second type of measurement that we have ex-
cluded from averages in Table 5 are measurements in
mixed crystals, neat liquids and micelles. These mea-
surements are also uniformly low compared to other mea-
surements. In this case however, we believe the values are
low for a good physical reason. It seems likely that there
are intermolecular interactions between the chromo-
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phores that are causing the hypochromic effect, This in-
termolecular effect is well studied in DNA (see Chase and
Rhodes'™ for a theorctical review). A similar effect is still
likely in mixed crystals. Depending on the host, inter-
molecular communication between the guest molecules is
possible.

4.2.3. Discussion of Statistical Results

The above statistical analysis can be summarized as
follows: Based on the statistical tests on the anthraceue
data, we found no statistically significant solvent or tem-
perature effects. Furthermore the data for anthracene ap-
pear to follow a normal distribution. Generalizing these
two statistical results to all the compounds, we calculated
means and 957 confidence intervals for those compounds
with more than five measurements. In addition we chose
again Chauvenet’s criterion to tag outliers in the data.

However, as is well known from other varieties of
molecular spectroscopy, solvent and temperature effects
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do in fact exist. The question then arises as to how the
statistical results obtained above should be viewed.

To support the view that solvent and temperature ef-
fects are significant in this data, one only needs to look at
Table 6 and see how the extinction coefficients often go
up, particularly in glasses at low temperature. So the data
do in fact show systematic variations due to solvent and
temperature. Furthermore the compounds tagged with
superscript “d” in Table 5 are reported in single papers
and should therefore give some indication of the solvent
effect because systematic errors due to different laborato-
ries are “blocked out”, in the statistical sense. Finally the
widely used standards® listed in the last two columns of
Table 5 show a significant deviation between cyclohex-
ane and benzene which might not be expected to be so
large because of the similarity of the physical properties
of these two solvents.

The conflict between the lack of statistically significant
solvent effects and the appearance of them in the several
forms as listed above can be rationalized, of course. The
resolution of the conflict most likely lies in the random
experimental errors in the difficult measurements and in
the various systematic errors between laboratories and
methods. These errors are large enough so that the dis-
crepancies between measurements within solvent groups
are comparable to or larger than fluctuations among sol-
vent catagories. A quantitative test of this was given
above in the ANOV A procedure on the anthracene data.

The sources of these systematic errors due to methods
have already been discussed extensively in Sec. 3. For
convenience we list some of the more prominent conclu-
sions here again. Singlet depletion (SD) gives an upper
bound due to underlying triplet absorption. Total de-
pletion (TD) gives a lower bound due to lower triplet
concentrations either from competing photophysical
(multiphotonic) or photochemical processes or from in-
sufficient laser pulse length. Results from the energy
transfer (ET) technique can be either high or low due to
lack of unit probability of energy transfer (high when the
unknown is the triplet donor and low when the unknown
is the triplet -acceptor).

The systematic errors due to variations between labo-
ratories may partially be accounted for by the systematic
errors incurred by the choice of method, but an additional
source is to be found among the various procedures adop-
ted in different laboratories. Some of the more prominent
of these include improper overlap of monitoring beam
with exciting beam,” monochromator slits too wide for
sharp spectra (particularly important for the aromatic hy-
drocarbons, leading extinction coefficients being too
low),* different standard extinction coefficients for rela-
tive methods like energy transfer and relative acti-
nometry, improper calibration of monochromator (mak-
ing these standards even more tenuous in relative
methods and throwing off the singlet wavelength where
the standard € is measured in singlet depletion mea-
surements), and insufficient number of wavelength mea-
surements to clearly define the absorption peaks.” Many
of the commonly used reference extinction coefficients

are unfortunately for compounds with particularly sharp
spectra such as anthracene.

4.3. Tentative Standard €’s

Taking into account that experimental errors, both
methodological and instrumental, seem to induce vari-
ations in the data that are greater than, or of the same
order as, the solvent effects, it is tempting to use the
average extinction coefficients in Table 5 as standards.
We feel it would be premature to do this at this time.
However lacking further analysis, we would recommend
that these values represent some of the best €’s that are
available at this time.

Until further analysis can be performed, we recom-
mend that a hierarchy of values be used. First we would
still recommend the Bensasson-Land values® in the last
two columns of Table 5 if the solvents used are benzene
or cyclohexane. The only exception to this is that 7220 L
mol~! cm~' should be used for benzophenone in ben-
zene.” For these measurements great care was taken to
make these values stand as bench marks. Our only reser-
vation is that these measurements were made using pri-
marily the energy transfer method and are susceptible to
its weaks The n rements are also susceptible to
the usual instrumental errors, but great care seems to have
been taken to avoid the instrumental pitfalls in these two
works.

On the next level of the hierarchy of values, we ten-
tatively recommend the average values in Table 5. These
values are not equally recommended and should only be
used in a nested hierarchy. The hierarchy we recommend
can be used as follows: First, for compounds that have
values in one of the last two columns of Table 5, use the
average €'s only for solvents that are not benzene or
cyclohexane. Second, use the average values of € for all
other compounds with exceptions being made for the
compounds with confidence intervals exceeding =+30%.
Third, average €’s for compounds with large confidence
intervals of over £=30% should not be used as a standard
in a relative measurement of an unknown extinction coef-
ficient (or quantum yield) unless no other compound with
a more reliable standard can be used.

At this point it should be noted that the average €’s with
their accompanying confidence intervals are not always
consistent with the values in the last two columns of
Table 5. This is true even for the compounds with con-
fidence intervals of less than +30%. The most notable
example is the Bensasson-Land value® for anthracene in
benzene which falls outside the computed 95% confidence
interval. The suggested hierarchy is set up to favor the
Bensasson-Land values in this case.

Of the 10 compounds in Table 5 with confidence inter-
vals exceeding +30%, most have small sample sizes. The
sources of the large confidence intervals vary somewhat
among the compounds. Over half of these compounds are
aromatic hydrocarbons with sharp peaks that sharpen
even further at low temperature. With the small sample
sizes, our assumptions of normality and comparable ex-
perimental variations vs. solvent variations may not hold
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for these compounds. For example in the case of chrysene
there are only 7 measurements. Of these, three are mea-
surements in low temperature glasses and have € > 36000
L mol~' cm™'. Another of the 7 measurements was an
early'” measurement that seems unusually low at 83800 L
mol~! cm~!. For chrysene Chauvenet’s criterion does not
help because of the particular scatter of the data. Further-
more there seems to be a well-founded physical reason for
the scatter, namely sharper spectra at lower temperature,
violating our assumption that temperature effects are
comparable with experimental errors.

Another of the 10 compounds with larger than +30%
confidence intervals that is not well represented by the
average €’s is 11-cis-retinal. Like the aromatic hydro-
carbons, it has a large confidence interval. In addition
some workers'® believe in a common triplet state for
some polyene trans and cis isomers. If this were so in the
all-trans and 11-cis isomers of retinal, then 11-cis-retinal
should have an € ~ 70000 L mol~' cm~'. This points to
the two values'® of 27000 L mol™! cm™! as either sus-
piciously low or as showing unusual solvent effects.

A word should be said about the decision to cut the
recommended €’s to compounds with £30% confidence
intervals. First of all, £-30% is roughly on the most pessi-
mistic limits of reported “error” limits by the authors of
papers reporting extinction coefficients. In fact rarely are
error bars stated as being more than +25%. However
after spending much time evaluating the data, we tend to
favor the more pessimistic estimates. In addition the aver-
age €’s with confidence limits of less than +30% tend to
fall close to or between the Bensasson-Land values in the
last two columns of Table 5.

As mentioned above the recomended hierarchy of val-
ues is only tentative and is contingent on further work. It
was hoped that further evaluation could be done using the
principle that oscillator strengths do not change with
solvent. Although this approach is promising, it is diffi-
cult to carry out on a large scale because one must have
complete spectra in each solvent. Another approach that
seems more feasible is a global fit'” using the recommen-
ded values obtained to correct all the €’s obtained from
relative measurements. Using a consistent set of values as
standards for the relative measurements should in itself be
an improvement over the present analysis.

5. Arrangement of the Data Table

Table 6, the data table, contains over 3000 entries.
These are grouped under the name of the compound to
which they pertain. The compounds themselves are num-
bered and listed alphabetically, with secondary attention
being paid to numerical substituent locations. Common
names are employed and we rely on the use of a com-
pound name index, which contains both synonyms and
inverted names, and a molecular formula index to help
locate specific data.

Multiple entries which occur for a particular com-
pound are further ordered alphabetically by the solvent
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name or abbreviation. Final questions of tabular pre-
cedence are settled by appeal to the serial number ac-
corded to each paper upon acquisition for our local bibli-
ographic database."!

In addition to specifying the ambient medium, the “sol-
vent” column reports, in parentheses, the temperature at
which the measurement was carried out. If no tem-
perature is shown then room temperature may be as-
sumed unless otherwise noted in the comments.

The slash (/) in the “method” column separates the
excitation method from the extinction determination
technique. An explanation of the abbreviations used for
each is given below. Occasionally the only reported data
has been obtained as an average of unquoted primary
values from different methods. In this case both methods
are included and separated by an ampersand.

The third column contains the heart of the compilation:
the wavelength(s), A, of maximum triplet-riplet ab-
sorbance together with the corresponding extinction co-
efficient(s), €m., Where estimated. Multiple entries are
presented in order of decreasing wavelength (i.e. in in-
creasing energy). We highlight the following use of two
superscripts:

° implies that data have been obtained by computer-
assisted digitization''” from a spectrum in the cited refer-
ence,

® implies that the (wavelength, extinction coefficient) pair
are not necessarily related to a spectral peak.

Other superscripts are used as indicated in the footnotes.

The fourth column, the “comments” column, collects
information from a number of separate items in our data-
base. In the table this construction is evidenced by the
presence of semicolons (;) delimitating the items. Primary
comments comprise an identification technique if re-
ported. This is indicated by a preceding }. If this symbol
is absent then no attempt to verify the nature of the tran-
sient, other than by similarity to a previous measurement,
is mentioned in the article from which the data have been
taken. Other comments, such as relative intensities in mul-
tiply peaked spectra, if stated or derived from a figure in
the original work are included next. When a comparative
method has been used to determine the extinction coeffi-
cient, the data relative to which the estimation has been
made (if reported) are present in a set form giving both
wavelength and extinction coefficient of the standard em-
ployed, as well as the solvent in which these values were
obtained. Details of any additional assumptions, such as
triplet yields in the relative actinometry technique, which
were made by the original authors to enable the com-
parison, are also included. Further specification of, for
example, the solvent system, e.g. ratio of mixture, etc. are
then given together with any other information relevant
to the evaluation of the data in the wavelength-extinction
column. :

The remainder of the comment is constructed in a fixed
format from entries for triplet state lifetimes (us), pH of
solution, half-life of transient (if second order processes
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are present and unsubtracted), oscillator strength of re-
ported transition, rate constant for energy transfer to (or
from) the species indicated earlier in the comment and
rise-time of the triplet-triplet absorption. We note here
again that these associated data, while relevant to the
study and characterization of triplet states in general,
have not been subjected to a procedure of critical evalu-
ation.

The last column contains the serial number which may
be used to locate the reference in the list provided sub-
sequent to the table.

5.1. Lists of Abbreviations

We have made use of the following abbreviations in the
body of the Table. These are mainly confined to the
“Method” column though some do appear in the “Com-
ments” column.

a. Triplet State Population Method

CWL Continuous wave laser excitation

FP Flash phatolysis

LP Laser photolysis (pulsed)

MOD Modulated excitation (e.g. rotating sector)
PR Pulse radiolysis

Ps Photostationary

—ET (coupled with energy transfer)

b. Extinction Coefficient Estimation Method

COM See comments

ELT Electron transfer

ESR Electron spin resonance intensity
ET Energy transfer

HAT Hydrogen atom transfer

v Intensity variation

KM Kinetic method

PIV . Pulsed intensity variation
RA Relative actinometry

RF Constant oscillator strength
SD Singlet depletion

SM Partial saturation

TD Total depletion

In addition, to conserve space, a number of solvents
and mixtures have been abbreviated. These are mainly
confined to the “Solvent” column and are listed below.

AOT Di-(2-ethylhexyl) sodium sulfosuccinate
BuOH Butanol (isomer unspecified)
1-BuOH 1-Bautanol

tert-BuOH tert-Butyl alcohol

DFMeOH Di(trifluoromethyl)methanol

CTAB  Cetyltrimethylammonium bromide

CTAC  Cetyltrimethylammonium chloride
DDDAB Didodecyldimethylammonium bromide
DMF Dimethyl formamide

DMSO  Dimethyl sulfoxide

DODAC Dioctadecyldimethylammonium chloride

DTB Dodecyltrimethylammonium bromide

EPA Diethyl ether/Isopentane/Absolute
ethanol (5:5:2)

EtOH Ethanol

Et,0 Diethyl ether

MCH Methylcyclohexane

MeOH  Methanol

3-MH 3-Methylhexane

3-MP 2-Methylpentane

MTHF  Methyltetrahydrofuran (isomer

unspecified)
2-MTHF 2-Methyltetrahydrofuran

PFMCH Perfluoromethylcyclohexane
PMMA  Poly(methylmethacrylate)

PPFO Potassium perfluorooctylsulfonate
PrOH Propanol (isomer unspecified)
1-PrOH  1-Propanol

2-PrOH  2-Propanol

PVA Poly(vinyl alcohol)

SDS Sodium dodecyl sulfate surfactant
SHS Sodium hexadecyl sulfate surfactant
SPFO Sodium perfluorooctanoate

THF Tetrahydrofuran

5.2. Lists of Symbols

The following symbols, used in the body of the text are
collected here for convenience.

a. Conversion probabilities

Lo total luminescence yield

O quantum yield of fluorescence

L3 quantum yield for triplet state formation
P1(A) quantum yield for triplet state formation in

triplet energy acceptor, A

o(D) quantum yield for triplet state formation in
triplet energy donor, D

P(R) quantum yield for triplet state formation in
reference compound, R

OH(T) quantum yield for triplet state formation in
unknown compound, T

P, probability of triplet-triplet energy transfer

b. Extinction coefficients

€A extinction coefficient for ground (singlet)
state of energy acceptor, A

€ extinction coefficient for excited (triplet)
state of A

€p extinction coefficient for ground (singlet)
state of energy donor, D

€ extinction coefficient for excited (triplet)
state of D

€r extinction coefficient for excited (triplet)
state of reference triplet, R

€s extinction coefficient for ground singlet
state, S, of arbitrary molecule

€r extinction coefficient for excited (triplet)

state of unknown triplet, T

c. Intensities

I,(R) intensity of sensitized phosphorescence
from reference compound

I(T) intensity of sensitized phosphorescence
from unknown compound

I true transmitted light intensity
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1y incident light intensity

1, intensity of monitoring light

n, incident intensity of monitoring light

I, intensity of photolyzing light

n incident intensity of photolyzing light

I scattered light intensity in absence of
excitation

I scattered light intensity in presence of
excitation :

d. Miscellaneous

A, integrated microwave absorbance of
reference radical

At integrated microwave absorbance of triplet
state

4 optical path length (of monitoring beam)

x measure of distance on along monitoring
path

Tr triplet state lifetime

T (excitation rate dependent) rise time of
triplet-triplet absorption

[M] concentration of M

M) concentration of M at time zero

M]., concentration of M at long times

Mo concentration of M at front face of cell

[M],.,  concentration of M at rear of cell

€. Molecular species

‘A singlet ground state of energy acceptor, A

A" singlet excited state of A

A~ radical anion of A

A’ triplet excitcd state of A

'D singlet ground state of energy donor, D

D singlet excited state of D

‘D triplet excited state of D

M singlet ground state of arbitrary molecule,
M

M singlet excited state of M

M triplet excited state of M

M™ higher triplet excited state of M, reached by
TTA

) singlet ground state of solvent molecule, S

‘s’ singlet excited state of S

2§+ radical cation of S

8- radical anion of §

s triplet excited state of S

f. Molecular states

So molecular (singlet) ground state

S, lowest excited singlet state

S. higher excited singlet state

T, lowest triplet (excited) state

T, higher excited triplct statc

g. Optical densities
oD optical density

OD; OD ascribed to triplet state absorbance
AOD change in OD on excitation
AOD,  change in OD of acceptor (triplet)

extrapolated to long times
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AODp change in OD of donor (triplet)
extrapolated to time zero

AODy change in OD due to isolated singlet decay

AODy  changein OD due to isolated triplet growth

h. Rate constants

ka rate constant for acceptor triplet state
deactivation

ko rate constant for donor triplet state
deactivation

kpa rate constant for ET without acceptor
excitation

ke rate constant for triplet energy transfer

Kex rate constant for ground state photo-
excitation

ke rate constant for excited state photo-
excitation

Kic rate constant for internal conversion in the
singlet manifold

kise rate constant for singlet to triplet inter-
system crossing

kise rate constant for triplet to singlet inter-
system crossing

ki rate constant for T to S, intersystem cross-
ing

ky rate constant for phophorescence

koe rate constant for photochemistry from S,

kg rate constant for photochemistry from T,

ks rate constant for singlet state deactivation

kr rate constant for triplet state deactivation
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases

No. Solvent Method  V— €max Comment Ref.
/nm - /L mol~' cm™!
1. Acenaphthene
Benzene LP-ET 422 {Triplet ET from acetophenone 82A292
EtOH (293 K) FP 433 68E098
EtOH (77 K) MOD/KM 430, 6000 = 1500 737055

2. Acensphthylene, cis-photodimer
Benzene (293 K) LP-ET 455 1Oxygen quenching and triplet ET from benzo- 82A292
phenone and acetophenone; 71 = 2.2 us

3. Acenaphthylene, trans-photodimer
Benzene (293 K) LP-ET 435 {Triplet ET from acetophenone; 71 = 0,12 ps 82A292

4. 1-Acenaphthyl-i-phenylethylene
Benzene LP-ET 502* {Triplet ET from xanthone and oxygen quenching; 84B007
4240 7r = 0.087 ps

5. 1’'-Acetonaphthone _
Water/zert-BuOH FP 510° Solvent mixture contains “1-5%" tert-BuOH for solu- 767189
bility; very broad diffuse band; pH ~6

6. 2'-Acetonaphthone
Benzene PR/ET 430, 10500 e rclative to benzophenonc ketyl radical in cy- 71LE360
clohexane {€mu = 3700 L mol~' cm™'); ¢ obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to
benzene €., ratios of 1.83 for naphthalene and 1.45
for anthracene

Heptane LP 424 Most intense peak at 424 nm T8A268
404
384

Water/tert-BuOH FP 440 ' Solvent mixture contains “1-5%” tert-BuOH for solu- 767189

bility; shoulder at 420 nm; pH ~6

7. Acectone .
Acetonitrile (296 K} FP ~302 {Phosphorescence decay; 71 = 47 = 6 us 717489
Liquid paraffin FP 324 Solvent viscosity was 0.19 N.s/m? 58E001
Methylene chioride LP 240 1Phosphorescence decay and oxygen quenching; r 84B051

) = 6.3 us .
‘Water LP/ET 300°, 600 = 100 ¢ relative to sodium 1,5-naphthalenedisulfonate in 82B045

water (eus = 9900 L mol~' cm~"); kinetic correction
made in ET measurement; 71 = 5.0 ps; ko = 3.6 X
10° L mol—' s~!

8. Acetophenone
? (81 K) FP/SD 330, 1300 fPhosphorescence decay; glass was either 1:3:3 77B022
; 1-methylPrOH to Et;0 to isococtanc or 1:9 MCH to
mixture of EtOH and MeOH; 7+ = (1 & 0.1) X 10*

ps

Acetonitrile LP/RA 320°, 12600 € relative to benzophenone in cyclohexane (€533 = 737198
7630 L. mol~! cm~!, assuming no solvent effect from
i benzene), and taking all the triplet yields to be unity

Cyclohexane LP/ET 449°, 1800° 1Oxygen quenching, triplet ET to naphthalene, and 717179

406°, 2100* quenching by piperylene; € relative to naphthalene in
cyclohexane (€25 = 22600 L mol~! cm™'); 71 =
0.23 ps
Cyclohexane LP/RA 441%, 1900* € relative to benzophenone in cyclohexane {es;; = 737198
401¢, 2100* 7630 L mol~'em™!, assuming no solvent effect from

benzene), and taking all the triplet yields to be unity;
there was a more intense maximum <300 nm
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~!cm™!
EtOH LP/ET&RA 3232, 6300° € relative to naphthalene in cyclohexane (€425 = 22600 717179
L mol~! cm™'), assuming no solvent effects, for ET
method; e relative to benzophenone in benzene (€555 =
10300 L mol~' cm~'), assuming no solvent effects and
taking Pr(acetophenone) = 1 = Py(benzophenone),
and e relative to benz[a Janthracene in cyclohexane (€40
= 25100 L mol~! cm~!), assuming no solvent effects
and taking Pr{acetophenone) = 1 and
®1(benz{aJanthracene) = 0.82, for RA method; there
) was a shoulder at- ~495* nm.; 71 = 0.14 us .
Liquid paraffin FP 281.5 Solvent viscosity was 0.03 N.s/m* 58E001
265
Water FP 335 71 = ~100 ps 727098
Walcr LP/RA 337%, 13100* ¢ relative to benzophenone in cycloheaane (€533 = 7630 737198
L mol~! cm~!, assuming no solvent effect from ben-
zene), and taking all the triplet yields to be unity
9. Acetophenone, conjugate acid
Sulfuric acid LP 3592 5 mol L~ H,SO,; solvent was 4:1 water to acetonitrile; 84E456
pK. 0.63 + 0.07
10. 2-Acetoxy-2-methyl-1-phenyl-1-propanone
Benzene LpP 440 {Phosphorescence decay, oxygen quenching (1.6 X 10° 30E642
410 L mol-! s~!); relative intensities (3:3:10); 7+ = 1.9 %
330 0.2 us
Cyclohexane LP 440 {Phosphorescence decay, oxygen quenching; relative S80E642
410 intensities (3:3:10); v = 1.9 + 0.2 pus
330
11. Acetylacetone
EtOH/McOH (118 K) FP 480 Solvent was 3:1 EtOH to McOH 68B005
12. 1-Acetylanthracene
EtOH (93 K) PS 500 66B0C1
13.  9-Acetylanthracene
7 (81 K) FP/SD 426, 20000 {Phosphorescence decay; glass was either 1:3:3 77B022
1-methylPrOH to Et,0O to isooctane or 1:9 MCH to
mixture of EtOH and MeOH; 71 = (2.8 & 0.3) X 10*
us
Acetonitrile - LP 421 Delay 320 ps 84B154
EPA (77 K) FP 429 T = 2.95 X 10* us 82E338
Toluene LP 410 1Oxygen quenching; rise time of 0.02 == 0.004 ns 777635
14. 4-Acetylbipheny!
?(81 K) FP/SD 435, 130000 {Phosphorescence decay; glass was either 1:3:3 77B022
1-methylPrOH to Et;O to isooctane or 1:9 MCH to
mixture of EtOH and MeOH; 77 = (1.7 = 0.2) X 10*
ps
15. 3-Acetyl-9,10-epoxy-9,10-dihydrophenanthrene
1,2-Dichlaraathane P 395 1Oxygen quenching T9A177
16. N-(2-Acetylphenyl)acetamide )
EtOH Lp 430 $Oxygen quenching (5.6 X 10° L mol~'s~'); 77 = 10 78E308
N us
Hexane LP/TD 450, 8900 71 = 8.5 ps; oscillator strength = 0.18 78E308
Water LP 430 {Oxygen quenching (2.2 X 10° L mol~' s7'); ionic 78E308
strength 0.01 mol L~}; 71 = 6.5 ps; pH 7.5
17. N-(Z-AcetylphenyDformamide
EtOH LP/RF 450, 9000 {Oxygen quenching (2.2 X 10° L mol~!s~'); e relative 78E308
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to N-(2-acetylphenyl)formamide in hexane (eso =
8100 L mol~! cm™!) assuming oscillator strength inde-
pendent of solvent; 71 = 10 us
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! em™!

Hexane LP/TD 450, 6500 T8E308
Hexane PR-ET/RA 450, 8100 {Triplet ET from benzene; € relative to naphthalene in  78E308
hexane (€my == 24500 L mol~' cm™') assuming same
ET rate from benzene; v+ = 7.7 ps; oscillator strength

= 0.18 ,
Water LP 450 1Oxygen quenching (3 X 10° L mol~' s77); ionic 78E308
strength 0,01 mol L~!; 71 = 4.1 ps; pH 7.5
Water LP 450 7r = 7 ps; pH 6.5 78E308

18. N+(2-Acetylphenyl)-NV-methylacetamide
EtOH LP/RA 430, <1100 € relative to naphthalene in hexane (¥ = 0.8, €my; = 78E308
24500 L mol~! cm™') taking ®r = 0.6 for N-(2-
Acetylphenyl)-N-methylacetamide in EtOH; r¢ = 0.2

s
Hexane LP 420 7r =02 ps T8E308
Hexane PR-ET/RA 420, 1200 {Triplet ET from benzene; € relative to naphthalene in  78E308
hexane (€,,. = 24500 L mol~' cm™') atcuming same
ET rate from benzene; 7 = 0.2 ps; oscillator strength
= 0.02
Water LP 430 {Oxygen quenching (6 X 10° L mol~! s~'); ionic 78E308
strength 0.01 mo} L% 71 = 7 pus; pH 7.5

19. N-(2-Acetylphenyl)-N-methylformamide .
1-PrOH LP 445 7r =03 ps T8E308
EtOH LP/RA 445, <1100 € relative to naphthalene in hexane (®r = 0.8, €n,, = T8E308

’ 24500 L mol~! cm™') taking ®r = 0.6 for N-(2-
Acetylphenyl)-N-methylformamide in EtOH; 71 =

) 0.6 ps
Hexane LP 420 7r = 0.2 us 78E308
Hexane PR-ET/RA 420, 850 1 Triplet ET from benzene; € relative to naphthalene in  78E308

hexane (€qu = 24500 L mol~' cm~') assuming same
ET rate from benzene; 7+ = 0.2 ps; oscillator strength
= 0.02
Water p 445 {Oxygen quenching (5.2 X 10% L. mol~? s~1); ionic 78E308
strength 0.01 mol L~'; 71 = 8.8 us; pH 7.5

20. 3-Acetyitriptycene

Cyclohexane (289.5 K) LP 550 83E483
21. N-Acetyl--tryptophanamide
Water LP 460 Buffered; pH 7.0 81A232
22, Acridan
EtOH (93 K) PS 520 Shoulder at 580 nm 6SE214
23. Acridine
2-PrOH LP 983 + 5 83E392
440 + 1
Acetonitrile LP 978 + 2 : 83E392
434 += 1
Argon (13 K) CwL 425.1 Infrared vibrational structure also observed 79B043
Benzene FP/TD 520%, 2000* Uncertain correction of estimated peaks for SD; vr = 677498
440, 25000 10* ps
435, 12000*
375%, 3000
355*, 10000*
340%, 7000*
Benzene FP/SD 440, 80000° Delay 93 ps 677259
Benzene PR/ET 440, 24300 e relative to benzophenone ketyl radical in cy- 71E360

clohexane (énsx = 3700 L mol~! cm~'); € obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-

" zene €ma ratios of 1.83 for naphthalene and 1.45 for
anthracene
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~!cm™!

Benzene FP/TD 442, 27000 776258

Benzene (296 K) LP 990 Shoulder at 415 nm 81E147
870°
781°
699°
518
440

Benzene LP 980 =+ 2 83E392
442 + 1

CCl4 LP 981 + 2 83E392
442 + 1

Cyclohexane PR/ET 432.5, 26300 € relative to biphenyl in cyclohexane (e3e13 = 35400 L 680727
mol~' cm™~'); author reported mean of 2 measurements
(this one and another with a different ref. cmpd.) as

. 28800 + 7200 L mol~! cm™!

Cyclohexane PR/ET 432.5, 31300 e relative to naphthalene in cyclohexane (€412 = 22600 680727
L mol~! cm~'); author reported mean of 2 mea-
surements (this one and another with a different ref.
cmpd.) as 28800 =+ 7200 L. mol~' cm™!

Cyclohexane PR/ET 432.5, 31500 € relative to benzophenone ketyl radical in cy- 71E360
clohexane (€msx = 3700 L mol~! cm~'); reference €
obtained by starting from €mex = 3220 L mol~! cm™!
for this ketyl radical in water and assuming the f of the
ketyl radical is independent of solvent; final € obtained
from a simultaneous least squares fit to data from
several compounds

EtOH FP 440 Broad absorption < 290 nm also assigned to triplet; a 66A003
band at 520 nm, which had been assigned to the triplet
in water {61E008], was seen to decay at a different rate
and was not assigned to the triplet in EtOH

EtOH FP/ET 440, 18500 Triplet ET from eosin and proflavine; € relative to 716235

424°, 89500 eosin in EtOH (€sg0 = 9400 L mol~! cm™~') and pro-
flavine in EtOH (ess = 11000 L mol~! em~Y)
EtOH FP 985 Most intense peak at 440 nm 776227
870
778
440
EtOH LP/ET 440, 22500 € relative to Methylene Blue cation (g0 = 27000 L 78E394
mol~! em~1); solvent and temperature assumed; 7+ =
14 ps
Hexane LpP 435 145 ps delay 79B007
Hexane LP 980 + 2 83E392
430 = 1

Hexane LP 433 Delay 320 ps 84B154
407

Isooctane Lp 430 A band was also observed at 511° nm, but a similar 767261
408* band at 530 nm in MeOH was assigned to a precursor

of the triplet state; rise time of 0.01 ns

MeOH LP 983 + 5 83E392
438 = 1

PMMA (77 K) PS 40 Band seen at 480 nm and was attributed to a photo- 70E291
420 product

PMMA (293 K) FP 438 7 = 1.9 X 10* ps 70E291
418

PMMA FP 980 Shoulder at 424 nm; 441 nm peak 10 times more intense  82E561
863° than any other peak
776*
702°
480°
441°

PVA FP 980* Most intense peak at 450 nm; 7t = 23.8 X 10’ us 776227
870° .
780°
450
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent

Method

Amax » €max
/mm /L mol~'em™!

Comment Ref.

24.

Water

Water (296 K)

Water
Water (296 K)

Water

Water (296 K)

Water

tert-BuOH

Acridine-d,
Benzene

Fluorene-d; (240 K)

FP

FP-ET/ET

FP/TD
FP/ET

LP

FP/TD

LP

FP/TD

FP/TD
MOD

25. Acridine Orange, conjugate monoacid

26.

EtOH
EtOH/Et,0 (90 K)

Glycerol (293 K)

MeOH

PMMA (77 K)

Water

Acridine Orange, free base
EtOH
MeOH

PMMA (193 K)
PMMA (77 K)

FP/TD
PS/SD

FP

FP/TD

PS

Fr/TD

FP/TD
FP/TD

PS
PS

443

443, 14500

443

353®, 7000
880

443, 20000 =+ 2000
855

746*

694°

510°

441°

880, 1800*
753, 1100*
689°, 730°
657°, 470°
5212, 1500*
443, 19400 + 1400
983 & 5
862°

775

658*

443 £ 1
436, 26000

442, 26000
450

490, 135000
1270, 54000
1050%, 16000
645, 10500
540, 10000¢
390, 4000*
285, 57000°
245, 18000°
205, 16000*
670°

620°

580

610, 9400
560, 9200
1208°

654°

549

530, 9500
480, 14000
280, 35000

410, 42000
550, 7800
410, 39900
530

1210

1100

1020

650

pK, = 8.4; a peak reported at 520 nm was later 61E008
[66A003] shown to decay at a different rate than the

440 nm peak in EtOH; pH Basic

{Triplet ET from naphthalene-1,5-disulfonate; € rela- 80B057
tive to profiavine conjugate acid in water (€s = 5700

L mol~! cm™'); 77 = ~450 ps; pH 10.86

€ method assumed from text; pH 12.0 80F001
€ relative to proflavine in water (€ssy = 8000 L mol-! 81E147
cm~'); pH Basic

Most intense peak at 441 nm; pH 12.7 81ES552

Shoulder at 420 nm; pH Basic 81E147

pH ~13 83E392

776258

776258
Single crystal 83F334

pH Acidic 727073
Solvent was 2:1 EtOH to Et,0 57B001

Solvent has added glucose 776171

pK,(MeOH) = 11.2; 1 = 105 ps; pH Acidic 79E219

Relative intensities (10:3:3); shoulders at 1090* and 69B007
1002* nm; solvent contains 2-chloroethanol; pH 4.0

1 — ~3000 s, pII 3 747187

pH Basic 727073
71 = 285 us; pH Basic 79E219

Shoulders at 630 and 545 nm 59B001
65B004
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment
/om /L mol™! em™!
Water FP/TD 550, 7000 {Triplet ET to acridine; neutral form; an absorption
410, 37000 was observable out to 900 nm; 71 = 3.3 X 10° ps; pH
270, 40000 12
27. Acridine Yellow, conjugate monoacid
Boric acid (77 K) PS 1000
620
Glycerol (293 K) FP 660° Solvent has added glucose
550°
PMMA (77 K) PS 1000* Shoulders at 575 and 532° nm; solvent contains
2-chloroethanol; pH 4.0
28, Acridinc, conjugate acid
Water (296 K) FP-ET/ET 490, 5500 {Triplet ET from naphthalene-1,5-disulfonate and tO
Methylene Blue; € relative to proflavine conjugate
acid in water (€ = 5700 L mol~! cm~); pK, = 5.6;
rr — 670 ps; pH 1.0
Water (296 K) LP-ET/TD 770 {Triplet ET from disodium naphthalene-1,5-
490, 7700 £+ 800 disulfonate; pH Acidic
29. 9(10H)-Acridone
Benzene LP/ET 620, 37800 {Triplet ET to anthracene, oxygen quenching; ¢ rela-
tive to anthracene in benzene (€0 = 45500 L mol ™!
cm™'); 7 = 20 us
EtOH (300 K) FpP 580
310
Pyridine LP 605° {Triplet ET to anthracene; H-bonded species; 7r = 3.3
) Hs
30. Acriflavine cation
EPA (77 K) PS 640 }Phosphorescence decay; EPA was 8:3:5 Et,0 to iso-
540 pentane to EtOH; “trypaflavine”
Glycerol (293 K) FP 620° Solvent has added glucose
550°
MeOH FP/TD 620, 8600 Peak at 490 nm obscured by singlet absorption (au-
thors); 7+ = 110 ps; pH Basic
PMMA (193 K) PS 555 Shoulders at 650 and 505 nm
530
PMMA (77 K) PS 1300
1190
1080
940
800
650
PMMA (77 K) PS 1060* Relative intensities (10:3:3); shoulder at 952* nm; sol-
679° vent contains 2-chloroethanol; pH 4.0
541
31.  Alloxazine
EtOH LP/SD 500, 13000 {Phosphorescence decay at 77 K; 438 nm peak may be
438° distorted by SD; 71 = 13 us
Water LP 550 {Oxygen quenching; 7r = 9 ps; pH 2
420
Water LP 560 1Oxygen quenching; 71 = 9 us; pH 6
420
Water LP/RA 550, 7000 {Oxygen quenching; energy transfer to oxygen; life-
4007, 12600° time measured at 560 nm; € relative to anthracene in
2754, 28000* cyclohexane (®r = 0.71, €3 = 64700 L mol ™' cm™")
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and using ®r = 0.31 for alloxazine in water; shoulder
around 360 nm; T = 9.1 ps; pH 2.2; ko = (1.7 £ 0.2)
X 10° L mol~'s™!

Ref.

71B002

65B004
776171

698007

80B057

81E147

766377

31E64%

766377

63F021
776171
79E219
598001
658004

698007

737439
737439
737439

777617
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/om /L mol~! cm™'
32. Amiloride ‘
Water LP/ET 400, 6300 1 Triplet ET from benzophenone; pH was not specified 84A227
and the pK, of the triplet was not determined so the
state of protonation of the triplet is uncertain; e relative
to benzophenone in water (€55 = 5800 L mol~! cm~');
TT = 40 Hs
33. 9-Aminoacridine
Water Lp 885° Most intense peak at 476 nm; pH 12.7 81E552
826"
794°
476
34, 1-Amino-4-anilinoanthraquinone
Benzene PR-ET/ET 550, 27000 {Triplet ET from biphenyl; € relative to biphenyl in 761122
benzene assuming ground state dimerization; 7t = 8.3
ps; Er = 123 - 151 kI mol ™' ky = 3.3 X 10° L mol ™!
s—)
35. 2-Aminoanthracene, conjugate acid
Water/Alcohol FP 424 Solvent was 1:1 water to alcohol; pK, 3.3; pH 1.25 68B008
400*
36. 1-Aminoanthraquinone
Benzene PR/ET 550°, 2000 {Triplet ET from triplet donors and triplet ET to trip- 720392
let acceptors; € relative to naphthalene in benzene (€5
= 13200 L mol~'cm~'); 74 = S ps
37. 2-Aminoanthraquinone :
Benzene PR/ET 599%, 7140* {Triplet ET from triplet donors and triplet ET to trip- 720392
let acceptors; € relative to naphthalene in benzene (€xs
= 13200 L mol~' cm~'); 71 = 5 us
38. 6-Amino-7H-benz{delanthracen-7-one
2.PrOH I.P 6100 Shoulder at 540 nm; half-life = 3.7 + 0.2 ps 757427
570
515
Benzene LP 617* 10xygen quenching (1.2 X 10° L mol~' s="); half-life 757427
579 =23 % 01 pus
540°
39. 2-Aminobenzoic acid
EtOH (93 K) PS 472* Shoulder at 435* nm 66B001
: 395
40. 4-Aminobenzoic acid
EtOH (93 K) PS 412° 66B001
64
41. 3-Aminobenzophenone .
Propylene glycol (203 K) FP 561* {Phosphorescence decay 67E105
4854
42. 4-Aminobenzophenone
Propylene glycot (203 K) FP 638* {Phosphorescence decay 67E105
466°
43. 4-Aminobiphenyl
Toluene/EtOH (77 K) MOD 438* Glass was 19:1 toluene to EtOH 719059
44, 2-Aminofluorene
EtOH/EtO (77 K) MOD/KM 425, 10600 + 4200 Glass was 2:1 EtOH to Et;0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Toluene/EtOH (77 K} MUD 430" Glass was 19:1 woluene 10 ETOH; shoulder at 466° 719059
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
45. 1-Amino-4-hydroxyanthraquinone
Benzene PR-ET/ET 500, 28000 {Triplet ET from biphenyl; € relative to biphenyl in 761122
benzene assuming ground state dimerization; 7t = 6.7
ps; Er = 123-176 kJ mol~!; &y = 3.0 X 10° L mol~!
s-—l
46. 4-Amino-4' -hydroxybiphenyl :
EtOH/Et,0 (77 K) MOD/KM 425, 24000 + 9600 Glass was 2:1 EtOH to Et,0O; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Toluene/EtOH (77 K) MOD 428° Glass was 19:1 toluene to EtOH 719059
47. 2-Amino-3-(4-methoxy-6-b hiazolyl)propionate ion
Water LP/ET 370, 8000 }Oxygen quenching and triplet ET to crocetin; € rela- 84A024
tive to crocetin in water (€5 = 75000 L mol~' cm™—!);
€ considered an upper limit; 7+ = 64 ps; pH 13; ko =
1.7 X 10"° L mol~!s~!
Water LP/TD 370, 5000 }1Oxygen quenching and triplet ET to crocetin; € con-- 84A024
: sidered a lower limit; pH 13
48. 1-Amino-4-(N-methylamino)anthraquinone
Benzene PR-ET/ET 575, 27000 {Triplet ET from biphenyl; € relative to biphenyl in 761122
: benzene assuming ground state dimerization; 7t = 3.6
us; Er = 97 - 123 kJ mol~); ky = 4.2 X 10° L mol~!
s—l
49. 7-Amino-4-methylcarbostyril
EiOH FP/ET 600°, 46200 + 4500 € relative to anthracene in EtOH (e = 75000 L 747049
430°, 7050 + 700 mol~! cm™"); there were no distinct maxima between
350°, 28800 = 2900 350 and 600 nm; k. = (1.4 £ 0.5) X 10" L mol~'s™!
50. 3-Amino-N-methylphthalimide
Benzene FP 450 Lifetime limited by aeration; vr = 0.260 ps 757522
EtOH FP/TD 495, 1100 Lifetime limited by aeration; rr = 0.920 ps 757522
Water FP 540 Lifetime limited by aeration; 7 = >1 pus 757522
51. 4’-Aminomethyl-4,5',8-trimethylpsoralen .
EtOH LP/ET 460°, 24200 {Triplet ET to retinol; € relative to retinol (e.r un- 80E156
. specified); quenched by ground state (10° L mol~! s™');
Ty = 100 ps
52.  1-Amino-7-nitrofluorene
EPA (77 X) PS T70°,570° 78E057
53. 1-Amino-4-nitronaphthalene
Benzene LP 470 $Oxygen quenching (2.0 X 10° L mol~'s™"); 7y = 1.5 776195
us )
EPA (77 K) PS/KM 650, 2730 = 135 {Phosphorescence decay; 7+ = (1.88 = 0.11) X 10° ps  78E057
480, 7500 =+ 375
440, 28000 + 14000
PMMA FP 665 Relative inteasitics (2:5) 776195
470
PMMA (123 K) FP 665 {Phosphorescence decay; 71 = 1.5x10° ps 776195
PVA (123 K) FP 695* 776195
54. trans-4-Amino-4’ -nitrostilbene
Glycerol triacetate LP 772 T8B088
Glycerol triacetate Lp 760 78B088
(198 K)
55.  N-[2-(3-Amino-1-oxopropyDphenyl)formamide
EtOH LP 460 {Oxygen quenching (3 X 10° L mol~'s™"); 7y = 1 us 78E308
Water Lp 435 i{Oxypen quenching (2 X 10° L mol~' s~7); ionic 78E308
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~!cm™!

'56. 9-Aminophenanthrene

Toluene/EtOH (77 K) MOD 473 Glass was 19:1 toluene to EtOH; shoulder at 431 nm 719059
57. 2-Amino-4-{3H Jpteridinone
Water LP/HAT 550, 2000 1Oxygen quenching (1.3 X 10° L mol~!s~'); hydrogen 81E151
385%, 2770 abstraction from guanosine; €s5 relative to semire-
360°, 4700° duced radical in water (€130 = 2300 L mol~' cm~"); €345
325%, 3780 and €;,; are at isosbestic points in difference spectrum,;
. 400 ns delay; 71 = 2.3 % 0.2 ps; pH 9.2
Water LP 460 . 400 ns delay, pK, = 9.5-10; 7t = 0.5 ps; pH 12 81E151
Water LP 600 100 ns delay; 77 = 0.3 ps; pH 9.2 81E151
415
58. 2-Aminopurine
Acetonitrile (300 K) FP 430 {Oxygen quenching and quenching by 2,4-hexadienol; 756270
7r=83 £ 10pus
Water (300 K) FP 405 1Oxygen quenching and quenching by 2,4-hexadienol; 756270
T+ =55%4dpus
59. 2-Aminopyridine ‘
2-PrOH (163 K) FP 390* {Phosphorescence decay; 77 = ~1.8 X 10° us T8E062
EPA (107 K) FP 390 ) {Phosphorescence decay; 71 = ~2.6 X 10° us 78E062
60. 4-Aminopyridine
EPA (103 K) FP 395 {Phosphorescence decay; 71 = ~4.0 X 10* ps T8E062
61. Aniline
EPA (77 K) FP 4200 }Phosphorescence decay; 320 nm was the more intense  69E215
3200 . peak
62. 1-Anilinonaphthalene
Cyclohexane LP 550 TTE543
MeOH/Water LP 580 1Quenching by oxygen and trans-stilbene 82E359
63. Anisole
Water » LP 2528 Lifetime was measured at pH 7.5; there was a broad 757161

maximum between ~350 and ~430 nm; shoulder at
279* nm; spectrum is the difference between spectra at
20 ns and 15 ps; 7r = 3.3 = 0.2 us; pH 8.5

64. Anthracene
Acetonitrile FP 438 Relative intensities (2:1); solvent contains dimeth- 78A324
400* ylmercury
Anthracene PR 630° Triplet exciton 80E230
610*
570*
540*
Benzene FP 430 58E002
Benzene FP 430 A value was given for an “integrated extinction coeffi- 60E005
cient” of 35000, but no details were provided; rr =
2900 us
Benzene PR/ET 427.5, 71500 € relative to benzophenone in benzene (€525 = 10300 690087
L mol~' cm™")
Benzene PR/ET 427.5, 61300 € relative to naphthalene in benzene (€msx = 17500 L 690087
mol~' cm™")
Benzene PR/ET 430, 45500 € relative to benzophenone ketyl radical in cy- 71E360.
4082, 15600 - clohexane (€mx = 3700 L mol~'! cm~'); € obtained
3912, 3700* from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
Zene €m,, ratios of 1.83 for naphthalene and 1.45 for
anthracene; Amsx Originally quoted as 432.5 nm but cor-
rected in [757282]
Benzene PR 421.5 720206
Benzene FP/SD 428.5, 53000 = 1900 € method assumes linear variation of triplet spectrum 767147
in SD region
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Anax » €max Comment Ref.
/mm /L mol~!cm™!
Benzene LP/SD 431, 69000 € is upper limit (authors) 80B090
Benzene LP/ET 431, 42000 == 4000 {Triplet ET from benzophenone; € relative to benzo- 80B090
phenone in benzene (€533 = 7200 L mol~'cm~'); ko =
0.49 X 10° L mol~'s~!
Benzonitrile LP/RF 429%, 24000 £ 1500 € relative to anthracene in toluene (eqss = 42000 L 83F075
405%, 10200* mol~! cm™')
Benzophenone (77 K) PS-ET 441 Relative intensities (1:1); sample was a single crystal ~ 64B005
415
Benzophenone (77 K) PS 442.5 Single crystal; from polarization measurements, the 68B004
442.5 nm band was assigned By, «— *By,; the T « S
absorption of benzophenone starting at 413.4 nm ob-
scured the shape of the second T-T band of anthracene
Benzophenone (303 K) PR 435 Solution; triplet ET from benzophenone; &, = (1.6 = 700114
0.1) X 10° L mol~'s~!
Bromobenzene FP 436 Half-life = 430 & 50 ps S8E002
Bromobenzene FP 439 A value was given for an “integrated extinction coeffi- 60E005
cient” of 32500, but no details were given; 7+ = 1590
ps
CTAB LP 420 Aqueous micelles 83N082
Chlorobenzene FP 431 Half-life = 790 & 150 us 58E002
Chloroform FP 430 58E002
Cyclohexane FP 425 7r = 160 ps 62E009
Cyclohexane PR/ET 420, 57200 + 14300 € relative to benzophenone ketyl radical in water (€s375 680727
= 3220 L mol~' cm™"), assuming this value for €545 in
cyclohexane
Cyclohexane (77 K) PS 468.2 69E211
431.0
425.2
418.1
402.0
381.0
316.5
Cyclohexane PR 427.5 710617
Cyclohexane PR/ET 422.5, 64700 € relative to benzophenone ketyl radical in cy- 71E360
4022, 198002 clohexane (¢, — 3700 L mol-! em=!); reference ¢
obtained by starting from €ue = 3220 L mol~! cm™!
for this ketyl radical in water and assuming the f'of the
ketyl radical is independent of solvent; final € obtained
from a simultaneous least squares fit to data from
several compounds; shoulder at 383° nm; Ag. origi-
nally quoted as 425 nm but corrected in [757282]
Cyclohexane FP/SD 422.5, 85700 3= 3200 € method assumes linear variation of triplet spectrum 767147
in SD region
Cyclohexane LP/RF 423, 52500 € relative to anthracene in benzene (e, = 42000 L  80B090
mol~! cm~?) assuming oscillator independent of sol-
vent
Cyclohexane LP/SD 423, 69500 € is upper limit (authors) 808090
Decalin FP 430 Tr = 2630 us 6UE005
Dioxane PR 425 650006
410
EPA (77 K) PS/IV 427, 2800° = 130 {Phosphorescence decay; € is too low; 1st transition 51E001
) assigned as ‘L, — ‘Cy
EPA (77 K) PS/SD 427.0, 45000 €’s are lower limits; 7 = < 1 X 10° ps 54B001
404.0, 12000
EPA (77 K) PS/KM 516%, 1600* Solvent, temperature and extinction method assumed 69E213
4072, 800° from earlier work; polarization alco measured
4812, 2100°
467°, 1300°
428°, 52800°
4072, 141002
EPA (77 K) PS/1V 427, 58000 Amas assumed from previous work; € estimated by ex- 69E212
trapolation to infinite excitation rate
EPA (77 K) FP/SD 427.3, »90000 69F389
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~!'em™!
Epoxy plastic (296 K) LP 420 686058
390
EtOH FP 420.0 Tr = 150 + 45 us 54E001
398.0
EtOH (93 K) PS 427 Relative intensities (10:3) 668001
403
EtOH FP/ET 440°, 2300 Triplet ET from eosin and proflavine; e relative to 716235
426°, 21000 eosin in EtOH (€5 = 9400 L mol~* cm™") and pro-
424°, 36000 flavine in EtOH (€ssp = 11000 L mol~! cm™")
421, 52000
420°, 49000
EtOH FP/SD 420, 75000 + 5000 75 = 3000 % 2000 us 747049
400, 28000 =+ 2000
376, 5750 = 400
356, 3350 + 250
335, 2250 + 150
EtOH FP/TD 419, 50000 + 5000 756293
EtOH (77 K) MOD 424 Halfwidth 380 cm—* 777538
EtOH FP/TD 420, 60000 776258
EtOH FP-ET/RA 694°, 52 € relative to anthracene in EtOH (e = 52000 L 78E019
mol~! cm™Y)
EtOH LP/ET 420, 63500 ¢ relative to Methylene Blue cation (s = 27000 L 78E394
mol~! cm~'); solvent and temperature assumed; 71 =
25 ps -
EtOH LP/SD 421, 54000 € is upper limit (authors) 80B0%0
EtOH LP/RF 421, 48500 € relative to anthracene in benzene (€4 = 42000 L 80B090
mol~! cm~!) assuming oscillator independent of sol-
vent
EtOH LP/COM 418, .72000 ‘Triplet concentration calculated by kinetic simulation 82B121
and corrected for optical geometry; ¢ value assumes
@y = 0.7; oxygen quenching (3.8 X 10° L mol~'s~")
EtOH/MeOH (113 K) FP/TD 425,90000. Solvent was 3:1 EtOH to MeOH 67B004
EtOH/MeOH (104 K) PS 426 Solvent was 3:1 EtOH to MeOH; polarization also 68E102
403 measured; shoulder at 382 nm
E1OH/MeOH/2-MTHF FP/SD 883, 230 Glass was 3:1:4 ETOH to MeUH to 2-M1HY 65BOUG
(113 K) 8407, 260°
8007, 160°
7874, 150
7634, 180°
7528, 110*
730%, 130°
719, 150
7094, 130°
699°, 130°
6907, 120
645%, 1300
EtOH/MeOH (113 K) FP/TD 888, 260° {Phosphorescence decay; shonlders at 6572, 5512, 526°, 72B001
844*, 300 486", 453, 271% and 268" nm; 6 electronic transitions
801*, 190 were assigned with 0-0’s at 888, 516, 425.3, 328.7,
788, 190 271.3, and 262.4 nm; oscillator strength = 0.002, 0.04,
764% 210* 0.25, 0.03, ~0.01, 0.8
751%, 140*
729*, 160*
719, 190*
709, 150°
697, 180"
687%, 170°
639, 170*
538, 540°
516, 3000
504, 2000*
497, 2300°
479, 3600°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~'cm™!
EtOH/MeOH 4637, 2900*
(Continued) 444*, 5000*
425.3, 90000
402°, 25000
3812, 10000*
328.7, 1400*
3142, 2200*
3022, 2300°
262.4, 90000
Ethyl acetate PR 420 0.8 ps delay; G(triplets) estimated assuming € indepen- 761080
dent of solvent
Ethylene glycol FP 469 Relative intensities (—:10:3); 7+ = 3800 % 150 ps 61E005
425
401
Glycerol FP 426.6 Tr = 5500 == 600 ps 54E001
402.4
Glycerol FP 428 Half-life = 9400 % 1500 ps 58E002
Glycerol (283 K) FP/SD 425, 66800 + 13400 Lifetime measured at 298 K; 77 = 18000 ps 65E032
404, 20700 + 4140
Heptane FpP 421 58E002
Heptane/Carbon disulfide FP 421 Solvent was 9:1 heptane to carbon disulfide 53E002
Heptane (77 K) PS 429.5 67B007
‘ 405
Hexane FP 4203 Half-life = 100 ps 53E001
398
Hexane FP/SD 420.3, 118000° + 23600 }Oxygen quenching; 77 = 84.0 = 11 us 54E001
398.0, 27400° + 5480
Hexane FP 420 A value was given for an “integrated extinction coeffi- 60EQ0S
cient” of 46000, but no details were provided; rr =
2900 us
Hexane FP 465 Relative intensities (—:10:3); 71 = 910 + 83 ps 61E005
423
400
Hexane LP 420 250 ns delay; relative intensities (4:1); formed from 776081
400 diethylaniline exciplex; rise time of ~ 110 ns
Liquid paraffin FP 420.0 7 = 370 = 110 us 54E001
401.0
Liquid paraffin FP/SD 468, 2000 Solvent had viscosity of 0.03 N.s/m? bands at 424 and 58E001
424, 71500 401 nm were assigned to the same electronic transition;
401, 24300 oscillator strength = 0.01, 0.4
Liquid petrolatum FP 425 Half-life = 1100 == 200 ps 58E002
Liquid paraffin FP 424 Viscosity of solvent was 0.167 Nos/m?% 7 = 9100 ps  62E009
Liquid paraffin FP/TD 424°, 63000 X 5000 : 67E031
MCH LP 421® 421 nm peak was the more intense 82F367
402*
PMMA (300 K) FP 423.7 Relative intensities (100:26); half-life = 1.22 x 10° ps 62E010
401.1
PMMA (298 K) FP/RA 895, 250 + 50 tDecay matches the triplet decay at 424 nm,; € relative 66E085
852° to anthracene in liquid paraffin (€4 = 71500 L mol~!
807 em™Y); 77 = 3.4 X 10* ps
796°
771*
PMMA FP 894* Shoulders at ~860* and 640 nm ‘71B006
851°
g1
8o1*
776
717
PMMA (293 K) LP 426* 426 nm peak was the most intense 747056
402°
386
Polystyrene FP 433 7r = 2.6 X 10* us 64E016
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nmm /L mol~'cm™!
Polystyrene PR 435 Ge varied with the concentration of anthracene; 72% 672086
of the anthracene copolymerizes with polystyrene
Polystyrene PR 436° Geésg = 10000° L mol~! cm~! / (100 eV absorbed) 701073
Propane FP/TD 422.5, 52000 ¢ assumes OD saturation is equivalent to total de- 79A346
pletion
THF FP 428 7r = 3770 ps 60E005
Totuene LP 4302 430 nm was the more intense peak 717126
409*
Toluene (77 K) MOD 434 Halfwidth 490 cm™! 777538
Toluene LP/RA 428.5, 42000 € relative to anthracene in benzene (1 = 0.72, €sss = 82E451
42000 L mol~! cm~!) assuming ®1 = 0.72 for anthra-
cene in toluene
Triton X-100 LP 420 Aqueous micelles 83N082
Water/ftert-BuOH FP 420° Solvent mixture contains “1-54” tert-BuOH for solu- 767189
bility; pH ~6
65. Anthracene-dio
Cyclohexane (77 K) PS 467.1 Relative intensities (1:1:2:10:6:4:4) 69E211
445.0
421.5
4215
413.6
407.0
398.0
EPA (77 K) PS/SD 426, 115000 68E105
Et,0/EtOH/Toluene PS/ESR 425, 75000 {ESR; solvent was 2:1:1 Et,O to EtOH to toluene; 696115
(77 K) only most intense visible peak reported; assignment
) 3By, <~ *Ba; oscillator strength = 0.27
EtOH/MeOH (104 K) PS 424 Solvent was 3:1 EtOH to MeOH; polarization also 68E102
401 measured; shoulder at 382 nm
PMMA (298 K) Fp 894 {Decay matches the triplet decay at 424 nm; 7+ = 8.4 66E085
851* X 10% ps
811®
7968
. 760° .
PMMA (293 K) CWL 4282 tPhosphorescence decay; maxitmna shift to the red with 76B012
404° increase in applied pressure; spectrum measured at 5.4
kbar and assigned to the *Bi; « R, transition; relative
intensities (8:1); at atmospheric pressure principal max-
imum is at 424 nm; 7+ = 85 X 10° s
PMMA (293 K) CWL 888 {Phosphorescence decay; spectrum measured at 20 76B012
840° kbar and assigned to the *B{, « *B{, transition; only
785 principal maxima reported here; at atmospheric pres-
7152 sure lowest energy maximum is at 895 nm; 7r = 85 X
10° ps
66. Anthracene/Chloranil
Liquid paraffin MOD 420 Mull 71E361
67. 9.Anthraceneacetic acid, methyl ester
‘Water/Acetonitrile FP 427 1Oxygen quenching; solvent 4:1 water to acetonitrile; 747389
404° 427 nm peak was the more intense; ¢ = 59 ps
68. Anthraceue-9-carbuxuldehyde
EPA (77 K) FP 455 71 = 1700 ps 82E338
69. Anthracene-9-carboxamide
EPA (77 K) FP 433 T = 3.96 X 10* pus 82E338
70.  Anthracene-9-carboxylic acid
EPA (77 K) FP 431 7r = 345 X 10* us 82E338
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‘TapLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No Solvent Method Amax 5 €max Comment Ref.
/om /L mol™! cm™!
71.  Anthracene photodimer
2.MTHF (77 K) Lp 4332 Delay 1.5 us; species formed by the photolysis of di- 84B019
4082 anthracene
MTHF (100 K) LP 3552 {Oxygen quenching; 71+ = 2 ps 82A006
3220
72. Anthracene-tetracene photodimer
MCH Lp 442° Air-saturated solution 82F367
73. [2.2)(1,4)(9,10)-Anthracenophane
2-MTHF (77 K) LP-ET 510° §Triplet ET from biacetyl 79B050
480°
440°
74.  anti4{2.2)(1,4)-Anthracenophane .
2-MTHEF (77 K) LP-ET 510° } Triplet ET from biacetyl 79B050
475°
75. syn-[2.21(1,4)-Anthracenophane
2-MTHF (77 K) LP-ET 680° {Triplet ET from biacetyl 79B050
650°
500°
460°
76. Anthraguinone
Benzene PR/ET 390, 10200 {Triplet ET from benzophenone and triplet ET to an- 720392
370 thracene; € relative to benzophenone in benzene (€52
= 7630 L mol~! cm™Y); 71 = 0.2 ps
Benzene FP 370 }Oxygen quenching, triplet ET to B-carotene; v+ = 81F130
0.11 ps
EPA (77 K) FP 365° tPhosphorescence decay; 7 = 3400 us 83E016
EtOH/MeOH (113 X) FP/TD 370, >2000 Solvent was 3:1 EtOH to MeOH; lower limit assumes 67B004
total ground state depletion
Toluene LP 3712 {Phosphorescence decay in EPA at 77 K; delay 300ns 83E016
77. Anthraquinone-2,6-disulfonate ion
Water FP 390 {Oxygen quenching; 71 = < 1 us; pH 7 31F130
78. Anthraquinone-2-sulfonate ion
Acetonitrile LP 579* Delay 40 ns 338054
473*
451*
378
Water LP 456* Spectral data extrapolated back to 15 ns; pH ~ 6 83B054
411*
380°
79. 2-Anthroate ion
Water/Alcohol FP 4342 Solvent was [:1 water to alcohol; pK.(triplet 68B008
409* 2-anthroic acid) 6.0; pH 13
80. 1-Anthrol
Cyclohexane FP 440° 767626
Cyclohexane LP/ET 440, 28300 Triplet ET from perylene; € relative to perylene in 777391
cyclohexane (€40 = 13000 L mol~! cm™"); 71 == 295 ps
Isooctane FP 510 {Similarity to 1-anthryl diisopropyl borate spectrum; 717266
439 510 nm was the more intense peak
81. 2-Anthrol .
Isooctane FP 442 1 Similarity to 2-anthryl diisopropy! borate spectrum 717266
298
82. 9-Anthrol
MeOH (300 K) Lp 430 82B102
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/nm /L mol~'cm™!

83. Anthrone

?7(81 K) FP/SD 341, 74000 {Phosphorescence decay; glass was either 1:3:3 77B022
1-methylPrOH to Et,O to isooctane or 1:9 MCH to
mixture of EtOH and MeOH; 7t = 1800 % 200 pus

Benzene LP 530° {Triplet ET, oxygen quenching; decay times limited in 766464

385 oxygen saturated solution; shoulder around 420 nm;

relative intensities (1:10); 7t = 0.170 us; rise time of
0.070 % 0.020 ns

Benzene LP ~580 {Quenching by oxygen, di-tert-butylnitroxide, and di- 82B102
enes
Hexane LP 560 Rise time of 0.050 + 0.020 ns 84E077
Isooctane FP 423 Some bands at 635 and 545 nm bands were unassigned 717266
395
380
84.  1-Anthryl diisopropyl borate
Triisopropyl borate FP 830 428 nm was the most intense peak 717266
745
688
505
428
85. 2-Anthryl diisopropyl borate
Triisopropyl borate FP 520 717266
427.5
405
330
86. 9-Anthryl diisopropyl borate
Triisopropyl borate FP 425 ) 717266
403
340
305
282
87. 9-Anthryl ethenyl ketone
EPA (77 K) FpP 430 7r = 3.13 X 10° ps 82E338
88. 1-(2-Anthryl)-2-(2-naphthylethylene
Benzene PR/ET 635 & 3, 62000 = 9300 }Oxygen quenching; e relative to biphenyl in benzene 84E111
. 460 = 3, 50000 % 7500 (€359 = 27100 L mol~' cm~"); 71 = 88 ps
Bromobenzene LP 640 = 3 {Azulene quenching; 7t = 58 ps 84E111
590
463 + 3
439
MCH | LP 621° 84E111
567 : )
451
425
89. 1-(2-Anthryl)-2-phenylethylene
Benzene PR/ET 620 = 3, 41000 == 6000 {Oxygen quenching; € relative to biphenyl in benzene 84E111
455 + 3, 60000 == 9000 {essp = 27100 L mol~' em~"); rr = 117 s
Bromobenzene LP 630 £ 3 {Azulene quenching; rr = 40 ps 84E111
579*
460 £ 3
438°
MCH LP 6112 Shoulder at 520° nm 84E111
559*
449°
421°

90. 1-(2-AnthryD)-2-(2-thienyl)ethylene
Benzene PR/ET 630 + 3, 47000 = 7000 JOxygen quenching; e relative to biphenyl in benzene 84E]11
455 =+ 3, 38000 == 5700 (&5 — 27100 L mol~! em™'); r; — 19 ps
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €mmx Comment Ref.
/om /L mol™' cm™!
Bromubenzenc LP 635 == 3 {Azulene quenching; 7o = 22 ps B4E111
581°
460 - 3
MCH Lp 619* Shoulder at 527* nm B4E111
566°
448°
420°
91. Astacene
Benzene PR-ET 580 {Triplet ET from naphthalene; 7t = 6.2 us 80A143
92. Astaxanthin
Benzene PR-ET - 580 tTriplet ET from naphthalene; method not explicit; 7+ 81B097
= 6.2 us
93. Auramine O
PMMA (77 K) PS 1300 65B004
1200
1090
700
94. Aurophosphine, conjugate monoacid
Glycerol (293 K) FP 650° Solvent has added glucose 776171
610°
550*
95. Azulene
Acetonitrile LP 360 { Triplet ET from benzophenone, oxygen quenching (8 81F275
X 10° L mol™' s~"); rr = 3 ps
Benzenc LIr/ET 360, 4000 $Triplet ET from benzophenonce and other donors, 81F275
oxygen quenching (6 X 10° L mol~' s~; ¢ relative to
‘benzophenone in benzene (€m = 7600 L mol~! cm~")
assuming unit transfer efficiency; [84E491] sees no
maximum down to 345 nm; 71 = 4 ps
Benzene PR <345 {Triplet ET to perylene and from 1,3-cyclohexadiene; 84E491
spectrum corrected for SD by monitoring singlet at
620 nm; 7r = 11 £+ 1 ps
96. Azure A
Water FP 790 pK, = 7.0 = 0.1 67C001
97. Azure A cation
‘Water FP/SD 840°, 10000 {Oxygen and 1~ quenching; pK, = 6.3; structure of the 70E293
spectrum could not be discerned because it was not
corrected for SD; pH 9
98. Azure B
Water FP 800 pK, =172 %01 67C001
99. Azure C
‘Warer FpP 810 pK; = 7.4 = 0.1 67C001
100. Bacteriochlorophyll
EtOH/Pyridine LP/SD 631, 18500° { Triplet ET; solvent was 7:3 EtOH to pyridine; shoul- 733184
588%, 19600~ der at 691" am; 77 =~ T4 L 4 ps
515%, 21500°
4007, 46700°
3234, 38300°
Pyridine FP/SD 655, 9300 Tr =85 % 13 us 60E006
620, 11500
410, 22200
Pyridine LP/SD 6162, 20800° {Triplet ET; shoulder at 690° nm; 71 = 89 == 5 us 733184
5122, 195002
405*, 41000*
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max E Comment Ref.
/om /L mol~! cm™!

10]. Benzjalacridine

EPA (77 K) PS 497 Relative intensities (10:9); “1,2-benzacridine”; 7+ = 3 54B001
470 X 10° ps .
Isopentane/MCH (77 K) PS 497 Tr=<5X 10°us 54B001
102. Benz{cJacridine
EPA (77 K) PS 510 Relative intensities (10:9); “3,4-benzacridine”’; 7 = 4 54B001
480 X 10° s :
103. Benz{b lacridin-12(SH)-one
EtOH (300 K) FP/ET 590, 45000 € relative to anthracene in EtOH (e = 52000 L 81E649
380 mol~' cm~"); “6,7-benzacridinone” .

104. Benzaldehyde

Liquid paraffin FP 470 Solvent viscosity was 0.03 N-s/m% 470 and 364 nm 58E001
364 bands were assigned to one electronic transition, and
320 the other two bands were assigned to another elec-
307 tronic transition; relative intensities (11:18:100:86)
105. Benzamide )
'Liquid paraffin FP 505 Solvent viscosity was 0.19 N.s/m% bands were as- 58E001
300 signed to 2 different electronic transitions

106. Benz{alanthracene

2-MTHF (77 K) PS/ESR 493, 43600° {ESR; shoulder at 410* nm; “1,2-benzanthracene”; os- 68D211
469°, 22700 cillator strength = 0.43
441, 19200*°

Benzene FP 538 Relative intensities (10:100:65:50:30); rr = 160 £+ 13 61E005
488 us
458
435
402

Benzene PR/ET 490, 20500 € relative to benzophenone ketyl radical in cy- 71E360

clohexane (€msx = 3700 L mol~! em™*); € obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
ZENE €may ratios of 1.83 for naphthalene and 1.45 for

anthracene
Benzonitrile LP/RF 4907, 12000 + 800 € relative to benz[alanthracene in toluene (e = 83F075
466*, 9300 ) 15000 L mol~' cm™")

Cyclohexane PR/ET 480, 25100 + 6270 € relative to benzophenone ketyl radical in water (€535 680727
= 3220 L mol~! cm™"), assuming this value for €sqs in
cyclohexane

Cyclohexane LP 480 {Rise time of transient was the same as the decay time 68B006
of the singlet

Cyclohexane LP 540 T0E288

490
461

Cyclohexane PR/ET 480, 28800 € relative to benzophenone ketyl radical in cy- 71E360
clohexane (€mex = 3700 L mol~! cm™'); reference €
obtained by starting from €ma = 3220 L mol~! em~!
for this kctyl yadical in watc: and assuming the Sof the
ketyl radical is independent of solvent; final ¢ obtained
from a simultaneous least squares fit to data from
several compounds

Cyclohexane e 543 350 ns delay 737463

483
457
429
EPA (77 K) PS 489.0 {Phosphorescence decay; Ist transition assigned as °L, S1E001
473.3 —3C,
459.3
EPA (77 K) PS 489.0 {Phosphorescence  decay; relative  intensities 54B001
460.8 (100:58:54); unresolved shoulder at 474 nm; 7+ = (3 =
434 1) X 10° ps
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TaBLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method

}‘mnx ’

/nm /L mol~! cm™!

Comment

Ref.

EPA (77 K) PS

EPA (77 K) PS/SD

EPA (77 K) PS

EPA (77 K) PS/IV
EtOH (293 K) FP

EtOH (293 K) LP
EtOH (77 K) MOD
EtOH LP

Heptane (77 K) PS

Hexane FpP

Hexane MOD/SD

Hexane (300 K) MOD/SD

Isopentane/MCH (77 K) . PS

Liquid paraffin FP/SD

Naphthalene (373 K) PR
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710

645

590

487.5, 29000
4657, 18200
433%, 13600*
709.2

645.2

589.9

543.5

489.0

471.9

460.8

434.8

4110

384.0

488, 28800

540

482

42

486

480°

450°

430

487

460

4374

413

402

4850

450.1

4299

4807, 24500°
455°, 18200
430°, 13800°
3607, 2800°
2954, 43700°
279", 31600°
531, 2500
481, 26000
455, 21000
427, 17000
407, 9000
360, 2800
345, 3600
302, 40000
274, 30000
247, 24000
486.6

459

430

540, 3000
485, 23400
461, 19700
434.5, 12400
415, 8900
315

495

475

435

Weak bands in the red only studied

EPA in this work was 4:4:1 isopentane to Et,0 to
absolute EtOH

Relative intensities (7:5:6:4:100:42:70:44:27:20)

Amax assumed from previous work; € estimated by ex-
trapolation to infinite excitation rate

Halfwidth 440 cm™!
Relative intensities (6:4.2:4); 1.8 us delay; solution con-
tains Ag ions

Shoulders at 410 nm and 387 nm; 7r = 100 ps

Relative intensities (100:62:55); unresolved shoulder at
472 nm

Solvent had viscosity of 0.03 N-s/m?; 3 electronic tran-
sitions were assigned; all bands belong to the 2nd elec-
tronic transition except the bands at 540 and 315 nm;
oscillator strength = 0.02, 0.34, _

Solution; rclative i itics (100:83:66); dclay 300 ns;
kg = 1.1 X 10" L mol~!s~!

67B00S
68E104

69E211

69E212
68E098

697226
777538
78E554

678007

54E001

64E015

69E208

54B001

-58E001

700114
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~' cm~!

Nonane (77 K) PS 490.0 Relative intensities (100:42:70:44:27:20) 69E211

PMMA (296 K) LP 490 686058
PMMA (296 K) PS 488" 68E104
PMMA Lp 540 70E288

Toluene (77 K) MOD 495 Halfwidth 460 cm~', 777538
Toluene LP/ET 490%, 15000 -+ 1000 ¢ relative to anthracene in toluene (€xss = 42000 L 83F075
466°, 10600" mol~' cm—")

107, 7TH-Benz|delanthracen-7-one

1,1,2-Trichloro- LP 484* $Oxygen quenching (1.2 X 10° L mol~'s~") 757427

trifluoroethane

Benzene , LP 490 Half-life = 1.0 = 0.1 ps 757427

Benzene (298 K) Lp 500 82E204

460

McOH Lp 4900 Half-life — 1.8 = 0.1 ps 757427
108. Benz{alazulene v v

Benzene LP 430 . 81F275
109. Benzene _

Cyclohexane LP/IV 235, 11000 $Oxygen quenching; 106 ns delay; shoulder ~310 nm  30B023

(/' ~0.12); € assumes @1 = 0.23; assignment 2°E;; «
3B1y; oscillator strength = ~0.35

EtOH/MeOH (113 K) FP 429.6 £ 0.5 tPhosphorescence decay; glass was 3:1 EtOH to 69E207
~4125 + 1.0 MeOH; band assigned to ‘Ez « *Bi;
110. PBcnzenedy
3-MP/MCH (103 K) FP 426.5 = 0.5 {Phosphorescence decay; glass was 1:1 3-MP to MCH;  69E207
~4125 + 1.0 band assigned to *Ej; « *Bi
EtOH/MeOH (113 K) FP 425.0 + 0.5 {Phosphorescence decay; glass was 3:1 EtOH to 69E207
~4075 + 1.0 MeOH; band assigned to B3, « ‘Bi
111. Benzidine
EtOH (77 K) MOD/KM 460, 22000 == 5500 “4,4'-Diaminobiphenyl” 737055
EtOH/ELO (77 K) MOD/KM 460, 49000 =+ 20000 Glass was 2:1 EtOH to Et,O; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Toluene/EtOH (77 K) MOD 461* Glass was 19:1 toluene to EtOH 719059
112. Benzil
Acetonitrile/Water LP 430* : Solvent was 88:12 acetonitrile to water by volume 79E690
Benzil 295 K) Lp - 510 Triplet exciton in crystal; halfwidth 2860 cm ™! T8E538
Benzil (77 K) LP 510 Triplet exciton in crystal; halfwidth 2320 cm™! 7T8ES38
Liquid paraffin FpP © 4865 Solvent viscosity was 0.03 N-s/m?% bands were as- S58E001
380 signed to different electronic transitions
Polystyrene PR 469* Geéwgo = 4200* L mol~! cm~! / (100 eV absorbed); rr 701073
= 36 us
113. Benzil/Triethylamine
Acetonitrile/Water Lp 600° Solvent was 88:12 acetonitrile to water; possible triplet 79E690
exciplex, but resembles benzil radical cation; 7¢ =
0.055 ps
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/om /L mol~!em™!
114. Benzo[a lcarbazole
EtOH FP 680° Most intense peak at 569 nm 766421
569
438
390
365
115. Benzo{b]carbazole
EtOH FP 620° Most intense peak at 500 nm; shoulder around 475 nm 766421
500
420
345
116. Benzolclcarbazole
EtOH FP 528 Most intense peak at 528 nm; shoulder around 600 nm 766421
380
352
117. Benzo{t]chrysene
Benzene MOD 570 Relative intensities (100:64:39) 71E361
530
450
Liquid paraffin MOD 570 Mull; relative intensities (100:78); shoulder at 530 nm 71E361
450 with relative intensity 71; rr = 53 ps
118. Benzo[aJcoronene
2-MTHF (77 K) PS/ESR 588, 25500 1ESR; assignments °B, « °B,, A, « By oscillator 696115
423, 38800 strength = 0.28, 0.18
EPA (77 K) PS/SD 571%, 25800* EPA in this work was 4:4:1 isopentane to Et,O to 68E104
420°, 37600* absolute EtOH; ““1,2-benzcoronene”
PMMA (296 K) PS 568° ' 68E104
418
PMMA (77 K) PS/SD 568*, 21900* Shoulders at 588%, 532*, and 488* nm; 71 = 4.3 X 10°us 69E216
PMMA (296 K) PS/SD 568°, 20300 Shoulders at 585* and 538* nm; 71 = 2.9 X 10° us 69E216
PMMA (293 K) CWL/KM 1090, ~200 Three transitions were identified with the 0-0 bands 707230
943 identified by their extinction coefficients; the lowest
826 triplet state was assigned as *B, and the excited states
588, 18000 were assigned as *Bf, *B7, and *A7 in increasing en-
568 ergy; the €47 is for the compound in EPA at 77 K;
417, 36200 osvillator strength = 0.06, 0.24, 0.19
119. Benzoflavine
PMMA (77 K) PS 1300 65B004
1210
1100
930
800
750
120. Benzo[a]fluorene
Heptane FP 6207 Most intense peak at 405 nm 766421
600°
440°
405*
121. Benzo[b]fuorene
Heptane FP 620° Most intense peak at 441 nm; shoulder around 465 nm 766421
441
419
392
377
365
122. Benzofc]fluorene
Heptane FP 490° More intense peak at 490 nm; shouider around 460 nm 766421
3500
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
123. Benzoic acid
Isopentane/MCH FP/COM 320, ~1000 {Phosphorescence decay; solvent was 5:1 isopentane 756077
315 to MCH; €,,,, was estimated based on ¢, being 0.99;
shoulders at 344* and 304* nm; delay 10 ps; 7 = (2.80
+ 0.10) X 106 ps
Liquid paraffin FP 310 Solvent viscosity was 0.19 N-s/m? S8E001
124. Benzoin
Benzoin (295 K) LP 455° Triplet exciton in crystal T8ES38
430*
390°
Liquid paraffin FP 476 Solvent viscosity was 0.19 N.s/m? relative intensities 58E001
370 (95:100)
125. Benzo[c][1,5]naphthyridine
EtOH/Et;0 (77 K) PS 758 Solvent was 3:2 EtOH to Et;O; relative intensities 80B130
676 (14:34:43:77:94:100:77:70); Ey = 270 kJ mol~!
610
570
532
505
474
439
126. Benzo[c][1,6]naphthyridine
EtOH/Et,0 (77 K) PS 557 Solvent was 3:2 EtOH to Et,0; relative intensities 80B130
525 (100:85); Ex = 276 kJ mol~!
127. Benzo|c]{1,7]aaphthyridine .
EtOH/Et,0 (77 K) PS 57t Solvent was 3:2 EtOH to Et,0; relative intensities 80B130
531 (77:100:97:65); Er = 269 kJ mol~*
495
435
128. Benzonitrile
EPA (77 K) FP 490 {Phosphorescence decay, molecular orbital calcu- 776213
430 lations; e roughly 200 L mol~' cm~! (method un-
specified); 7r = 3.5 us
129. Benzo{rst Jpentaphene
Benzene MOD 490 Relative intensities (100:44); “3,4,9,10-dibenzpyrene”; 71E361
460 7r = 170 ps
Cyclohexane LP 495 TOE288
Cyclohexane LP 714 370 ns delay 737463
694
676
654
637
621
613
581
Liquid paraffin MOD 490 Mull; relative intensities (100:45); 7t = 150 ps 71E361
460
130. Benzo[ghiperylene
Benzene MOD 570 Relative intensities (11:23:100); “1,12-benzoperylene”; 71E361
520 71 = 150 us
470
Cyclohexane LP 690 370 ns delay; authors reassign “490” nm band to T, «— 737463
667 T, [686058] suggested that it was S, « S,
637
575
529
483
461
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~!'cm™!
EPA (77 K) PS/SD 467, 40000 + 4000 68E105
PMMA (296 K) LP 465 686058
425

PMMA (77 K) PS/SD 465*, 39900 696020

PMMA (296 K) PS/SD 463%, 38900° 696020

PMMA (293 K) CWL/KM 1000, ~150 Four transitions were identified with the 0-0 bands 707230

781, ~500 identified by their extinction coefficients; the lowest
699 triplet was >B7, and the other states were (CAf), AT,
637 By, and A7 in increasing energy; the €sq is for the
568, ~7000 compound in EPA at 77 K; oscillator strength =
529 ~10-%, 0.02, »0.07, 0.39
493
465, 38300
139

131. Benzo[c Jphenanthrene )

Acetonitrile FP 520 *“3,4-Benzphenanthrene”; radical cation also observed 78A324
at 450 nm; solvent contains dimethylmercury; r+ =
~200 ps

Cyclohexane LP 517 70E288

Hexane FP 517.1 54E001

Hexane FP/SD 517, 4800 Bands were assigned to 2 different electronic transi- 58E001

400, 1580 tions; oscillator strength = 0.05, 0.03
PMMA LP 517 70E288
132. Benzophenazine
Toluene (293 K) FP 5307 {Phosphorescence decay in EPA at 77 K, oxygen 80E778
500° quenching; isomer unspecified
133. Benzophenone
2-PrOH LP 535 71 = 0.046 % 0.006 us 70E288
Acetonitrile LP 520 {Triplet ET to cis-3-methylpent-2-ene; relative in- 80B087
330° tensities (1:2); 71 = 0.71 ps; ke, = 2.7 X 10* L mol~’
s7!
Acetonitrile LP/HAT 520, 6500 = 400 € relative to benzophenone ketyl radical in water (€0 80E416
320, ~11500 = 3220 L mol~' cm~') assuming €. unchanged in
acetonitrile; hydrogen atom transfer from 2-piperidone
(knatr = 9.7 X 10° L mol~! S_l); Tr = 14 ps
Acetonitrile LP 525 20 ps delay 80A206
Acetonitrile/Water LP/RF 520, 6500 Solvent was 9:1 acetonitrile to water; ¢ relative to 84B033
315, 11800 benzophenone in acetonitrile (€5 = 6500 L mol~!
cm™!)

Renzene FP/HAT 525°, 6000 -+ 3000 tSpecific quenching by heavy metal chelates; € rela- 63E007
tive to benzophenone ketyl radical in benzene (€ss =
7000 L mol~! cm™"); € calculated by estimating that
10% of the triplets form ketyl radicals; 71 = 10 = 5 us

Benzene PR 530 Gesp = 11700 L mol~! em~! / (100 eV absorbed); 64B006
half-life = 2.11 ps

Benzene PR/ET 532.5, 9100 € relative to anthracene in cyclohexane (€40 = 57200 L 680727
mol~' cm™!); author reported mean of 4 measurements
(this one and 3 others with different ref. cmpds.) as
10300 £ 2570 L mol~' cm™! .

Benzene PR/ET 532.5, 12000 e relative to naphthalene in cyclohexane (€125 = 22600 680727
L mol™! cm~'); author reported mean of 4 mea-
surements (this one and 3 others with different ref.
cmpds.) as 10300 £ 2570 L mol~! cm~!

Benzene PR/ET 532.5, 9700 € relative to benz[a Janthracene in cyclohexane (€s0 = 680727
25100 L mol~! cm™'); author reported mean of 4 mea-
surements (this one and 3 others with different ref.
cmpds.) as 10300 £ 2570 L mol~' cm™!

Benzene PR/ET 532.5, 10600 € relative to phenanthrene in cyclohexane (€25 = 680727
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method ) _— €max Comment Ref.
/mm /L mol~! em™!
Benzene LP 535 Tt =25+03pus 70E288
Benzene-ds LP 535 Tr = 3.45 = 0.30 ps 70E288
Benzene PR/ET 532.5, 7630 ¢ relative to benzophenone ketyl radical in cy- 71E360
clohexane (€n, = 3700 L mol~! cm™'); € obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
Zene €ua ratios of 1.83 for naphthalene and 1.45 for
anthracene
Benzene FP/RA 525, 7000 € relative to benzophenone ketyl radical in cy- 717009
clohexane (€mss = 4160 L mol~! cm~?), taking &1 = 1
in benzene and Py = 1 in cyclohexane; reference € of
ketyl radical was taken as the average of 3220 in water
and 5100 L mol~! cm~! in 2-PrOH/water; 7 = 12 &
2 ps
Benzene PR 528° { Triplet ET from benzene; k., = (1.3 £0.2) X 10"'L 751124
‘ mol~! s~}
Benzene Lp 528° 751124
Benzene LP 535 Tr = 357 ps T9A171
Benzene LpP 525 80B021
325 :
Benzene LP/RA 533, 7200 € relative to potassium ferrioxalate actinometer as- 80B090
suming ¢1 = 1.0 for benzophenone in benzene
Benzene LP/ET 533%, 7100 =+ 800 {Triplet ET to naphthalene; e relative to naphthalene 81A174
in benzene (€45 = 13000 L mol~! cm™~Y)
Benzene LP/PIV 530, 7220 + 320 83B067
Benzophenone (303 K) PR 540 Liquid; if 90% of the absorption at 540 nm is due to 700114
triplets and if € = 10300 L mol~! cm~!, then G(tri-
plets) = 2.2 =+ 0.1 triplets/(100 eV absorbed).; half-life
= 0.46 us
Benzophenone (77 K) Le 543 Triplet exciton in crystal; halfwidth of 543 nm band 78E538
450 2450 cm~!; 71 = ~1000 ps ‘
Benzophenone (295 K) LP 543 Triplet exciton in crystal; halfwidth 3000 cm~' 7T8E538
Benzophenone LP 5400 Phoepharescence decay; absarption monitored by 24E044
diffuse-reflectance spectroscopy
Cyclohexane LP 535 7r = 0.30 + 0.02 ps TOE288
Cyclohexane PR 5350 751124
Dioxane LP 535 7r = 020 = 0.02 us T0E288
Diphenyl ether Lp ~ 540 77 = (160 & 20) X 1073 ps 78B071
EPA (77 K) FP 535 55E002
EtOH Lp 535 7r = 0.104 3 0.015 ps TOE288
EtOH LP/COM 543, 7300 € estimated by scaling by halfwidth of band (3220 79B141
5107, 6500* cm™") relative to that in hexane; rr = 0.08 ps
Heptane Lp 530 Delay 320 ps 84B154
Hexafluorobenzene LP 535 7r = 0.435 = 0.40 us 70E288
Hexane LP/1IV 525, 10300 € estimated assuming $ = 1.0 for benzophenone in 79B141
500°, 9600* hexane, corrected for triplet decay and ketyl radical
445*, 5000 formation during the pulse, and extrapolated to zero
310°, 15000* intensity; halfwidth 2650 cm~'; 71 = 0.29 ps
Isopentane (77 K) FP 543° {Phosphorescence decay 67E105
326
MCH LP 529* 757112
PFMCH FP 530° {Phosphorescence decay; most intense peak was at 319 747390
5200 nm; 71 = 400 ps
319*
PMMA (293 K) FP/RA 606 {Phosphorescence decay; € relative to benzophenone 66E090
532, 4200 + 100 ketyl radical in 2-PrOH/water (€ss = 5100 L mol~!
cm™'), assuming ®; was the same in PMMA and
ethylene glycol and assuming e for ketyl radical same
in 2-PrOH/water and ethylene glycol; delay 100 us
PMMA (80 K) FP 606 {Decay of absorption was equal to decay of phos- 66E090
532 phorescence at 293, 220, and 100 K; delay 100 ps
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~'cm™!
PPFO LP/SM 520, 2460° + 350 Aqueous micelle, potassium perfluorooctylsulfonate; e 81N156
method needs the assumption of ®r = 1 for benzo-
phenone in the micelle since only linear intensity de-
pendence observed; 7t = 7.87 ps
SPFO LP/SM 520, 2660° + 380 {Phosphorescence decay; aqueous micelle, sodium 8IN156
perfluorooctanoate; e method needs the assumption of
@1 = 1 for benzophenone in the micelie since only
linear intensity dependence observed; 7 = 7.87 us
Trichlorotrifluoroethane ~ FP 526 ${Oxygen quenching and no hydrogens available in the 67B006
317 solvent to form ketyl radicals; 7+ = 20 us
Water FP 525 pH 12.7 727098
315
‘Water FP 525 Delay 20 ps; v = 65 & 6 us 72A022
‘Water FP 32 Tr = ~ 100 us; pH Neutral 727098
315
Water LP/HAT 520, 5750 =+ 400 € relative to benzophenone ketyl radical in water (€50 80E416
320, ~8350 = 3220 L mol~! cm~'); hydrogen atom transfer from
2-piperidune (Apgat = 14.8 X 10°L mol~'s~'); 71 = 40
us
Water LP/RA 520, 5800 =+ 400 € relative to naphthalene in cyclohexane (€44 = 24500 80E416
L mol~' cm~!, &1 = 0.75) assuming ®r = 1 for benzo-
phenone in water .
Water/Acetonitrile LP 525 Solvent was 4:1 water to acetonitrile; 200 ns delay; 7r 82A082
= 31 ps; Er = 288 kJ mol ™!
134. Benzophenone, conjugate acid
Sulfuric acid LP 505 5 mol L~ H,SO,; solvent was 4:1 water to acetonitrile; 84E456
pK. 0.20 & 0.02; 77 = 0.017 ps
135. Benzo[alpyrene/DNA
Water LP 480 {Oxygen quenching (2.0 X 10° L mol~' s~'); de- 766403
proteinated calf thymus DNA; 71 = 3.5 X 10* ps
136. Benzo[e]pyrene/DNA
Water LP 560° }Oxygen quenching (1.6 X 10° L mol~! s™'); de- 766403
proteinated calf thymus DNA; 71 = 1.55 X 10* ps
137. Benzofa]pyrene
Benzene MOD 475 Called “3,4-benzpyrene” in paper; 77 = 84 us 71E361
Cyclohexane LP 500 {Rise time of transient was the same as the decay time 68B006
475 of the singlet; “3,4-benzpyrene”
Cyclohexane (296 K) FP 465 Shoulder at 440 nm; 71 = 8700 us 78A345
EPA (77 K) PS 504 Relative intensitics (31:95:100:76); “3,4-benzopyrenc”  54B001
477.3
467.9
444
PMMA (77 K) PS 470 MNamed “3,4-benzopyrene” in paper 70E291
442
419
Toluene/EtOH (77 K) MOD 557 Glass was 19:1 toluene to EtOH; shoulders at 606°, 719059
4272, and 380° nm; called ‘‘1,2-benzopyrene” in paper
Water (296 K) Fp 465 Solution contains 2% SDS; shoulder at 445 nm; radical 78A345
cation also observed (Apg; = 550 nm); 71 = 2.38 X 10*
I
Water (296 K) FP 470 Caffeine (17%) added as solubilizing agent; radical cat- 78A345
ion also observed (Amsx = 550 nm); 71 = 2040 ps
138. Benzofe]pyrene
‘Benzene MOD 560 Called “1,2-benzpyrene” in paper; 7+ = 120 us 71E361
EPA (77 K) PS/1IV 555, 17800 Amax assumed from previous work; € estimated by ex- 69E212
trapolation to infinite excitation rate
EPA (77 K) PS/KM 5882, 7500° Solvent, temperature and extinction method assumed 69E213
5557, 16100° from earlier work; polarization also measured
519, 9300*
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Aoax s €mm Comment Ref.
/nm /L mol-! cm~!

EtOH/MeOH/THF PS 587.5 Glass was 3:1:4 EtOH to MeOH to THF; the origin of 70B003

(assumed 77 K) 558.5 another band was assigned to 392 nm; the 4 bands were
456 assigned to 4 different electronic transitions; Ty was

assigned as *By, and the other 4 states were assigned as
3At for 587.5 nm and 456 nm and *Bj for the other 2;
“1,2-benzopyrene”

139. Benzo{f]quinoline

EPA (77 K) PS . 517 Relative intensities (10:8:5); “5,6-benzoquinoline”; 7+ 54B001
482 = 2.6 X 10° ps
~452
EtQOH/E®0 (77 K) PS 833 Solvent was 3:2 EtOH to Et,0; relative intensities 80B130
735 (< 5:<5: <5:100:74:49); Ex — 262 kJ mol~"
662
515
48
Isapentane/MCH (77 K) PS 510 rr = 1.8 X 10°% us 54B001
PMMA (77 X) PS 500 {Phosphorescence decay (?); 71 = 3.3 X 10° ps 70E291
470
440
140. Benzo{/ Jquinoline
EPA (77 K) PS 500 Relative intensities (10:8:5); “7,8-benzoquinoline”; 7+ 54B001
' 465 = 2.1 X 10° us
~440
EtOH/Et,0 (77 K) PS 500 Solvent was 3:2 EtOH to Et;0; relative intensities 3UB130
465 (100:84:55); Er = 262 kJ mol~’
437
Isopentane/MCH (77 K) PS 505 Relative intensities (10:9); 7+ = 1.4 X 10° us 54B001
~4G5
PMMA (293 X) FpP 490 {Phosphorescence decay (?); decay was non- 70E291
460 exponential, and lifetime was calculated from a termi-
nal Ist-order rate constant; 7 = 1.1 X 10° us
PMMA (77 K) PS 490 . fPhosphorescence decay (?); 71+ = 1.9 X 10° us “70E291
460
433
141. Benzo[flquinolizininm
Acetonitrile FP 575 7r =125+ 5pus 81A345
142. Benzo[h Jquinolizinium
Acetonitrile FP 575 Tr= 120 £ 5 ps 81A345
143. 1,4-Benzoquinone
EtOH LP 450 100 ps delay 798007
Water LpP 410 {Oxygen quenching (2.4 X 10° Lmol~'s~"); 71 = 0.53 80B112
s
144. Benzo[btriphenylene/Chloranil )
PMMA PS 620 Charge transfer complex; most intense peak at 450 nm 766652
540
4500
420°
410°
400"

145. Benzo[b ltriphenylene

2-MTHF (77 K) PS/ESR 454, 31000 {ESR; only most intense visible peak reported; 696115
“1,2,3,4-dibenzanthracene”; oscillator strength = 0.20
Benzene MOD 450 Tr = 90 ps T1E361
Cyclohexane LP 440 {Rise time of transient was the same as the decay time 68B006
of the singlet
Epoxy plastic (296 K) LP 425 686058
412
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » ' €max Comment Ref.
/nm /L mol~! em~!
PMMA LP 445 70E288
PMMA (293 K) CWL/KM 752, 1300 Two transitions were assigned with the 0-0 bands iden- 707230
680 tified by their extinction coefficients; both transitions
613 are assigned as *Bi « °B{; oscillator strength = 0.10,
568 0.27
446, 28800
422
400
PMMA PS 612° Most intense peak at 455 nm 766652
596
578
540°
49gs
4550
425*
412°
3962
146. 1-Benzoylacetone
EtOH/MeOH (118 K) FP 438 Solvent was 3:1 EtOH to MeOH 68B005
147. Benzoylamino-2-A’-thiazoline
Cyclohexane (293 K) FP/RA 551, 7200 }Triplet ET to biacetyl, oxygen quenching; € relative 82E373
to naphthalene in cyclohexane (€44 = 24500 L mol~!
em~"); 70 = 1000 ps
148. 9-Benzoylanthracene
Benzene LP 434 84B110
408
LA (77 K) Fp 430 430 nm peak was the more intense; 77 = 3.31 X 10* us 8212338
406°
Toluene Lp 420 $Oxygen quenching; rise time of 0.02 =+ 0.004 ns 771635
149.  9-Benzoyl-10-bromoanthracene
EPA (77 K) FP 430 7t = 170 ps 82E338
150. 9-Benzoyl-10-chloroanthracene
EPA (77 K) FP 432 T = 3800 ps 82E338
Toluene Lp 415 {Oxygen quenching; rise time of 0.052 = 0.002 ns 777635
151. 9-Benzoyl-10-cyanoanthracene
Toluene LP 430 1Oxygen quenching 777635
152. 2-Benzoyl-N-methyl-g-naphthiazoline
EtOH FP 630 §Oxygen quenching (6.6 X 10 L mol~' s~'); 50 us 78E534
delay; 71 = 480 ps
THF FP/SD 640, 16000 {Oxygen quenching; 50 ps delay; 7+ = 380 us 78E534
620°, 15000
440, 8000*
THF FP/SD 640, 16000 {Oxygen quenching (6.6 X 10 L mol~' s~'); 50 us 79E304
440, 13000 delay; rr = 390 ps
153. 8-Benzoylnaphtho[de-2.3.4]bicyclo[3.2.2]nona-2,6,8-triene
EPA (103 K) LP 430 {Phosphorescence decay, oxygen quenching 81F390
380
MCH (173 K) LP 430 {Phosphorescence decay, oxygen quenching; 7+ = 1.0 81F390
380 us
154. 9-Benzoyl-10-nitroanthracene
Benzene LP 431° Delay 400 ns 80E884
Benzene (293 K) LP ~450 170 ps delay; growth followed at 452 nm; rise time of 80B084
(82 % 6) X 10~*ns
EPA (77 K) FP ~450 rr = 1.6 X 10* ps 80B084
EPA (77 X) FFP 436° 71 = 1.6 X 10* us 80884
EPA (77 K) LP 435° 84F385
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm~!

155. 2-Benzoylpyridine
PFMCH FP 526° Shoulder at 539* nm; 331 nm peak was the more in- 747390
) 331* tense; 71 = 480 ps

156. 3-Benzoylpyridine
PFMCH FP 523 {Phosphorescence decay; 305 nm peak was the mare 747390
305° intense; 71 = 110 ps

157. 4-Benzoylpyridine

PFMCH FP 510° {Phosphorescence decay; most intense peak at 319 nm; 747390
490° “phenyl-4-pyridyl ketone™; v = 240 us
319°

158. 1-Benzoyl-3,3,3-trifluoroacetone

EtOH/MeOH (118 K) FP 633 Solvent was 3:1 E{tOH to MeOH 68B005
159. Benzyl 9-anthroate
Acetonitrile FP 425 Radical anion (Amsx = 550 nm) also observed; 7+ = 80A030
1100 ps
Benzene Fp/? 430, 63000 € method unspecified; 7+ = 6100 us 80A030
410, 28000”

160. 1-Benzylisoquinoline-N-oxide
EtOH FP 392 1= 2.9 us 727105

161. Benzyl phenyl ketone, conjugate acid
Sulfuric acid LP 359 ) Smol L~} H,80,; solvent was 4:1 water to acetonitrile; 84E456
pK, 0.35 & 0.05

162. 3-Benzyl-3-phenylphenanthio[9,10-b]furan-Z(SH)-one
Benzene LP 490* {Oxygen guenching and triplet ET to 84E520
1-methylnaphthalene

163. 3-Benzyl-3,4,5-triphenyl-2(3H)-furanone
Benzene LP/ET 375 £ 5, 14000 == 2800 }Oxygen quenching; € relative to benzophenone in 84E520
benzene {€s3; = 7600 L mol~! cm™'); 77 = 8.2 + 1.2
ps; ke = 2.7 X 10° L mol~'s~!

164. Biacetyl
2-PrOH FP 1060 {Oxygen quenching; delay 0 ps 697092
910
800
725
330
304
210
Benzene PR 317 {Phosphorescence half-life; half-life = 120 ps 680386
Benzene PR/ET 315, 6200 YPhosphorescence  decay; € relative to 680727
benz{ajanthracene in cyclohexane {€4q == 25100 L
mol~! cm™Y); author reported the mean of 2 mea-
surements with this and another ref. cmpd. as 6400 +
1600 L mot~' cm™!
Benzene PR/ET 315, 6600 {Phosphorescence decay; € rolative to antluavene in - 680727

cyclohexane (€0 = 57200 L mol~} cm™"); author re-

ported the mean of 2 measurements with this and an-

other ref. cmpd. as 6400 = 1600 L mol~! cm™!

Benzene PR/ET 315, 5160 ¢ relative to benzophenone ketyl radical in cy- 71E360

clohexane (€mx = 3700 L mol~' cm™"); ¢ obtained

from a simultaneous least squares fit of data from

several compounds making use of cyclohexane to ben-

Z€NEe €max ratios of 1.83 for naphthalene and 1.45 for
anthracene
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/am /L mol~! em~!
CCl4 FP 1056 {Oxygen quenching 697092
916
796
720
330
310
220
EtOH LP/RF 740, 1760 € relative to biacetyl in 2-PrOH (€75 = 1710 L mol~' 84E162
cm™); 77 = 3.4 £ 1.0 ps
Liquid paraffin Fp 317 Solvent viscosity was 0.03 _N-s/m2 S3E001
165. 9,9’ -Bianthryl
MeOH LP 425 776431
166. 9,9’ -Bicarbazole
Cyclohexane FP 410° {Triplet ET to anthracene; carbazyl radicals (Amsx = 78A368
370° 600 nm) also observed; 7+ = 120 us
Hexane FP 420 {Oxygen and piperylene quenching; “dicarbazyl” 757573
167. Bifluorenylidene
Liquid paraffin FP/TD 440, »110000 {Phosphorescence decay in MCH/Isopentane glass at 767488
77K; solvent was “viscous paraffin”, viscosity 1.75 P; ~
T = (2.2 = 0.2) X 10° ps
MCH/Isopentane (77 K) FP 440 {Phosphorescence decay; glass was 1:1 MCH to iso- 767488
pentane by volume; 7y = (0.94 + 0.03) X 10° ps
168. Bilirubin
Benzene PR/ET 500, 8800 {Triplet ET from biphenyl and to B-carotene, oxygen 761168
quenching (8.2 X 10* L mol~! s='); € relative to bi-
phenyl in benzene (¢35 = 27100 L mol~! om~'); half-
life = 9 ps; Er = ~150kI mol™%; ko = 4.4 X 10°L
mol~! s~}
169. Biliverdin
Acetone PR-ET/ET 7007, 16000* {Triplet ET from biphenyl; ¢ relative to biphenyl in 79E136
benzene (€30 = 27100 L mol~' cm™"), assuming €.
independent of solvent; more intense maximum below
400 nm not observed; half-life = 11.7 us; Er = ~90kJ
mol™Y; ke = 7.4 X 10° L mol~! s~!
170. Biliverdin, dimethyl ester
Benzene PR-ET/ET 8007, 14000* {Triplet ET from biphenyl; € relative to biphenyl in 79E136
AU, 55000° benzene (€30 = 27100 L mol ' cm: '}; half-life = 6.7
ps; Er = ~90kI mol~'; kg = 1.05 X 10" L. mol~'s~!
171.  1,1'-Binaphthyl
2-MTHF LP-ET 610° {Triplet ET from benzoquinone, oxygen quenching, 777241
triplet quenching; 2 ps delay; shoulder at 550 nm
2-MTHF (123 K) LP-ET 6107 {Oxygen quenching, triplet quenching; 10 us delay 777241
530°
4152
3950
2-MTHF (83 K) LP-ET 530° {Oxygen quenching, triplet quenching; 14 ms delay 777241
4150 )
395°
Benzene (299 K) PR/ET 615° 12000 Shoulder at 407* nm; € relative to benzophenone in 741006
608* benzene (€525 = 7630 L mol~! cm™?)
Toluene PR 605 {Triplet ET to fluorenone, oxygen quenching; 2 pus 771048
delay; 77 = 14 ps
172.  2,2'-Binaphthyl
Benzene (299 K) PR/ET 637* Shoulder at 554° nm; ¢ relative to benzophenone in 741006
' 6012 benzene (€s;25 = 7630 L mol~! cm™'); 440 nm was the
450°, 24000 most intense peak
4402
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TARLE 6. - Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method A » €max Comment Ref.
/amm- /L mol~! em~!

173. . Biphenyl : ) ’ : L
2-PrOH/Isooctane/Et,;O = FP 371+ {Phosphorescence decay; glass was 1:3:3 2-PrOH to - 81B119
(81 K) isooctane to Et;0 )
-3-MH (77 K) PR 375 {Phosphorescence decay; 7t = 3.7 X 10% us 771059

- 3-MP : 'R 360 Geo — 16600 L mol~' cm~' / (100 <V absorbed); - 64B006

) . - half-life = 3.4 ps ]
3-MP (77 K) PS/ESR 375, 28200 . {ESR; oscillator strength =. ~0.27 698002
Acetone PR : 360 e 710186
Alcohol/Ether (77 K) MOD 370 ) Glass was 2:1 alcohol to ether . T6E682

. Benzene PR/ET 359, 27100 € 'relative - to benzophenone ketyl radical in cy- 71E360

clohexane (€ny; = 3700 L mol~! ecm™Y); ¢ obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
Zene €my; -ratios of 1.83 for naphthalene and 1.45 for
anthracene; corrected . Amm quoted from reference
- : [78Z194] '
Benzene PR 370 761024
Boric acid PS 360" Glass ) 777388
BuOH (~80 K) FP/COM 363, 300¢ € estimated from numerical simulztion of triplet state 67B010

. L L R kinetics; 7 = (3.93 £ 0.1) X 10° us- .

" BuOH.(~80 K) FP/IV. 363, 250¢ "¢ estimated by extrapolation to infinite excitation rate 67B010
Cyciohexane’ PR/ET 36L.3, 33000 € relative to anthracene in cyclohexane (€4 = 57200 L - 680727
) ' mot~! cm~'); author reported mean of 2 measuremerts

(this one 'and another ‘with a différent ref. cmpd.) 3=’
. : " 35400 = 8850 L mol~! cm™""
Cyclohexane ‘PR/ET 361.3, 37700 erelative to benz[a]anthracene in‘cyclohexane (€40 = 680727
25100 L mol~! cm~');:author reported mean of 2 mea-
. surements (tlus one and another w1th a -different ref.
. 'cmpd)a5354m+8850Lmol 'em _
‘Cyclohexane PR/RT 361:3, 42800 € relative to 'benzop ketyl radical in . cy- 71E360 -
) clohexane (€n, = 3700°L mol~! cm~1); reference ¢ .
obtained by starting from €m;; = 3220 L mol~! cm™!
for this ketyl radical in water and assunting the fof the
ketyl radical is independent of solvent; final € obtained
from a simultanéous least squares: fit to data from
- several compounds
“EPA (77 K) PS/KM 6307, 1600* Two electronic bands, the 2nd starting- at 370 nm;.- 747347
o : 577, 2000 ¢e-method assumed.on basis of earlier work by authors;
529%, 1800* oscillator strength = 0.07, 0.42
-488%,.2100*
4581, 1900
428, 1500*
370, 35800 .
. ‘ _ 357, 27000* v
EtOH/Et;0.(77 K) MOD/KM 365, 7000° = 2100 Glass was 2:1 EtOH:to E;0; temperature was not 719059
’ ) explicitly stated, but 77 K was inferred from the con-
. text
EtOH/MeOH (113 K) FP/SD . 625%500°.. tPhosphorucence decays shoulders at 685 and 334* 70E290
o 571%, 800 nm; glass was 3:1 EtOH to MeOH; three electronic
526*,.750 “states were tentatively assigned as *A;, 'Bs, and Ay
484, 1200* for the 0-0 bands of 685, 484, and 370 nm, respectively;
4522, 900° T' was Bt
:424%, 600°
370, 50000 + 10000
B 352*,:30000° )
Ethy! acetate R 360 0.8 ps delay; G(triplets) estimated assuming ¢ indepen- 761080
) . dent of solvent o
Hexane (300 K) MOD/SD 360,.38500 70 =130 £ 5 ps . 69E208
..iquidv paraffin FP 368.5 Solvent viscosity was 0.03 N s/m2 relative mtens:tws 58E001
S 352 (100:69)
Liquid parafﬁn (290 K) PR 363 Delay 20 us; 77 = 85 us 700277
PMMA PR 370 692001
PVA FP 365 776279

Stretched polymer film; polarized spectrum obtained
with some structure .
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
PVA (81 K) FpP 373 {Phosphorescence decay 81B119
Polystyrene PR 375 Ge = 11000 L mol~'cm~' / (100 eV absorbed); 7r = 672086
2 X 10* ps
Polystyrene (77 K) COM 370 Method was “photolysis” 692001
Polystyrene PR 385 Geygs = 6000° L mol~' cm™' / (100 eV absorbed) 701073
Toluene/EtOH (77 K) MOD 366* Glass was 19:1 toluene to EtOH 719059
174. Biphenyl-dy, .
EtOH/Et,0 (77 K) MOD/KM 365, 7000 £+ 2100 Glass was 2:1 EtOH to Et;0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
175. 4-Biphenylcarboxaldehyde
Alcohol/Ether (77 K) MOD 440 Glass was 2:1 alcohol to ether T6E682
176. Biphenylene
Benzene PR/ET 350, 10000 {Triplet ET from naphthalene and triplet ET to an- 720464
thracene; € relative to naphthalene in benzene (€na =
13200 L moi~! cm™"); half-life = 80 ps
Cyclohexane FP-ET/SD 339, 10000 {Triplet ET from naphthalene and triplet ET to an- 720464
thracene; v, — 100 ws; oscillator strength — 0.13
177. 2-Biphenylphenylbenzoxazole
Benzene LP/SD 560, 45000 1Oxygen quenching (1.5 X 10° L mol~! s~'); 100 ns 777265
delay; “PBBO”; 71 = 0.325 us
178. 2-(4-Biphenylyl)benzoxazole
Pentane LP/TD 460, 2500 + 250 Shoulders at 5367, 495°, and 405° nm; 71 = 0.70 &+ 0.07 82E632
’Lﬂ N
179. 1-(4-Biphenylyl)-3-chloro-1-propanone
Benzene FP 425 {Physical quenching by free radical; 7t = 140 ps 83P212
CCl, FP 425 ~ {Physical quenching by free radical; 7r = 90 us 83P212
180. 1-(2-BiphenylyD-1-phenylethylene
Cyclohexane LP/? 370, 17000 = 3000 1Oxygen quenching; v = 1.75 ps 78E448
181. 2-(4-Biphenylyl)-5-phenyl-1,3,4-o0xadiazole
Benzene LP 510 {Oxygen quenching (1.0 X 10° L mol~' s—'); 100 ns 777265
delay; 7t = 0.460 us
182. 2-(4-Biphenylyl)-5-phenyloxazole
Dioxane LP/TD 530, 61000 = 250 71 = 0.62 + 0.06 ps 82E632
498°
455°
426°
Pentane LP/TD 540, 71500 £ 250 71 = 035 £ 0.04 ps R2E632
499*
417°
183. 5’'-[1,1’-Biphenyl]-4-y}-1,1':4',1’ ':3' ', 1' ' .4’ ' ",1' ' ' "-quinquephenyl
2-PrOH/Isooctane/Et,0 FP 576* {Phosphorescence decay; glass was 1:3:3 2-PrOH to 81B119
(81 K) 533% isooctane to ether; most intense peak at 455 nm;
498° “1,3,5-tris(biphenyl-4-yl)benzene”; 71 = 2.2 X 10° ps
455°
349*
Alcohol/Ether (77 K) MOD 572 Glass was 2:1 alcohol to ether 76E682
446
184. 2,2’-Biguinoline
Water/EtOH FP 600° Solvent was 3:2 water to EtOH by volume; 20 us 79E799
460° delay; pH 7.5
420°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
185. 6,6'-Biquinoline, conjugate diacid
Water/EtOH FP 590* Relative intensities (1:2) ; solvent was 2:1 water to 79E799
450° EtOH by volume; 20 ps delay; pK, = 3.8 + 0.5; pH 1.2
186. 2,2’ -Biquinoline, conjugate monoacid
Water/EtOH FP 610° Solvent was 3:2 water to EtOH by volume; 20 ps 79E799
415° delay; pK, = 5.8 = 0.5; pH 0.4
187. 6,6'-Biquinoline, conjugate monoacid
Water/EtOH FP 580* Relative intensities (1:2); solvent was 3:2 water to 79E799
410* EtOH; 20 ps delay; pK. = 5.6 & 0.5; pH 5.0
188. Ris(2,2’ -hipyridine)dichloroiridinm(ITD ion
DMF/Water LP 577 Shoulders at 528° and 509* nm; solvent was 9:11 di- 79B098
554* methylformamide to water
490°
470°
458"
442°
431*
DMF/Water LP 600° Shoulders at 534%, 439%, and 419* nm; solvent was 19:1 79B098
565* dimethylformamide to water
505
469*
454*
Water LP 488* Shoulder at 419* nm 79B098
468
459°
439°
189. 2,5-Bis(5-tert-butyl-2-benzoxazolythiophene
Benzene LP/SD 520, 160000 {Oxygen quenching (2.1 X 10° L mol~' s='); 100 ns 777265
delay; “BBOT”; vt = 0.240 ps
190. 4,4'-Bis(dimethylamino)benzophenone
EtOH FP 500° {Triplet ET to naphthalene, oxygen quenching; decay 777603
405* measured at 500 nm, lifetime = 25 ps in cyclohexane;
“Michler’s ketone”; 7+ = 20 ps; ko = (9.9 = 0.1) X
10° L mol~'s™!
191. 6,6’ -Bis(dimethylamino)-3,3'-diethyl-2,2’ -thiacarbocyanine iodide
BuOH FP 700* 777036
192. 1,7-Bis(dimethylamino)-1,4,6-heptatrien-3-one
PrOH FP 800 {Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
193. 2,5-Bis[7-(dimethylamino)-2,4,6-heptatrienylidene]cyclopentanone
Toluene FP 850 {Oxygen quenching and triplet ET from anthracene 83E737
730 and benzorst Jpentaphene and to azulene, perylene,
and tetracene
194. 1,9-Bis(dimethylamino)-1,3,6,8-nonatetraen-5-one
PrOH FP 750 }Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rstJpentaphene and to azulene, perylene,
and tetracene
Toluene FP 820 1Oxygen quenching and triplet ET from anthracene 83E737
610 and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
195. 1,9-Bis(dimethylamino)-1,4,6,8-nonatetraen-3-one
PrOH FP 550 {Oxygen quenching and triplet ET from anthracene 83E737

and benzo{rst]pentaphene and to azulene, perylene,
and tetracene
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
: /nm /L mol~'cm™}
196. all-trans-1,15-Bis(dimethylamino)-1,3,6,8,10,12,14-pentadecaheptaen-5-one
Toluene FP 630 }{Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
197.  2,6-Bis[5-(dimethylamino)-2,4-pentadienylidene]cyclohexanone
Heptane FP 886" }Oxygen quenching and triplet ET from anthracene 83E737
782* and benzo[rst]pentaphene and to azulene, perylene,
619* and tetracene
PrOH FP 950 1Oxygen quenching and triplet ET from anthracene 83E737
680 and benzo[rst Jpentaphene and to azulene, perylene,
and tetracene )
Toluene FP 910 1Oxygen quenching and triplet ET from anthracene 83E737
640 and benzo[rstlpentaphene and 10 azulene, perylene,
and tetracene
198. 2,5-Bis[5-(dimethylamino)-2,4-pentadienylidene]cyclopentanone
Toluene Fp 900 {Oxygen quenching and triplet ET from anthracene 83E737
635 and benzofrstJpentaphene and to azulene, perylene,
and tetracene
199.  2,6-Bis{3-(dimethylamino)-2-propenylidene]cyclohexanone
PrOH FP 800 {Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rstJpentaphene and to azulene, perylene,
and tetracene
Tolucne rr 750 {Oxygen quenching and triplet ET from anthracenc 83E737
600 and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
200. 4’41_1“ i byl Yihil m
Benzene LP/RA 490 = 5, 7200 = 1400 € relative to benzophenone in benzene (€535 = 7630 L. 84A221
335 + 5, 14400 = 2900 mol~' cm™?), taking ®1 = 0.4 at 337 nm excitation and
taking & = 1 for benzophenone; 7 = 1.3 = 0.1 us
201.  all-trans-1,13-Bis(dimethylamino)-1,3,5,8,10,12-tridecahexaen-7-one )
Toluene FP 900 1Oxygen quenching and triplet ET from anthracene 83E737
670 and benzo[rstpentaphene and to azulene, perylene,
and tetracene
202. all-trans-1,13-Bis(dimethylamino)-1,3,6,8,10,12-tridecahexaen-5-one
PrOH FP 740 ${Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rst]p ph and to ! perylene,
and tetracene
Toluene FP 600 §Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
203. all-trans-1,11-Bis(dimethylamino)-1,3,6,8,10-undecapentaen-5-one
PrOH FP 870 {Oxygen quenching and triplet ET from anthracene 83E737
: and benzo[rst]pentaphene and tn aznlene, perylene,
and tetracene
Toluene FP 680 {Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rst]pentaphene and to azulene, perylene,
and tetracene
204. Bis(dimethylformamide)phthalocyaninatoruthenium(II)
Acetonitrile LP 5270 Another maximum at 359* was near a SD region; 77 = 83E262
0.165 ps
205. Bis(dimethylsuffoxide)phthalocyaninatoruthenium(Il)
Acetonitrile LP 485° Another maximum at 352°* nm was near a SD region  83E262
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

Method Comment Ref.

Amex €max

/om /L mol~' cm™!

No. Solvent

206. Bis(dimethylsulfoxide)phthalocyaninatoruthenium(Il)/1,4-Dinitrobenzene

Acetonitrile LP 5250 Triplet exciplex; another maximum at 409° nm was 83E262
near a SD region
207. 14-Bis(methylamino)unthraguinunc
Benzene PR-ET/ET 550, 20000 {Triplet ET from biphenyl; € relative to biphenyl in 761122
benzene assuming ground state dimerization; Tt = 5.9
ps; Er = 97 - 151 kJ mol~; k. = 8.1 X 10° L mol™!
-1
s
208. 1,1-Bis(1-naphthylethylene
Benzene LP-ET 4442 {Triplet ET from xanthone and oxygen quenching; rr 84B007
= 022 ps
209. trans-1,2-Bis(1-naphthylethylene .
Benzene LP/ET 530 =+ 3, 30000 + 4500 1Quenching by oxygen, a nitroxide free radical, and 84E237
azulene; € relative to fluorenone in benzene (€435 =
6000 L mol~! cm™'); 77 = 0.91 £ 0.14 ps; ke = (7.4
+ 1.1) X 10° L mol~!s™!
Bromobenzene LP 535+ 3 7r = 0.67 = 0.10 ps 84E237
210. trans-1,2-Bis(2-naphthyl)ethylene
" Benzene LP/ET 430 £ 3, 20000 =+ 3000 {Quenching by oxygen, a nitroxide free radical, and 84E237
azulene; e relative to fluorenone in benzene (€5 =
6000 L mol~! cm~); 71 = 0.21 & 0.03 ps; kot = (7.7
+ 1.2) X 10° L mol~'s™!
Bromobenzene LP 435 + 3 7r = 0.17 = 0.03 us 84E237
211. 9,10-Bis(phenylethynylanthracene
Acetonitrile LY-ET ~4380* {Triplet ET from benzophenone; delay 5 ps 82E509
212. rac-Bis[1-(1-pyrenyl)ethyl]ether
Hexane LP 513 Most intense peak at 415 nm 83B137
479*
415
390
213. Bonellin
EtOH (298 K) LP/TD 625° 40000* {Triplet ET from anthracene, oxygen quenching (1.7 80ES593
443°, 9500 =+ 500 X 108 L mol~! s71); 7¢ = 430 =+ 50 pus; Er = 180 &
3907, 10000 20 kJ mol-%; ky, = (2.0 + 1.0) X 10° L mol~"'s~!
214. Brilliant Sulfaflavine anion
EPA CWL/SD 575, 1800 Glass was 1:1 mixture of standard EPA and EtOH 73E346
215. 9-Bromoanthracene
Acetonitrile LP 424 1Oxygen quenching; 424 nm peak was the more in- 84B110
400° tense; 7r = 19.5 ps
Benzene PR/ET 430, 48000 € relative to naphthalene in benzene (€., = 17500 L 690087
mol~' cm™")
Benzene PR/ET 430, 47700 € relative to benzophenone in benzene (€535 = 10300 690087
L mol~! cm™")
Cyclohexane FP 425 7T =43 ps 62E009
Cyclohexane PR ‘ 425 690087
Cyclohexane FP/SD 423.5, 66500 + 3250 € method assumes linear variation of triplet spectrum 767147
in SD region
Dioxane PR 425 690087
EPA (77 K) LP 430 Tr = 200 ps 84B110
405
Liquid paraffin FP 419 Viscosity of solvent was 0.167 N-s/m?% 77 = 110 ps  62E009
216. 4-Bromobiphenyl
Toluene PR 390 }{Oxygen quenching; 7t = ~4 ps 80A235
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax 5 Comment Ref.
/nm /L mol~' cm™!
217. 4<Brumv-1-cyanvisequinvline-V-oxide
Cyclohexane FP 427 Tr = L7 ps 727105
EtOH FP 420 71 = 4.0 ps 727105
218 N .[2-[(2-anmn-ﬁ-cynno-d-nitrophenyl)nzn]-5-[(2-cymmethyl)(2-I1ydroxyethyi)nmino]-d.-methdxyphenyl]ncetnmide
2-MTHF (103 K) LP 680 Shoulder at 780 nm; triplet not observable above 211 80B101
410 K; below 116 K lifetime constant; 71 = 130 us
Dibutyl terephthalate LP 685 }Possibilities other than triplet character excluded; rr 80B101
400 = 0.023 ps
Glycerol triacetate LP 685 Shoulder at 780 nm; 7r = 0.014 ps 80B101
400
Glycerol triacetate LP 685 Shoulder at 790 nm; below 221 K lifetime constant; 7 80B101
203 K) 400 = 83 ps
219.  N-[2-{(2-Bromo-4,6-dinitrophenyl)azo]-5-{(2-cyanoethyl)(2-hydroxyethyl)amino}-4-methoxyphenyl]acetamide
1,3-Dibromobenzene LP 700 Shoulder at 780 nm; rr = 0.010 ps 80B101
390
1-FPhenylethanol ) LP 700 Shoulder at 780 nm; 71 = 0.012 us 80B101
400
2-MTHF (103 K) LP 700 }Oxygen quenching; triplet virtually not observable 80B101
400 above ~273 K; below 111 K lifetime constant; 77 =
100 ps
2-MTHF LP 800-700 7r = <0.008 ps 80B101
2-PrOH LP 800-700 7r = 0.012 us 30B101
Biphenyl/Diphenyl ether LP 700 Shoulder at 800 nm; solvent was 1:3 biphenyl to diph- 80B101
420 enyl ether; 71 = 0.008 us
Dibutyl terephthalate Lp 700 {Possibilities other than triplet character of the tran- 80B101
400 sient excluded; shoulder at 750 nm; 71 = 0.026 ps
Glycerol triacetate LP 695 Shoulder at 770 nm; 7v = 0.012 us 80B101
400
Glycerol triacetate LP 720 Below 220 K lifetime constant; ry = 100 ps 80B101
(203 K)
PMMA LP 680 Shoulder at 740 nm 80B101
o-Terphenyl/Diphenyl LP 695 Shoulder at 780 nm; solvent was 1:1 o-terphenyl to 80B101
ether 400 diphenyl ether; vr = 0.010 us
220. 4-{(2-Bromo-4,6-dinitrophenylazo]-N,N-dimethylbenzenamine
2-MTHF (103 K) Lp 700 Lifetime measured at 138 K; triplet not observable 80B101
410 above 138 K; below 100 K lifctime (500 us) constant;
7t = 0.014 ps
Glycerol triacetate LP 700 Lifetime measured at 247 X, triplet not observable 80B101
(203 K) above 247 K; 71 = 0.020 ps
22]1. 4-Bromoisoquinoline-N-oxide
Water FP 382 71 = 0.96 ps 727105
222. Bromo(methanol)(phthalocyaninato)rhodium(III)
Acetonitrile/2-PrOH LP/SD 640°, 900 Solvent was 2.6 mol L' 2-PrOH 83F405
590° 22000
223. 1-(Bromomethyl)naphthalene
? Lp 426 Sulvent was cither McOH ur cycloheaanc 84A222
224. 1-Bromonaphthalene )
CTAB LP/TD 425, 11500 Agqueous micelle; e method corrects for TT- 8INO70
4002, 7000° annihilation in micellar environment and gives upper
limit; shoulder at 370 nm; 71 = 50 ps
Cyclohexane FP 424 Tr = 270 ps 62E009
Cyclohexane (77 K) PS 414.5 Relative intensities (2:1) 69E211
392.0
Et;0/Pentane (77 K) PS 415.5 Relative intensities (2:1) 69E211
393
Ethylene glycol FP 420 Relative intensities (100:60:25); 7r = 830 = 140 ps 61E005
398
© 3718

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 67

TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules.in condensed phases ~— Continued

No. Solvent Method 0 Amax s €max Comment Ref.
/nm /L mol~! cm™!

Hexane FP . 419 Relative intensities (100:55:20); 71 = 83 =& 14 ps 61E005
398
375
Hexane LP 425 Delay 500 ps 82E303
Toluene PR 420 1Oxygen quenching; 7t = ~9 ps 80A235 -
225. 2-Bromonaphthaiene
Cyclohexane FP 425 Tr = 150 us 62E009
Cyclohexane (77 K) PS 417 Relative intensities (100:55:10) 69E211
390
370
EPA (77 K) PS 421.8 {Phosphorescence decay 51E001
EPA (77 K) FP 423 55E002
398
Hexane FP 417.5 54E001
3929
Hexane FP 417.5 Relative intensities (100:61:29) 58E001
394
372
Liquid paraffin FP 423 Viscosity of solvent was 0.167 N-s/m? 71 = 2300 us  62E009
226. 4-(2-Bromo-4-nitrophenyl)azo}-N,N-dimethylbenzenamine
2-MTHF (77 K) LP 700 Triplet not observable above 125 K; below 106 K life- 80B101
400 time constant; 7t = 100 us
EPA (89 K) LP 710 80B101
390
EtOH/MeOH (113 K) LP 700 Solvent was 4:1 EtOH to MeOH 80B101
390
Glycerol triacetate LP 680 Lifetime measured at 247 K; triplet not observable 80B101
(203 K) 400 above 247 K; rr = 0.014 ps
MCH/Toluene (113 K) Lp 700 Solvent was 1:1 MCH to toluene 80B101
390
PMMA LP 690 80B101
227. 9-Bromophenanthrene
Cyclohexane FP 482.5 7r = 115 ps 62E009
Liquid paraffin FpP 482.5 Viscosity of solvent was 0.167 N.s/m% 77 = 710 ps  62E009
228. 1-Bromopyrene
EtOH (293 K) LP 505° ) More intense absorption below. 425 nm 697226
476°
229. trans-4-Bromostilbene
2-MTHE (135 K) LP 392 First peak most intense; 7r = 0.02 ps 79E378
. 373
352
2-MTHF (135 K) LP 392 Triplet absorption not observable above 135 K; re- 79E640
373 ported lifetime constant below 104 K; 71 = 480 ps
352
3-MP (88 K) Lp 393 79E640
376
355
EPA (130 K) LP 393 First peak most intense; 71 = 0.02 us TIE378
kY]
355
EPA (108 K) LP 393 Triplet absorption not observable above 130 K; re- 79E640
372 ported lifetime constant below 97 K; 1 = 500 ps
355
EtOH (138 X) Lp 391 Relative intensities (4:3:1); triplet absorption not ob- 79E640
372 servable above 143 K; reported lifetime constant be-
352 low 115 K; 71 = 480 us
EtOH (143 K) LP 391 First peak most intense; 71 = 0.1 ps T9E378
372
352
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » Comment Ref.
/om /L mol~'cm™!
EtOH/MeOH (103 K) LP 392 Solvent was 4:1 EtOH to MeOH T9E640
372
352
Glycerol (286 K) LP 395 First peak most intense; 7r = 0.03 ps T9E378
375
: 354
Glycerol (193 K) LP 395 Relative intensities (4:3:1); triplet absorption not ob- 79E640
375 servable above 286 K; reported lifetime constant be-
354 low 209 K; 71 = 450 ps
Glycerol triacetate LP 390 Triplet absorption not observable above 243 K; re- 79E640
233 X) 370 ported lifetime constant below 207 K; 71 = 440 us
352
Glycerol triacetate Lp 390 First peak most intense; rr = 0.03 us T9E378
243 K) 370
352
MCH/Isohexane (114 K) LP 392 First peak most intense; 7r = 0.3 ps T9E378
372
352
MCH/Isohexane (77 K) LP 392 Solvent was 1:1 MCH to isohexane by volume; triplet 79E640
372 absorption not observable above 114 K; reported life-
352 time constant below 100 K; 7+ = 450 ps
230. 2-Bromotriphenylene
EtOH/MeOH (113 K) FP/TD 430, > 8000 Solvent was 3:1 EtOH to MeOH; lower limit assumes 67B004
total ground state depletion
231. 2-Butanone
Methylene chloride LP 245 {Phosphorescence decay and oxygen quenching; 7t = 84B051
. 1.4 ps
232. Butyl benzoylformate
Benzene (298 K) LP 451° 7t = 0.5 ps 84A030
4307
400*
233.  4-tert-Butyl-3,5-dinitroanisole
CF;CH,OH LP 441* {Quenching by oxygen and tetramethyldiazetine diox- 84E033
ide; rr = 3.5 ps
234. 2-[1-(Butylimino)ethyl]-S5-methylphenol
Benzene (295 K) LP 430° 1Oxygen quenching and triplet ET to compound by 727374
triplet donors
235, 2-tert-Butyl-4-methylindazole
EtOH (103 K) MOD/SD 409*, 8400° Shoulders at 388 and 294* nm; another maximum < 716244
250 nm; 7r = (9.1 = 0.8) X 10° ps
EtOH (178 K) MOD/SD 4094, 7600* Shoulders at 393® and 280* nm; another maximum < 716244
250 nm; 7 = (1.9 = 0.3) X 10* us
236. N-Butyl-5-nitro-2-furamide
2-PrOH (298 K) LP 505 + 5 T = 0.037 ps 84A263
Acetonitrile (298 K) LP 498 + 5 {Quenching by oxygen and azulene; 7+ = 0.26 ps 84A263
CCl,; (298 K) LpP 500 + 5 7r = 0.052 ps 84A263
MeOH (298 X) LP 5155 71 = 0.022 us 84A263
Water (298 K) LP 5153 71 = 0.019 ps 84A263
237. 1-Butynylbenzene
Isopentane/2-PrOH PS 255° {ESR; glass was 7:3 isopentane to 2-propanol by vol- 68B007
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ume; “l-ethyl-2-phenylacetylene™; by assuming that
radical formation occurs only from T* and that it is
wavelength-independent, the author devise an ESR
method that determines the shape of TTA even in the
SD rcgion
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amas » €max Comment Ref.
/nm /L mol~! cm™!

238. Butyraldehyde
Pentane LP 355 {Triplet ET to 2,5-dimethyl-2,4-hexadiene; both peaks 81E442
320 have the same decay and quenching behavior and are
attributed to a single species; 71 = 0.210 ps; ko = (1.5
+0.2) X 10° L mol~!s~!

239. 9-Butyrylanthracene

EPA (77 K) FP 430 Tr = 342 X 10* us 82E338
240. Cadmium(II) tetrabenzoporphyrin
Pyridine . FP 500 73E345
415
241. Cadmium(II) tetraphenylporphyrin
MCH FP/TD 490, 57000 {Oxygen quenching; 7r = 265 ps 81E271
415, 22000
242. Caffeine
Water " LP-ET 351 {Triplet ET from acetone; 71 = 4.5 pus; pH 7.1; ky = 82B045

5.6 X 10°L mol~'s™!

243. Camphoroguinone

2-PrOH FP 1060 {Triplet ET from benzophenone, triplet ET to anthra- 697092
908 cene, and oxygen quenching; another maximum <200
790 nm; delay 0 us
702
630
~ 500
320
276

Benzene FP 1070 {Triplet ET from benzophenone, triplet ET to anthra- 697092
916 cene, and oxygen quenching
796
706
638

314
CCl, FP 1068 {Triplet ET from benzophenone, triplet ET to anthra- 697092

916 cene, and oxygen quenching; another maximum <220

796 nm

705

638

590

500

316

280

244. Canthaxanthin
? FP-ET 541° {Triplet ET from anthracene; it was not reported 733001
whether the solvent was hexane or benzene; lifetime
was mecasured in icaane; 77 = 7.1 p>

Benzene PR-ET 555 {Triplet ET from naphthalene; 71 = 3.8 ps 80A143
245. Carbazole
2-MTHF (77 K) PS/ESR 433, 12200 IESR; only most intense visible peak reported; oscil- 696115

lator strength encompasses two electronic transitions;
oscillator strength = 0.18

Benzene FpP 418* 84F248

Cyclohexane FP/? 4352, 14000° € determination unspecified; 7+ = 167 ps T7A178
400°, 12500°

Cyclohexane FP/ET 420, 14500 € relative to naphthalene in cyclohexane (€45 = 24500 78A368

L mol ~! cm™?); carbazy] radicals (eeo = 7000 L mol !
cm™") also observed; 77 = 170 ps
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Pantt o Spectral parameters for triplet-triplet absorption of organic molecules in. condensed phases — Continued

No. Solvent Method Amax » €max Comment ' Ref.
/nm /L. mol~! cm™!

Cyclohexane |94 ~620° {Rises with fluorescence decay; relative intensities 80E(023
420 (1:8); shoulder at 400 nm; S, « S; absorption also
recorded (Agp = 20000 L mol~' cm™")
EPA (77 K) PS 428 {Phosphorescence decay; 71 = (8.0 = 0.2) X 10°us 67E106
406 E )
EPA (77 K) PS/KM 4312, 143 Shoulders at 506® and 375" nm; two electronic bands 747347
407, 11200° were assigned: the Ist was the shoulder at 506 nm with .

f = 0.06, and the 2nd started at. 431 nm;.¢-method
assumed on basis of earlier work by authors; oscillator
. strength = 0.24 :
EtOH (77 K) MOD/KM 425, 19000 =+ 4700 737055
406, 14000 == 3500
318, 7000 + 1700
305, 5700 = 1400

EtOH FP 639 Most intense peak at 425 nm 766421
~480
425°
405* .
EtOH/Et,O (77 K) MOD/KM 425, 10100 =% 4000 Glass was 2:1 EtOH to Et,Q; tcmpcraturc was not 719059
explicitly stated, but 77 K was inferred from the con-
text .
Hexane FP 420 {Oxygen and piperylene quenchin, 757573
PMMA (77 K) CWT. 5100 Most intense peak 430 nm T R37042
) 430°
415°
378 -

246. 3-Carbethoxypsoralen

Benzene PR/ET 450°, 7500 {Triplet ET from biphenyl, oxygen quenching (1.9 X 82E133

400* 10° L mol~!s™"); e relative to biphenyl in benzene (€:¢7
. _ = 27100 L mol~! cm~Y); 71 = 20 ps .

Benzene LP 407¢ {Oxygen quenching and triplet ET from biphenyt 84B025

EtOH LP/ET 5900 {Triplet ET to retinol, oxygen quenching (2.7 X 10’ L 82E133
500° ) mol ™' s~1); € relative to retinol in hexane (€ss = 80000
450°, 6800 L mol~! e¢m™') assuming € independent of solvent; 7¢
370° = 5.5 us; ky = 9.6 X 10°L mol~' s~

EtOH LP/ET 450, 5457 e relative to retinol, but actual reference € used wasnot  83E324

specified; rr = 5.6 ps )

Water LP/ELT 605* {Oxygen quenching (3.0 X 10° L mol~* s™); e relative  82E133

) 590° : to radical anion (g0 = 2300 L mol ' cm ") assuming
450°, 3700 £ 900 electron transfer from tyrosine 100% efficient; v = 17
400 ps B )

Water PR/ELT 605° 1Oxygen quenching (3.0 X 10° L mol~!s™'); e relative 82E133
590° to radical -anion (€go = 2500 L mol~'em~Y); 1 = 17
450°, 3150 ps

. 400*

Water LP/ELT 605° 1Oxygen quenching (3.0 X' 10° L mol~! s™'); e relative. 82E133
590° to radical anion (€40 = 2000 L mol~' cm~!) assuming .
450°, 3700 = 900 electron transfer from tryptophan 100% efficient; 71 =

. 4000 . 17 ps

Water LP/TD 450°, 2000 Tr =5 pus : ) 83E324

Water LP 612* Oxygen quenching . 848025
578 - ' . ' .

3970

247. Carbostyril

EPA (77 K) PS ‘ 27 Phosphorescence decay; shoulder at-465* nm; 7 = 9.6 717171
X 10° ps ) .
EtOH/Water FP 451° Solvent was 7:3' EtOH to water; peaks were of almost 737046
430 equal intensity ’
Glycerol FP 444° Shoulder at 488 nm ) 717171
Liquid paraffin (268 K) FP - -488° 446 nm was the more intense. peak 717171
446*

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES (Al

TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Aman 5 Emax Comment Ref.
/nm /L mol~! cm™!

Water FP 4517 Shoulder at 476° nuy 451 1 was the mote inteuse 737046
4312 peak; 7 = 17 us
248. Carbostyril, negative ion
Water Fp 460° Shoulders at 478 and 440° nm; 71 = 30 ps; pH 14 737046
249. 4-Carboxybenzophenone
Water LP/RA 535, 6600 {Phosphorescence decay; carboxylate anion form; € 81A314
5255 6150 relative to benzophenone in benzene (ess = 7630 L

mol~! cm™!) assuming triplet yields of unity for both
species; corresponding ketyl radical (es;p = 5500 L
mol~' cm~') and radical anion (ego = 8000 L mol™'
cm™') also measured; lifetime limited by ground state
quenching; 7t = 5.0-6.7 us; pH 7

250. 11-cis-B-apo-14"-Carotenal
Hexane (298 K) LP/SD 470 = 5, 90000 =+ 10000 “11-cis-C;; aldehyde™ 84B026
MeOH LFP-ET 490 $Triplet ET (rowm anthracenc 84B026

251. B-apo-14’-Carotenal

Acetonitrile PR/RF 490, 112000 “all-trans-Cy, aldehyde”; ¢ relative to compound in 79E546
cyclohexane (€0 = 121000 L mol~! cm™!) assuming
oscillator strength independent of solvent; 7+ = 11.9
us

Benzene PR/RF 490, 119000 € relative to compound in cyclohexane (€40 = 121000 79E546
L mol~' cm™') assuming oscillator strength indepen-
dent of solvent; v = 8.3 us

Benzene LP 485 82F477

CF;CH,OH LP-ET 510 {Triplet ET from anthracene; 71 = ~ 17 us 83E026

Cyclohexane PR/ET 470, 121000 € relative to biphenyl in cyclohexane (€361 = 42800 L. 79E546
. mol~' cm™'); 7t = 7.1 us

Cyclohexane LpP 473 82F477

Cyclohexane LP-ET 475 {Triplet ET from anthracene; solution 0.08 mol L-'in  83E026

(CF;),CHOH; H-bonded species shows as a shoulder
around 510 nm; 7+ = 8 ps

DFMeOH LP-ET 560 {Triplet ET from anthracene; 7¢ = >40 s 83E026

Hexane LP/SD 470, 127000 %= 19100 € assumes triplet does not absorb where singlet de- 78E721
pletion is followed; 71 = 5 ps; By = ~ 148 kJ mol~"

McOII PR/RF 475, 149000° e rclative to compound in cyclohexanc (esp = 121000 792546

L mol~! cm~') assuming oscillator strength indepen-
dent of solvent; 7t = 10.3 ps

252.  B-apo-8’-Carotenal
? FP-ET 517 {Triplet ET from anthracene; it was not reported 733001
whether the solvent was hexane or benzene; lifetime
. was measured in hexane; 71 = 10 us
Hexane LP-ET/SD 520, 223000 =+ 33500 {Triplet ET from biphenyl; € assumes triplet does not 78E721
absorb where singlet depletion is followed; 7+ = 2.5
ps; Er = ~122 kJ mol~'

253. 15,15'-cis-B-Carotene
? FP-ET 507° fTriplet ET from anthracene; it was not reported 733001
whether the solvent was hexane or benzene; lifetime
was measured in hexane; shoulder at 499* nm; v = 7.1
us
Hexanc PR/ET 515, 250000 4 37500 $Triplet ET from biphenyl, ¢ relative to biphenyl in 776412
cyclohexane (€3 = 42800 L mol~! cm™"), assuming
authors used standard for cyclobexane; 11 = 5.9 + 0.6
us; ke = (2.0 = 0.20) X 10"° L mol~'s~!

254, fB-Carotene

Acetic acid LP-ET 512 {Triplet ET from hematoporphyrin; v+ = 9 us 81B115

Benzene (296 K) LP-ET 526 Triplet ET from chlorophyll a; oxygen quenching (3.6 73E347
X 10° L mol=' s7Y); 7¢ = 5.9 ps; ko = 1.2 X 10°L
mol~!s~! -
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TAbLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref. -
/nm /L mol~! cm™!
Benzene LP-ET 520 {Triplet ET from anthracene; 7t = 8.0 = 0.5 us 767094
Benzene PR 540 761024
CTAB/Triton X-100 LP 525 Surfactant ratio 1:2 CTAB to Triton X-100; mixed 80NO033
475 aqueous micelle; 71 = 4 ps
Carbon disulfide (293 K) LP 550 {Triplet ET from chlorophyll a; 71 = 15 us; ka = 69N001
X 10° L mol~'s~!
Hexane (188 K) FP-ET 522 {Triplet ET from benz[a Janthracene; 71 = 300 ps 66E089
Hexane (298 K) FP-ET 514 {Triplet ET from chlorophyll a, tetracene, 66E089
benz[a Janthracene, and anthracene; the data presented
is for anthracene; 71 = 70 us; ke = 1.1 X 10" L mol~!
s—l
Hexane (293 K) LP 515 {Triplet ET from chlorophyll 2 69N001
Hexane PR/ET 515, 170000 =+ 40000 e relative to naphthalene in cyclohexane (€455 = 22600 703001
L mol~! em~"), exact ref. used by author not stated but
surmised; 7 = 9 ps
Hexane PR/SD 515, 230000 TT=9us 703001
Hexane PR/ET 515, 130000 £ 10000 {Triplet ET from naphthalene and oxygen quenching; 713035
482° shoulder at 453° nm; € relative to naphthalene in cy-
clohexane (ey4s = 24500 L mol~' cm™'), except au-
thors used 412.5 nm as reference A; 7+ = 9 us; ko = 1.5
X 10° L mol~!s~!
Hexane PR/ET 515, 242000 = 36300 {Triplet ET from biphenyl; € relative to biphenyl in 776412
cyclohexane (€3 = 42800 L mol~' cm™'), assuming
authors used standard for cyclohexane; 71 = 5.9 = 0.6
us; ke = (1.8 = 0.18) X 10° L mol—! 5!
255. {-Carotene
Cyclohexane PR/ET 445, 81000 {Triplet energy transfer from biphenyl; € relative to 761035
biphenyl in cyclohexane (€361 = 42800 L moi~' cm™"),
77 = 23 ps; Er = <123 kI mol~Y; k., = 1.4 X 10°L
mol~!s™!
256. B-apo-8'-Carotenoic acid, methyl ester
? FP-ET 507* _{Triplet ET from anthracene; it was not reported 733001
whether the solvent was hexane or benzene; lifetime
was measured in hexane; shoulder at 497* nm; 7+ = 8.3
us
257. 4-(B-apo-7'-Carotenyl)benzyl pyropheophorbide
Toluene Lp ~540 Tr = 463 us 82B0%4
258. Chalcone
Heptane LP 430 = 15 “1,3-Diphenyl-2-propen-1-one”; 1 = 0.013 ps 83E347
259. Chloranil .
1,2-Dichlorcethane LP/RA 510, 7200 =+ 1300 1Oxygen quenching; lifetime measured for the 510 nm 776335
370, 4700* band; € relative to benzophenone in benzene (€535 =
7630 L mol~! em™!) and ing $1 for chl il is
unity; 71 = 5.6 us
1,4-Dioxane LP/RA 515, 5800 4= 100 ¢ relative to benzophenone in benzene (€si2s = 7600 L 79A178
mol™! em™') assuming ¥y =10 for chloranil in
1,4-dioxane; subsidiary peak at 740 nm dne to complex.
ation with solvent; 71 = 3.4 us
Acetone FP 520 727069
503
471
Acetonitrile FP 510 727069
487
479
372
Acetonitrile LP/RA 510, 7700 + 300 ¢ relative to benzophenone in benzene (€535 = 7630 L. 78A195
mol~! cm™') assuming ®y = 1 for chloranil in ace-
tonitrile; €. assumed from earlier work
Benzene FP 516 727069
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TABLE 6. -Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method . Amax » €max Comment Ref.
/am /L mol~!cm~
Butyronitrile LP/RA 510, 7570 1Oxygen quenching; ¢ relative to the chloranil radical ~79B061
i P © 480 anion in‘acetonitrile (€me = 9700 L mol ! cm™'); other
380 . peaks of roughly equal intensity at 480 and 380 nm; 71
) =6.3'ps
Cyclohexane - LP 500 Tr=20£03pus 697272
Cyclohexane FP 539 . 727069
' 507
495
474
Dioxane " LP/RA 515, 5800 =+ 300 € relative to bén'zophenone in benzene (€535 = 7630 L 78A195
mol~! cm~") assuming ®1 = 1 for chloranil in dloxane
) €r-assumed from earlier-work
EtOH TP 500 - tOxyzen and anthracene quenching: 7r = 1.2 u.s 697272
MeOH FP ~500 727069
THEF . . FP ~300 : 127069
Trichlorotrifluoroethane  FP 522 .-§Oxygen quenching; 77.=-30 ps - 727069
- : -.507 -
497
473
. -410.
379
260.. Chloraiil/Triphenylamine. . T
: Benzene/MeOH (293 'K) ' LP 650 650 nm band was the more intense; solvent was 19:1 - 81E715
550 benzene to'MeOH; .71 = 0.04 s )
Benzene (293 K) LP 26507 650 nm band ‘was the more intense; 7r-= 0.067 ps - . 81E715
550 .
261. Chloroaluminum phthalocyanine )
Dimethylacetamide- LP/SD 490°, 26600 Solvent was 7 3 dlmethylacetamlde to water 83E088
/Water . .
“:Dimethylsulfoxide/Water.. LP/SD 490°, 26600 Solvent was 8 2 dlmethylsulfoxlde to water . .83E088
' 262; . 1-Cliloroantliracene - - _ R - _
Benzene PR/ET 437.5, 60900 ¢ relative to benzophenone in benzene (em s = 10300 690087
) L mol~-'.cm~})
~Benzene PR/ET 437.5, 66500 € relative to. naphthalene in benzene (em = 17500 L - 690087
e : - mol~! em™?) . .
Cyclohexane FP 425 Tr=610pus 62E009
Cyclohexane PR 430 690087
Dioxane - PR .. 4325 690087
‘Hexane " FP 430.7 54E001
) i 407.5 . . . S
Hexane FP 431 Relative intensities (100:25) 58E001
: 407.5 :
Liquid paraffin FP 419 . V:scos:ty of solvent was 0.167 Nos/m?% 77 = 4200 us 62E009
263... 1:Chiloroanthraquinone . . . , . - _ .
"EPA (77 K) LP 480° - }Phosphorescence decay; delay 500ns; 375 nm wasthe 83E016
) 375° more intense peak; 7+ = 170 %= 10 ps )
EtOH P 380° Dclay 50 ns. . 84A253
Toluene Lp o 4957 {Phosphorescence decay in EPA at77 K delay 300.ns;. 83E016-
o 3850 385 nm was-more intense peak
264, 2-Chioroanthraquin6ne . . .
EPA (77 K) FP 376* {Phosphorescence decay; 7r = 3400 ps 83E016
Toluene LP 3810 ~ {Phosphorescence decay in EPA at 77 K; delay:300ns - 33E016 -
265. Chlorobenzene ) . = .
" Cyclohexane LP 295° {Triplet ET to piperyléne, oxygen quenching (4.5 X. 707561
- . 10° L mol~* s=); 400 ns-delay; 71 = 0.48 ps .
.Cyclohexane LP/RA. 300, 6250 =+ 300 € relative to naphthalene in cyclohexane {€qjs = 24500 84E529

L mol~!.cm™"), taking 0.64 for ®r of chlorobenzene

and 0.75 for naphthalene; 7+ = 1.6 &= 0:1 pus
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax s €max Comment Ref.
/om /L mol~'cm™!
266. 4-Chlorobenzophenone
Acetonitrile/Water LP/ET 535, 7000 Solvent was 9:1 acetonitrile to water; € relative to 84B033
’ 320, 12800 1-methylnaphthalene in acetonitrile/water (ess. =
11200 L mol~! cm™")
2067. (2'-Cllluruln:uwyl)nmlnu-Z-A’-thi:u.ullnc .
Cyclohexane (293 K) FP/RA 557, 11600 1Triplet ET to biacetyl, oxygen quenching; € relative 82E373
to naphthalene in cyclohexane (€44 = 24500 L mol~!
cm™!); 7r = 2000 ps
268. (4'-ChlorobenzoyDamino-2-A2-thiazoline
Cyclohexane (293 K) FP/RA 563, 16900 {Triplet ET to biacetyl, oxygen quenching; € relative 82E373
to naphthalene in cyclohexane (€514 = 24500 L mol~!
cm~!); rr = 2000 ns
269. 4-Chloro-6-[4-(diethylamino)phenyl]-N,N-dimethyl-1,3,5-triazin-2-amine
EPA (77 K) PS 485 {Phosphorescence decay; 7t = 4.2 X 10° us 83E427
PMMA (293 K) PS 490 83E427
270. N-[2-[(2-Chloro-4,6-dinitrophenyl)azo]-5-[(2-cyanoethy])(2-hydroxyethyl)amino}-4-methoxyphenyljacetamide
2-MTHF (108 K) LP 690 Shoulder at 780 nm,; lifetime measured at 189 K;; triplet 80B101
410 not observable above 189 K; below 100 K lifetime (
1000 ps) constant; 7 = 0.091 us
Dibutyl terephthalate LP 690 Shoulder at 770 nm; 71 = 0.028 ps 80B101
400 )
Glycerol triacetate LP 690 Shoulder at 780 nm; below 216 K lifetime constant; 7+ 80B101
(203 K) = 500 ps
Glycerol triacetate LP 695 Shoulder at 780 nm; 7+ = 0.020 ps 80B101
400
271. 3-Chloro-2,6-diphenyl-1,4-benzoquinone/4-Methoxy-/V,/V-dimethylaniline
" Benzene (293 K) Lp 560 560 nm peak was the more intense; 77 = 0.083 us 81E715
460
Benzene/MeOH (293 K) LP 460 Solvent was 19:1 benzene to MeOH; 71 = 0.056 ps  81E715
272. 3-Chlero-2,6-diphenyl-1,4-benzoquinone/Naphthalene
Benzene (293 K) LP 600 7t = 0.11 ps 81E715
Benzene/MeOH (293 K) LP 600 Solvent was 19:1 benzene to MeOH; 71 = 0.091 us  81E715
273.  3-Chloro-2,6-diphenyl-1,4-benzoquinone/N,N,N ' N ' -Tetramethyl-p-phenylenediamine
Benzene (293 K) LP 620 550 nm peak was the more intense 81E715
550 _
Benzene/MeOH (293 K) LP 620 570 nm peak was the more intense; solvent was 19:1 81E715
570 benzene to MeOH
274. 3-Chloro-2,6-diphenyl-1,4-benzoquinone/1,2,3-Trimethoxybenzene
Benzene/MeOH (293 K) LP 460 i Solvent was 19:1 benzene to MeOH; 71 = 0.37 ps 81E715
Benzene (293 K) LpP 560 560 nm peak was the more intense; 71 = 0.63 us 81E715
460
275. 3-Chloro-2,6-diphenyl-1,4-benzoquinone/Triphenylamine )
Benzene (293 K) LP 650 550 nm band was the more intense; 77 = 0.16 ps 81E715
550
Benzene/MeOH (293 K) LP 650 650 nm band was the more intense; solvent was 19:1 81E715
550 benzene to MeOH; 71 = 0.077 us
276. Chloroindium(III) phthalocyanine
Dimethylacetamide- LP/SD 490, 23000 Solvent was 7:3 dimethylacetamide to water 84A122
/Water '
277. Chloro(methanol)(phthalocyaninato)rhodium(IXI)
Acetonitrile/2-PrOH LP/SD 6400, 900 Solvent was 2.6 mol L~! 2-PrOH 83F405
590°, 22000

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 75
TABLE 6. = Spectral parameters for triplet-triplet absorption of organic. moiecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
: ) /nm /L mol~! cm™!

278. 1-<(ChloromethyDnaphthalene .

- Cyclohexane LP 422 {Oxygen quenching 84A222
MeOH LP 422 {Triplet ET from benzophenone and thioxanthane 84A222

279.. 1-Chloronaphthalene : .
1-Chloronaphthalene - FP-ET 427 {Triplet ET from benzophenone; 30 ps delay; evi- 767159
. 403 dence for triplet excimer at long wavelengths

presented; relative intensities (3:2); 7t = 20 ps
- -Cyclohexane . ) FP. 420 7r = 280 ps * 62E009
Cyclohexane (77 K) PS 413.5 Relative intensities (10:6) - 69E211
Cyclohexane LP/ET :420, 20700 = 3000 {Triplet ET from TMPD; € relative to TMPD in cy- 757282
R . clohczxanc (esp — 11900 L miol~! cm—") .
“Durene (77 X) PS 424.5 Single crystal 67B008
" Et;0/Pentane (77 K) - PS 419 Relative intensities (10:6:1) 69E211
o o 3955
374.5 ) : .
. 'Hexane - FP-ET 424 1Triplet ET from benzophenone; 30 ps delay; relative 767159
397 intensities (6:3:1) - o
Hexane (293 K) LP 423* Delay 500 ps . 82E303
* :PMMA (294 K) FP 524¢ Shoulder at 552 nm®% 71 = (1.4 £ 0.1) X 10° ps 69B004
:280." 2-Chiloronaphthalene v ,
.Cyclohexane - . FP 420 Tr= 180 ps 62E009
Cyclohexane (77 :K) Ps 414 . Relative intensities (10:-:6:-:2) 69E211
. 411. v
392.5
390
. 370 '
EPA (77 K) PS 420.7 {Phosphorescence decay - 51E001
397 - . : -
PMMA (294 K) - FP 578 Shoulder at 637* nm; 77 = (2.5 &+ 0.2) X 10° ps 69B004
532*

'281. . -3:Chloro-1-(2-naphthyl)-1-propanone S )
Benzene FpP 425 7r = 220 ps 83P212
CClL . FP 400 Tr.= 251 ps 83P212

282. 142-ChiorophenyDnaphithalene _ :
3-MP (77 K) PS/ESR 495.-9500 {ESR; oscillator strength = 0.12 AIRON2

' ) 465*, 7100° . .
4332, 3900°
283. 1-(4-Chlorophenyl)naphthalene ; .
3-MP (77 K) PS/ESR 505, 32500 {ESR; oscillator strength = 0.29 69B002
: 472°, 15800* :
435%, 7400
284. Chlorophyll a
Acetone LP/SD 460, 56000 84RO57
Benzene FP 460 Half-life = 150 & 40 ps 55E003
Cyclohexanol FP - 465 Half-life = 600 = 180 ps 55E003
360 .
Cyclohexanol (294. K) LP - 1150 Half-life = 500 ps 81BI111
750 )
Digitonin (293 K) LP 670* $Oxygen quenching (2.4 X 10° L mol~' s~'); aqueous - 69N001
) 510° micellar suspension; T = 830.us :
Et,0 FP/SD 430°, 40000 o 67E027
Heptane FP/TD 480, 17700 + 3000 Solution contains pyridine; € method assumed 77C001
' : 470°,.23000 == 3000 : . ’
o 460°, 24000 = 4000 . .
Heptane FP/TD Solution contains ether; € method assumed 77C001

-480° 17100 £ 3000
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TABLE 6.

I. CARMICHAEL AND G. L. HUG

Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/nm /L mol~'cm™!
MeOH FP 462 Half-life = 200 = 50 ps 55E003
4235(7)
390(7)
MeOH FP 550 550 nm maximum was judged to be of “doubtful sig- 58R002
450 nificance” by the experimenters
Polyvinylbutyral (77 K) LP 4722 80E867
Polyvinylbutyral (77 K) FP 460° Polymer film; 77 = 2 X 10° ps 82E129
425%
Pyridine (298 K) FP/SD 530, 17800 7r = 1500 ps 58R001
462, 32000
Pyridine LP/COM 540, 35000 Triplet concentration calculated by kinetic simulation; 79B037
460, 48000 Sq < S spectrum also resolved (€u0 = 68000 L mol~!
cm™'); €40 corrected from text
Pyridine LP 450° Tr = 70 ps 81F121
SHS LP 740° Aqueous microemulsion, droplet radius ~ 100 A; dif- 80NO057
465 ference spectrum only; 7+ = 800 us
285. Chlorophyll b
3-Mp FP/SD 450°, 26000 67TE027
Benzene Fp 482 Half-life = 1300 =% 300 ps 55E003
440
42000
Benzene FP 380 440 and 580 nm maxima were judged to be of “doubi- 38R002
475 ful significance” by the experimenters
440
Benzene FP 480 430 nm maximum was judged to be of “doubtful sig- 58R002
430 nificance” by the experimenters; benzene was wet
Benzene FP/SD 316 36500° 1 = 2500 us 59B002
Et,O FP/SD 450°, 21000 67E027
MeOH FP 496 Half-life = 100 = 40 ps 55E003
454
420(7)
390
MeOH/Water FP ~700 Solvent was 19:1 MeOH to water 55R001
~525
~405
Pyridine (298 K) FP/SD 605, 12100 Tr = 3200 us 58R001
550, 21500
485, 34700
445, 26000
380, 19700
286. Chlorophyll ¢ dimer
Heptane FP/TD 480°, 13500 =+ 4000 Solution contains ether; ¢ method assumed 77C001
Heptane FP/TD 480°, 17700 =+ 3000 Solution contains pyridine; € method assumed 77C001
470°, 21500 + 4000
460°, 25000 =+ 4000
287. Chlorophylline
Water Fp 520 Sodium salt 65R023
470
288. cis-4-Chlorostilbene
EtOH (123 K) LP 390 Triplet state absorption observed only after repetitive 79E640
370 (~30) flashes
347
289. trans-4-Chlorostilbene
EPA (108 K) LP + 391 Triplet absorption not observable above 122 K; re- 79E640
370 ported lifetime constant below 93 K; 71 = 10% ps
346
EtOH (103 K) LP 390 Triplet absorption not observable above 135 K; re- 79E640
369 ported lifetime constant below 111 K; 71 = 10* ps
348
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/nm /L mol~' cm™!

Glycerol (197 K) LP 395 Relative intensities (3:2:1); triplet absorption not ob- 79E640
376 servable above 275 K; reported lifetime constant be-
355 low 202 K; 71 = 5000 ps
290. 2-Chlorothioxanthen-9-one
Benzene FP 650-670 }1Oxygen quenching (5.5 X 10° L mol='s~"); 7 = 61 81A294
us

291. 6-Chloro-1,3,3-trimethyl-6 -nitrospiro-(2,2’ -indolin{2H -1Jbenzopyran)
Toluene (298 K) FP 450 }Oxygen quenching, activationless decay; assigned to  67B003
7 — 7" transition in uncolored form

292. Chlorpromazine
2-PrOH ) LP 460 {Triplet ET to B-carotene, oxygen quenching; peak at 767023
510 nm assigned to dechlorinated radical; 7+ = 3.2 us

293. 4-Chromanone

Benzene LP ~ 450° 110 ps delay; 7 = 0.3 ps; rise time of (50 = 10) X 10~% 81E222
. ns :
EPA (77 K) FpP 427° {Phosphorescence decay 80E884
EPA (77 K) FP 430° tPhosphorescence decay: 7+ = 93 X 10’ us 81E222
EtOH LP 557 1Oxygen quenching; shoulder at 511° nm; 442 nm peak 80E884
4420 more intense; delay 150 ns; 7r = 0.406 us :
EtOH LpP 560° 150 ns delay; relative intensities (1:2:3); 7+ = 0.4 ps; 81E222
510° rise time of (50 = 10) X 10~ ns
450°
294. Chromone o
EPA (77 K) Fp 650° }Phosphorescence decay; lifetime lengthens in polar 81E222
glasses; 71 = (35 &= 10) X 10° us
295. Chrysene
1-BuOH/Isopentane PS 583.0 A distinction between a 1:7 and a 3:7 glass was not 63B001
7 K) 5405 madc ’
406.0
2-MTHF (77 K) PS/ESR 585, 48600 IESR; shoulders at 5712, 543%, and 495° nm; the band 68D211
461°, 3900*  was assigned as A, « ’B,; oscillator strength = 0.40
4182, 6600* _
2-MTHF (77 K) PS 586* Shoulders at 574% 545°, and 496° nm 69E210
' 460°
419*
Benzene PR 575 761024
Cyclohexane LP/ET 565, 21600 = 2000 I Triplet ET to anthracene; € relative to anthracene in 757282
) cyclohexane (€s2s = 64700 L mol~! cm~")
EPA (77 K) PS 584.1 {Phosphorescence decay; st transition assigned as °L, 51E001
— Jcb
EPA (77 K) PS 629 }Phosphorescence  decay; relative intensities 54B001
583.1 (11:100:18:15); unresolved shoulders at 563 nm and 541
406 nm; 7r = (2.6 = 0.2) X 10° us
385
EPA (77 K) PS 730 ‘Weak bands in the red only studied 678005
625
EPA (77 K) PS/SD 585, 48000 + 4800 ) 68E105
EPA (77 K) PS/TV 585, 36200 Amax assumed from previous work; € estimated by ex- 69E212
trapolation to infinite excitation rate
EPA (77 K) Ps 729.9 Relative intensities (6:3:100:60:30:12:10) 69E211
625.0
580.0
559.9
535.0
400.0
379.9
EtOH (293 K) FP 562.5 68E098
EtOH Lp 560° 1.8 ps delay; solution contains Ag ions T8E554
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €mar Comment Ref.
/am /L mol~'em™
EtOH/Et,O (77 K) MOD/KM 580, 23100 -+ 6900 Glass was 2:1 EtOH to Et,0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Hexane FP 554.9 54E001
Hexane FP/SD 570, 8800 Bands were assigned to 2 electronic transitions; 570 nm  58E001
401, 1800 band was assigned to the Ist electronic transition; 0s-
378, 1500 cillator strength = 0.15, 0.025
Hexane (77 K) PS 580.0 Relative intensities (100:30:12) 69E211
534.8
400.0
Hexane (300 K) MOD/SD 5642, 23500° Shoulder at 517*° nm; in their later compilation 69E208
400°, 1700° [73E284], the authors normalize to es;s = 48000 L
285, 262007 mol~! cm~' which means all of their values reported
254, 25800° here should be multiplied by a factor of about 2; 7+ =
710 = 25 ps
Polystyrene PR 569 Gesg = 6500° L mol~! cm™' / (100 eV absorbed) 701073
Water/tert-BuOH FpP 560° Solvent mixture contains “46%” tert-BuOH for solu- 767189
bility: pH ~6
296. 9-Cinnamoylanthracene
EPA (77 K) FP 430 “9-Anthryl styryl ketone”; 71 = 3.43 X 10* s 82E338
297. Copperdl) phthalucyanine
1-Chloronaphthalene LP/TD 480 {Triplet ET to B-carotene; 71 = 0.035 = 0.005 pus; Er 78A378
470°, 3600 = 150 = 10 kJ mol™!
298. Coproporphyrin II1
MeOH/Water LP/TD 4017, 144000° Solvent 9:1 MeOH to 7.4 phosphate buffer; shoulders 83E667
at 373% and 326° nm
Water LP/TD 401°, 86100° Phosphate buffer; pH 7.4 83E667
3723, 95800° ’
299. Coproporphyrin III, tetramethyl ester
Benzene LP/TD 440°, 26000 $Oxygen quenching (1.6 X 10° L mol~'s™'}; 7t = 240 80E200
. 401°
Bruzcuc PR/ET 440", 27000 ?SO)xygcn quenching (1.6 % 10° Lo mol~! s~ 1); e rclative  80E200
401° to biphenyl in benzene (€3 = 27100 L mol~' cm™'); 71
= 240 ps
300. Coproporphyrin I, tetramethyl ester
Benzene PR/ET 440°, 26500 {Oxygen quenching (1.8 X 10° L mol~!s~"); e relative 80E200
398° to biphenyl in benzene (€30 = 27100 L mol~* cm™"); rr
3300 = 250 ps
Benzene LP/TD 440°, 32000 1Oxygen quenching (1.8 X 10° L mol~!s™'); 77 = 250 80E200
398 ps
330°
301. Coronene
2-MTHF (77 K) PS/ESR 484, 15800 1ESR; only most intense visible peak reported; assign- 696115
ment *A, « *By; oscillator strength = 0.23
? FP/? 700°, 900 Method and solvent unspecified 78A163
460, 15000
Benzene PR 480 761024
Dioxane LpP 490 IRise time of transient was the same as the decay time 68B006
of the singlet ’
Dioxane LP 525 70E288
430
EtOH (293 K) Fp 478 68E098
EtOH LP 480° 1.8 us delay; solation contains Ag ions 78E554
EtOH/E,O (77 K) MOD/KM 460, 14300 =+ 4300 Glass was 2:1 EtOH to Et,0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
N text
Hexane FP 630.1 Band at 461.9 was later assigned as S, < S, by authors 54EQ01
490.2 in [737463]
461.9
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TABLE 6.  Spectral parameters for triplet-triplet absorption of organic molecules in condensed. phases — Continued
No: Solvent Method Amax » €max . Comment Ref.
/am /L mol~em™!
Hexanc © FP/SD 534.5, 3304 Rand at.461 nm was assigned to a second: electronic  58E001
: 480, 6809 transition; band at 461 nm was fater reassigned as S, «
461, 1000¢ S, by authors in [737463]; oscillator strength = __, 0,02
PMMA (296 K) Lp 480 {Decay of singlet was roughly the same:as the rise of 686058
) 390 the transient
‘PMMA - LP 525 . 70E288
: : 480. _
Polystyrene PR - 459° Gessy = 7900° L mol~" cm™! / (100 eV absorbed) 701073
Toluene LP 595 ‘Delay 880 ns 737463
Co 565
530
o 495 .
Water/2-PrOH FP 465* Solvent mixture contains “40%” 2-propanol for solu- 767189
bility; pH ~6
302. “Coronene-d;; . ) .
' PMMA (77 K) PS/SD " 6374, 10300° 77 = 3.5 X 10° us 69E216
’ . ’ 5883 51007 .
549%, 5400°
483, 17500°
3982, 13400°
PMMA (296 K) PS/SD 633%, 8600° Tr=20X 10°us 69E216
588, 5200° ) o
549%, 5400°
483% 16800°
3982, 14600*
303:; * Coumarin : - ) . .
Benzene PR/ET 400, 11000 ‘{Triplet ET from biphenyl; ¢ relative to ‘bipheny! in - 79E282
benzene (€37 = 27100 L mol~' cm™"); 20 ns delay; 71
o ) = 38 psyk, =34 X 10° L mol-! g~!
"EPA (71 K). PS © 460.8 . {Phosphorescence decay; shoulders at 441 and 413 71B001
) ) 451 nm; most intense peaks were at 460.8, 432.1, and 406.5
4321 nm; 77 = (7 % 2) X 10° us ’
423 s '
406.5
389
EPA CWL 460* Shouider at 449" nm; glass, temperature unspecified ~ 73E344
433" ’ )
C 417
- 1392
Water - Ly 400 0.1 ps delay; rr = 13 pus - T9E282
304. p-Creswm . L
" . Water - LP . 255° {Triplet ET to tryptophan; lifetime was measured at . 757161
h pH 7.5; there was a broad maximum between ~ 350
and ‘~420 nm; spectrum is ‘the difference between
spectra at 20 ns and 15 ps; 7r = 3.4 &= 0.2.us; pH 7.7
5. a-Crocetin - o
" Water “LP/ET 470°, 73000 }Oxygen quenching; € relative to psoralen in water 83B068
: 445° 94800° (€50 = 10000 L mol~' em™"); 7r = 8 us; pH'8
306. Croconate Blue dianjon .
EtOH LP-ET/SD 590°, 25000 {Tripiet ET from 9,10-dibromoanthracene and oxygen- 84N017
: quenching; T = 69 ps; ky = 4.5 X 10°. L mol~"s"!
Water LP-ET/SD 585%, 20000 {Triplet ET from 9,10-dibromoanthracene and oxygen 84N017
quenching; rr = 32 us )
307. Crystal Violet .
PMMA (193 K) PS - 640 Shoulder at 620 nw 59B001
PMMA (77 K) PS 1280 65B004
1210
1100
750.
640
620
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/mm /L mol™' cm~!

PMMA (77 K) PS 1241* Relative intensities (3:20); shoulder at 532° nm; solvent 69B003
613* contains 2-chioroethanol

308. 9-Cyanoanthracene

Acetonitrile FpP 433 Tr = 560 ps 737140
Acetonitrile LP 425 {Oxygen quenching; intersystem crossing promoted 83E025
by thioanisole
Benzene PR/ET 435, 10300 ¢ relative to naphthalene in benzene (€nax = 17500 L 690087
mol~! cm~Y)
Benzene FP 440 71 = 530 us : 737140
Cyclohexane PR 425 690087
Cyclohexane FP 433 Tr = 1700 ps 737140
Dioxane PR 4325 690087
309. 4-Cyanobiphenyl
Toluene/EtOH (77 K) MOD 404* Glass was 19:1 toluene to EtOH 719059
310. 4’'-Cyanochalcone
Heptane LP 360 * 15 ““4-(1-Ox0-3-phenyl-2-propenyl)benzonitrile”; 71 = 83E347
0.020 ps
311, trans-4-Cy 4' -dimetbylamii ilbene
2-MTHF (133 K) LP ~700 80F299
460
Glycerol triacetate LP ~700 80F299
(198 K) 460
312.  N-[5-[(2-Cyanoethyl)(2-hydroxyethyl)amino}-2-{(2,4-dinitrophenyl)azo]-4-methoxyphenyljacetamide
2-MTHF (77 K) LP 700 1Oxygen quenching; triplet not observable above 153 80B101
410 K; below 117 K lifetime constant; 71 = 1000 ps
Dibutyl terephthalate LP ~700 7t = <0.012 ps 80B101
Glycerol triacetate Lp ~T700 80B101
Glycerol triacetate LP 680 Lifetime measured at 268 K; triplet virtually not ob- 80B101
(198 K) 420 servable above 268 K; below 213 K lifetime constant;
rr = 0.025 us
PMMA LP 660 80B101
313. trans-4-Cyano-4'-methoxystilbene
2-MTHF (143 K) LP 490 Triplet absorption not observable above 143 K; below  80IF299
410 106 K lifetime (1 X 10* us) constant; 7¢ = 3.3 ps
EtOH (132 K) LP 480 * Triplet absorption not observable above 132 K; below  80F299
420 113 K lifetime (1.3 X 10* us) constant; lifetime mea-
sured at 132 K; ¢ — 5.0 us '
Glycerol triacetate LP 450 No triplet observed at room temperature; 7t = ~7000 78B088
(198 K) Hs
Glycerol (198 K) LP 490 80F299
420
Glycerol triacetate LP 450 Triplet absorption not observable above 238 K; below 80F299
(223 K) 206 K lifetime (1 X 10* us) constant; lifetime measured
at 238 K; 7r = 2.0 us
PMMA (298 K) LP 430 . 80F299
314. 1-Cyanonaphthalene
Cyclohexane (77 K) PS 413 69E211
i 390
Et,0/Pentane (77 K) PS © 445 69E211
423.5
412
387
McOH FP 440" 736218

315. 9-Cyano-10-nitroanthracene
Benzene Lp ~460" Delay 3.0 us 80E884
EPA (77 K) LP 430° 84F385
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amas » € Comment Ref.
/nm /L mol~! cm~!
316. trans-4-Cyanostilbene
2-MTHF (98 K) LP 405 Triplet absorption not observable above 127 K; below  80F299
104 K lifetime constant; 7t = 1 X 10° ps
EtOH (118 K) LP 400 Triplet absorption not observable above 138 K; below 80F299
110 K lifetime (1.7 X 10%us) constant; lifetime mea-
sured at 138 K; 7r = 1.7 ps
Glycerol triacetate LP 405 Triplet absorption not observable above 239 X; below 80F299
(198 K) 210 K lifetime constant; 7t = 1 X 10* ps
PMMA (298 K) LP 395 80F299
317. 1,3-Cycloheptadiene
Benzene PR 310 77 = 0.39 ps 82B057
318. 2-Cyclohepten-1-one
Cyclohexane LP 2707 §Oxygen quenching; solvent uncertain; 7+ = 0.011 ps  80B055
319. 1-(1-Cyclohepten-1-ynaphthal
Benzene LP-ET 43° {Triplet ET from xanthone and oxygen quenching; 7+ 84B007
' 381 = 0.053 ps
320. 2-(1-Cvclohepten-1-yDnaphthalene
Benzene LP-ET 390° {Triplet ET from xanthone and oxygen quenching (7.0 84B090
X-10° L mol~!s"); 71 = 0.04 ps
321. 1,3-Cyclohexadiene
Benzene LP-ET/TD 302.5, 2300 =+ 300 {Triplet ET from 2-fluorenyl phenyl ketone and other 80B021
triplet sensitizers; € assumes ET proceeds with unit
efficiency; 7t = 30 ps; Er = ~220 kJ mol~'
Benzene PR 310 Tr = 5.2 ps 82B057
322. 2-Cyclohexen-1-one :
Cyclohexane LP/RA 270°, »2100 {Oxygen quenching (5 X 10° L mol~' s~"); solvent 80B0SS
265° uncertain; € relative to benzophenone in benzene (es3s
= 7600 L mol~! cm~', &1 = 1); ¢ is lower limit since
®r < 1; 71 = 0.023 us
323. 1-(1-Cyclohexen-1-yl)naphthalene .
Benzene LP-ET 442° {Triplet ET from xanthone and oxygen quenching; 7+ 84B007
=2 s N
324. 1,3-Cyclooctadiene
Benzene PR 315 rr — 0.14 ps 82B0S7
325. 1«(1-Cycloocten-1-yDnaphthalene
Benzene LP-ET 446 {Triplet ET from xanthone and oxygen quenching; 7+ 84B007
3812 = 0.12 ps
326, Cyclopentadiene
Benzene PR 300 Tr = 1.6 us 82B057
327. 2-Cyclopentenone
Cyclohexane LP/RA 270% >1900 {Oxygen quenching (5 X 10° L mol~' s~ '); solvent 80B0S5
260° uncertain; € relative to benzophenone in benzene (€ss
= 7600 L mol~! cm~!, &1 = 1); € is lower limit since
@1 < 1; 77 = 0.030 ps
328. 1~(1-Cyclopenten-1-yl)naphthalene
Benzene LP-ET 4412 {Triplet ET from xanthone and oxygen quenching; 7 84B007
= 3.6 us
329. 2-(1-Cyclopenten-1-yDnaphthalene
Benzene LP-ET 5812 {Triplet ET from xanthone and oxygen quenching (3.3 84B090
394 X 10° L mol~'s™'); 394 nm peak was the more intense
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Fama b Spectral parameters for triplet-triplet absorption of organic molecules-in condensed phases — Continued
No. Solvent Method Amax » Comment Ref.
/mm /L mol~!em™
330. 1,2,3,4,5,6,7,8,9,10-Dccahydro-1,1,5,5,6,6,10,10-octamethylcyclobuta[1,2:3,4]dicyclobeptene
Benzene LP-ET <300 {Triplet ET from 2,3-dimethyl-1,4-naphthoquinone; 81EQ098
7r = 0.24 us; Er = > 120kJ mol*’; ke =TX 10°L
mol~!s!
331. Decapreno-f-carotene
Benzene (296 K) LP-ET 595 Triplet ET from chlorophyll a; oxygen quenching (7.0 73E347
X lO’Lmol Ys~rr =32 us; ke = 1.8 X 10°L
mol~!s~!
Benzene PR-ET 590 1Tr1plet ET from naphthalene; 77 = 6.5 ps 80A143
332. Deoxybenzoin
Benzene LP 500 $Oxygen quenching (~2 X 10° L mol~! s='); 71 = 79A289
< 390* >0.24 ps
Benzene LP 450 tOxygen quenching ( > 10° L mol™! s”‘); relative  79A028
315 intensities (1:4); rr = 0.77 ps
MeOH LP 4958 Oxygen quenching (2.4 X 10° L mol~'s™Y); 71 = 0.14 77E797
us
333.  Deuteroporphyrin, dimethyl ester
Benzene LP/TD 440°, 22000 {Oxygen quenching (2.3 X 10° L mol~'s™'); 77 = 220 80E200
410° us
Benzene PR/ET 440°, 28000 {Oxygen quenching (2.3 X 10° L mol~!s~'); e relative 80E200
410° to biphenyl in benzene (€30 = 27100 L mol ' em™"); 7¢
= 210 ps
334. trans-N,N’-Diacetylindigo
EPA (83 K) LpP 5752 Relative intensities (2:1); data corrected from paper 79E543
365° (H. Goerner, private communication, 1985); 7+ = 80
ps :
EPA (283 K) LP 580° Relative intensities (2:1); no transient spectrum ob- 79ES543
375 served at RT; data corrected from paper (H. Goerner,
private communication, 1985); 7t = 0.4 us
Glycerol triacetate e 5802 Data corrected from paper (H. Goerner, private com- 79E543
(203 K) 390° munication, 1985}
335.  1,4-Diaminoanthraquinone . : .
Benzene PR-ET/ET 575. 22000 {Triplet ET from biphenyl; e relative to biphenyl in 761122
benzene assuming ground state dimerization; 7+ = 4.5
ps; Er = 123 - 151 kJ mol™}; ke = 2.2 X 10° L mol~!
S—I
336. 3,6-Diaminophthalimide _
EtOH FP 545 Lifetime limited by aeration; 7t = 0.560 us 757522
337. 5,5'-Di-tert-amylthioindigo
2-MTHF (93 K) LP 595 rr = 120 us 79E543
390
2-MTHF LP 590 7r = 0.25 ps T9E543
385
EPA (77 K) FP 590 Tr = 154 ps 767582
EPA (93 K) LP 580 Tr = 53 ps 79E543
370
EPA (283 K) LP 590 & strongly temperature dependent in this solvent; 77 79E543
370 = 0.40 us
Glycerol triacetate Lp 605 Relative intensities (5:4); 7t = 33 us 7T9E543
(203 K) 390
Glycerol triacetate Lp 600 Relative intensities (5:4); 7t = 0.36 us 79E543
385
MCH LP 595 T = 0.25 ps 79E543
380
PMMA LP 590 79E543
390
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TABLE 6. Spectral parameters for tripiet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax s €max Comment Ref.
/nm /L mol~'em~!
338. Dibenz{a,jlacridine/PrOH
3-MP/PrOH (77 K) PS 550 Glass was 99:1 3-MP to PrOH; which isomer of PrOH 706135
was not specified; no T-T absorption in 3-MP;
“1,2,7,8-dibenzacridine”
339. Dibenz[a,k Jacridine
3-MP (77 K) - PS 585 “1,2,5,6-Dibenzacridine” 706135
545
520
340. Dibenz[a,k Janthracene/Chloranil
PMMA PS 668° Most intense peak at 580 nm 766652
626
580°
540°
508°
495"
470°
455°
440°
4242
' 341. Dibenz{a, Janthracene
2-MTHF (77 K) PS/ESR 587, 25000 {ESR; only most intense visible peak reported; assign- 696115
ment A, < 'B,; oscillator strength encompasses two
electronic transitions; “1,2,5,6-dibenzanthracene”; os-
cillator strength = 0.25
Benzonitrile LP/RF 583 10500 £+ 700 € relative to compound in toluene (esss = 13000 L 83F075
548¢, 9400° mol~! cm™)
5092, 7900°
476°, 6000°
445, 5000
EPA (77 K) PS 585 {Phosphorescence decay 51E001
546
506
495
EPA (77 K) PS 584.8 {Phosphorescence  decay;  relative intensities 54B001
547.1 (100:67:39:40:30:24); 77 = (1.4 = 0.1) X 10° us
508
500
472
42¥
EPA (77 K) PS/SD 585, 35000 + 3500 68E105
EPA (77 K) PS/IV 585, 28700 Amax assumed from previous work; ¢ estimated by ex- 69E212
trapolation to infinite excitation rate
EtOH/EnO (77 K) MOD/KM 360, 17600 X 3300 Glass was 2:1 EIOH to EO; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Hexane FP 535.1 54E001
498.0
452.9
421.1
Hexane FP/SD 532.5, 67000 The bands between 532.5 and 469.5 nm were assigned 58E001
499, 57600 to the 1st electronic transition, the next three bands to
469.5, 46500 the 2nd electronic transition, and the last band to the
424, 33400 3rd electronic transition; oscillator strength = 2.2,
398, 18100 04, _
376.5, 9400
327
Liquid paraffin FP/TD 535% 22000 £ 3000 67E031
Liquid paraffin MOD 573 Mull; relative intensities (100:91:59); 7+ = 90.3 us 71E361
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm~!
PMMA LP 532 T0E288
480
Toluene LP/ET 584, 13000 = 1000 € relative to anthracene in toluene (€pss = 42000 L 83F075
5442, 12100° mol~! cm™Y)
509°, 8300°
4782, 7000*
444, 3300
342, 7H-Dibenzo[c g Jcarbazole
Cyclohexane LP ~600 82E497
343. Dibenzo[b def]chrysene
Hexane MOD 511° *3,4,8,9-Dibenzpyrene”; 511 nm was the more intense 70E295
) 480" peak; 7t = 130 ps
Hexane MOD 510 Relative intensities (100:28); 7 = 130 pus 71E361
470
Liquid paraffin MOD 520 Mull; relative intensities (100:37); 7+ = 110 us 71E361
490
344. Dibenzo[def mno]chrysene
Heptane LP 662 “Anthanthrene”; delay 370 ns 737463
633
581
535
524
508
Liquid paraffin MOD 585 Mull; relative intensities (__:100:19); shoulder at 560 71E361
420 nm with relative intensity 34; 7t = 103 ps
395
345. Dibenzo[def,pJchrysene
Hexane ~MOD 573 Relative intensities (23:100); “1,2,3,4-dibenzpyrene”; 71E361
477 7r = 120 us
346. Dibenzo[def,mno ]chrysene-6,12-dione
Benzene FP 688* “Anthanthrone”; 688 nm peak was the more intense ~ 84F379
520°
347. Dibenzo[g p]chrysene
Heptane LP 633 “1,2.3.4.5.6.7.8-Tetrabenznaphthalene™; delay 380 ns 737463
613
575
532
503
483
442
348. S5H-Dibenzo[a,d]cycloheptene
Cyclohexane FP 425 Decay followed in acetonitrile and mixed hydro- 80E375
carbons as a function of temperature
Isopentane/3-MP (77 K) FP/IV 426, 20000 Glass was 6:1 isopentane to 3-MP; shoulder at 373* nm; 687111
402° Tt = 7100 ps
349. Dibenzophenazine
Toluene (293 K) FP 530° {Phosphorescence decay in EPA at 77 K, oxygen 80E778
510° quenching; isomer unspecified
480°
350. 6H-Dibenzo[b,d Jpyran-6-one
EtOH (300 K) FP 500 81E650
390
351. Dibenzo[f,A Jquinoxaline
PMMA (77 K) PS 460 tPhosphorescence decay (?); “5,6,7,8-dibenzoquinox- 70E291
429 aline”; 7+ = 9.4 X 10° us
387
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amas s €mar Comment Ref.
/am /L mol~' cm™!
352. Dibenzo[c,g Jtriphenylene
MCH LP 605 {Oxygen quenching; relative intensities (2:1); 1 = 120 79A237
420 us
353. 2,3-Dibenzoylbicyclo[2.2.1]hepta-2,5-diene
MeOH LP 445° Assignment uncertain; shoulder around 400 nm; 7 = 80F372
0.054 ps '
354. 2,3-Dibenzoylbicyclo[2,2.2]octa-2,5-diene .
MeOH LP 450¢ Assignment uncertain; shoulder around 520 nm; r+ = 80F372
0.040 ps
355. Dibenzoylmethane
EtOH/MeOH (118 K) FP 630 Solvent was 3:1 EtOH to MeOH 68B005
356. N-[(Dibenzylamino)methyl]phthalimide
EtOH FP 590 1Oxygen quenching, diene quenching; maxima as- T79A147
350 sumed from text; Tt = 12 us
357. 2,5-Di(4-biphenylyloxazole
2-MTHF (77 K) CWL 590 “BBO” 74B003
Benzene LP/SD 560, 110000 1Oxygen quenching (1.7 X 10° L mol~! s~'); 100 ns 777265
delay; 7+ = 0.285 ps
358. 9,10-Dibromoanthracenc
Acetonitrile LP 421° 1Oxygen quenching; 7+ = 19.5 ps 84B110
Cyclohexane FP 419 71 = 36 us 62E009
EPA (77.K) LP 427 Tr = 22 ps 84B110
FtOH T1.P/ET 4720, 82000 € relative to Methylene Blue cation (eg0 = 27000 1. 78E304
mol~! em~!); solvent and temperature assumed; 71 =
11 ps
Liquid paraffin FP 424 Viscosity of solvent was 0.167 N's/m?% 71 = 44 ps 62E009
Toluene LP/ET 427.5, 48000 =+ 4000 € relative to rubrene in toluene (esp0 = 26000 L mol~! 84E393
cm™")
359. 4,4’'-Dibromobiphenyl
Hexane (293 K) LP ~400 Delay 500 ps 82E303
Toluene PR 390 {Oxygen quenching; 71 = ~3 us 80A235
360. Dibromofluorescein dianion
Water FP/SD 506%, 18000 == 6000 pH 9 67E031
361. 1,4-Dibromonaphthalene
Cyclohexane FP 425 Tr = 150 ps 62E009
Liquid paraffin FpP 423 Viscosity of solvent was 0.167 N-s/m?% 7 = 2000 ps  62E009
362. (E)-N,N-Dibutyl-2,3-dihydro-3-0x0-2-(3-0xonaphtho[1,2-5 jthien-2(3H)-ylidene)naphtho{1,8-bc lthiopyran-6-sulfonamide
Chloroform Lp 730 A substituted “trans-perinaphthioindigo” 83A355
363,  (Z)-N,N-Dibutyl-2,3-dihydro-3-0x0-2-(3-oxonaphtho[1,2-5 Jthien-2(34)-ylidene)naphtho[1,8-b¢ Jthiopyran-6-sulfonamide
Chloroform LP 670 A substituted “cis-perinaphthioindigo” 83A355
364. 5,5'-Dibutylthioindigo
EPA (77 X) FP 585 T = 152 ps 767582
365. 5,5'-Di-tert-butylthiocindigo
EPA (77 K) FP 595 Tr = 133 pus 767582
366. trans-1,2-Di(N-carbazolyDeyclobutane
DMF LP 420 1Oxygen quenching; 500 ns delay 81P245
THF LP 4242 Delay 800 ns; shoulders at 504° and 404* nm 83E662
367. meso(or)-2,4-Di(N-carbazolyl)pentane :
THF LP 424° Delay 700 ns; shoulders at 501* and 399* nm 83E662
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Mmax » €max Comment Ref.
/nm /L mol~' cm~!
368. rac(oo,LL)-2,4-Di(N-carbazolyl)pentane
THF LP 425 Delay 1 ps; shoulders at 498 and 402* nm 83E662
369. 1,5-Dichloroanthracene
Benzene PR/ET 445, 63400 € relative to naphthalene in benzene (€max = 17500 L 690087
mol~! cm™")
Benzene PR/ET 445, 64300 € relative to benzophenone in benzene (€555 = 10300 690087
L mol~' cm™)
Cyclohexane FP 425 T = 60 ps 62E009
Cyclohexane PR 440 690087
Cyclohexane FP/RA 955, 1000 1Oxygen quenching; € relative to 71B005
850 1,5-dichloroanthracene in benzene (€us = 64300 L
760 mol~! cm™!)
442.5
420
Dioxane PR 442.5 690087
Liquid paraffin Fp 419 Viscosity of solvent was 0.167 N.s/m?% 1 = 2000 us  62E009
PFMCH FP 951* }Oxygen quenching 71BOUS
840°
755°
430°
410°
PMMA FP 855 66E086
370. 9,10-Dichloroanthracene
Acetonitrile FP 418 82F494
Benzene PR/ET 422.5, 41700 € relative to naphthalene in benzene (€m:x = 17500 L 690087
mol~!' cm™")
Benzene PR/ET 422.5, 51100 € relative to benzophenone in benzene (€535 = 10300 690087
L mol~!' em~")
Cyclohexane FP 419 7T = 100 ps 62E009
Cyclohexane PR 417.5 690087
Dioxane PR 420 690087
EtOH (298 K) FP 419* 66E086
EtOH (201 K) FP 4212 66E086
EtOH FP/ET 694°, 64 Triplet ET from eosin; € relative to eosin in EtOH (€550 78E019
417, 46000 = 9400 L mol~! em™")
Liquid paraffin Fp 423 Solvent viscosity was 0.03 N-s/m? S8E001
Liquid paraffin FP 419 ’ Viscosity of solvent was 0.167 N-s/m? 77 = 500 us  62E009
Toluene LP/ET 426, 46000 + 4000 ¢ relative to rubrene in toluene (espp = 26000 L mol~! 84E393
cm™Y)
371. 1,8-Dichloroanthraquinone
EPA (77 X) LP 500° {Phosphorescence decay; delay 100 ns; 370 nm was the  83E016
370° more intense peak; rt = 40 & 10 ps .
EPA (77 K) LP 375° Delay 100 ns 84A253
EtOH LpP 3807 Delay 50 ns 84A253
Toluene LP 500° 1Phosphorescence decay in EPA at 77 K; delay 300 ns; 83E016
379 379 nm was more intense peak
372. 4,4'-Dichlorobenzophenone
Acetonitrile/Water LP/ET 545, 9600 Solvent was 9:1 acetonitrile to water; € relative to 84B033
320, 12900 I-methylnaphthalene in acetonitrile/water (ens =
11200 L mol~' em~?)
373. Dichlorobis(4,7-dimethyl-1,10-phenanthroline)iridium(III) ion
DMF/Water LP 608* Shoulders at 530* and 511* nm; solvent was 9:11 di- 79B098
573 methyiformamide to water
543
489*
464°
447°
425*
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TABLE 6. Spectral parameters for triplet-triplet absbrpﬁon of organic molecules in condensed phases — Continued

87

No.

Solvent

Method’

)\mu El
/nm

Comment

Ref.

374,

376.

377

DMF/Water

Water

Dichlorobis(s,ﬁ-dimethyl-l,lo-phenanthmline)iridium(lll) ion
1P :

DMF/Water

DMEF/Water

EtOH/MeOH

Wat_:er

LP

LP

LP

“LP

LP

626°
566

5470

535
516°
4970
468°
588

"5520

5318
490°

., 461°,
1442

424°

650°

- 566"

512

440°

572
510*

438°
435°

606°
568°
530°

Dichlorobis(1,10-phenanthroline)iridium(III) ion

DMF/Water

: DMF/Water

DMF/Water
DME/Water

EtOH/MeOH

* BtOH/MeOH (77 K)

Water

Water

3,5-Dicliloro-2, ,6-diphenyl-1;4-benzoquinone/Tripkenylamine

Benzene (293 K)

Bénzene/MeOH (293 K) .

1,4-Dichloronaphthalene
Cyclohexane

LP

LP

LP

LP

LP

LP

LP

LP

LP

LP

FP

566"
502¢
174
516°
570°
5312
499°
613
477

483

434°

- 451°

508*
481*
450°

598

561*
5300
509°
476
4512
418°

5320
40 -

650

550
650
550 .

4225

Shoulders at 588, 458?, ahd 4392 nm; solvent was 19:1
dimethylformamide to- water

Shoulders at 509* and 469* nm

Solvent was 19:1- dimethylformamide to water

Solvent was 9:11 dimethylformamide to water; shoul-
der at 479" nm

Solvent was 4:1 EtOH:to MeOH; shoulders at 559,
487%, and 410° nm

Solvent was 9:11 dimethylformamide to water shoul-
ders at: 590%, 538?, 460°, 445° and 423* nm -

Solvent was 19:1 dimethylformamide to water; shoul-
ders. at 473* and 450° nm

Solvent was 19:1 dimethylformamide to water; shoul-’

ders at 559* and 507* nm
Solvent was 9:11 dlmethylformamlde to water; shoul-
der at 537° nm

Solvent was.4:1 EtOH/MeOH: shoulders at 522* and
482" nm

Glass was 4:1 EtOH to MeOH

550 nm band was the more intense; 71 = 0.1 us

650 nm band was the more intense; solvent was 19:1
benzene to MeOH; 71 = 0.048 ps

71 = 360 us

79B098

79B098

81E786

81E786

81E786

81ET7386

79B098
79B098
BIET786
81E786

81E786

81E786

79B098

81E786

81E715

81E715

62E009
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/mm /L mol~!cm™!
378. 4,4'-Dichlorostilbene
Isopentane/3-MP (77 K) FP/IV 380° Glass was 6:1 isopentane to 3-MP; the € at 359 was 687111
359, 28000 listed as 280000 in the paper, but we assume that this
was a misprint; shoulder at 344° nm and some un-
resolved feature centered at 394° nm; 7 = 4800 ps
379. 4-(4,6-Dichloro-1,3,5-triazin-2-y1)- N N -diethylaniline
EPA (77 K) PS/KM 490, 31000 £ 5000 {Phosphorescence decay; 7r = (4.3 & 0.4) X 10% us  83E427
PMMA (293 K) PS/KM 490, 31000 £+ 5000 rr = (1.7 = 0.1) X 10° us 838427
380. Dicumarol
EPA (77 K) PS 499.5 {Phosphorescence decay; most intense peaks were at  71B001
465 499.5, 465, and 437 nm: 7r = (1.3 £ 0.2) X 10° ps
437
413
380°
381. 9,10-Dicyanocanthracene
Acetonitrile LP 440 {Oxygen quenching; intersystem crossing promoted 383E025
by dimethyliodobenzene; shoulder at 425 nm
Heptane FP 426 1Oxygen quenching and enhanced triplet yield in pres- TREA14
. ence of dibromoethane; 7+ = ~100 ps
Toluene LP/ET 440, 9000 £ 2000 € relative to rubrene in toluene (€sp0 = 26000 L mol~! 84E393
cm-')
382. 1,2-Dicyanobenzene
EPA (77 K) FP 510 {Phosphorescence decay, molecular orbital calcu- 776213
459 lations; e roughly 200 L mol~! cm~! (method un-
specified); 7T = 2.5 us
383. 1,3-Dicyanobenzene
EPA (77 K) FP 530 {Phosphorescence decay, molecular orbital calcu- 776213
440 lations; € roughly 200 L mol~' cm~' (method un-
290° specified); 77 — 5.0 us
Et,0/Isopentane (77 K) PS 300 Glass was 1:1 Et;O to isopentane 75B004
384. 1,4-Dicyanobenzene
EPA (77 K) FP 500 tThosphorescence decay, molecular orbital calew. 776213
lations; € roughly 200 L mol~! cm~' (method un-
specified); shoulder at 450 nm; 7¢ = 1.9 us
Et,O/Isopentane (77 K) PS 297 Glass was 1:1 Et;0 to isopentane 758004
385. 1,4-Dicyanonaphthalene
Acetonitrile LP 455 84B017
275
Acetonitrite LP/ET 455, 7000 + 1000 {Oxygen quenching (2.1 X 10° L mol~'s~'); erelative 84B066
275 to benzophenone in acetonitrile {€s3 = 6500 L mol~!
cm~Y; 7r = 40 ps
Heptane Lp 455 84E236
275
386. trans-4,4'-Dicyanostilbene
2-MTHF (133 K) LP 415 Triplet absorption not observable above 134 K; below  30F299
99 K lifetime (1.3 X 10* ps) constant; lifetime mea-
sured at 134 K; 77 = 1.0 ps
EtOH (135 K) LP 410 Triplet absorption not observable above 138 K; below 80F299
110 K lifetime (1.3 X 10* ps) constant; lifetime mea-
sured at 138 K; 77 = 2.5 ps
Glycerol triacetate LP 410 ‘I'riplet absorption not observable above 243 K; below  80F299
(198 K) 214 K lifetime constant; 71 = 6700 us
PMMA (298 K) LP 405 80F29%
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TaBLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/am /L mol~! cm~!
387. all-trans-3' 4’ -Didehydro-B,y-16’ -carotenal
Hexane LP-ET/SD 580, 363000 == 54500 {Triplet ET from biphenyl; € assumes triplet does not 78E721
absorb where singlet depletion is followed; “tor-
ularhodinaldehyde”; 71 = 2.5 ps; Er = ~94 kJ mol™!
388. 6,6 -Diethoxythioindigo
Benzene Lp 560° tOxygen quenching (2.9 X 10° L mol~!s~!); spectrum 78F030
420° independent of amount of cis or trans isomers used; 71
= 0.143 ps
Dichloromethane LP 560° {Oxygen quenching; spectrum independent of amount 78F030
4200 of cis or trans isomers used; 7t = 0.065 ps
389. N-[2-(Dicthylamino)cthyl]phthalimide
EtOH FP 590 {Oxygen quenching, diene quenching; maxima as- 79A147
’ 350 sumed from text; 71 = 42 us
390. 7.Diethylamino.d thyl in
EPA CWL 596* Gilass, temperature unspecified T3E344
EtOH FP/ET 620, 21600 =+ 2200 ¢ relative to anthracene in EtOH (e = 75000 L 747049
mol~! ¢cm~'); there was another maximum at wave-
length shorter than 400 nm: 7+ = 3000 % 1000 ps: k.
= (6.9 = 1.0) X 10° L mol~'s~!
391. 1,1'-Diethyl-6-bromo-2,2’ -cyanine iodide
PVA FP/SD 6512, 33800° 67F505
392. 1,1'-Diethyl-2,2'-carbocyanine chloride
Ethylene glycol FP 635 “Pinacyanol chloride”; 7+ = 256 % 20 us T9E243
Glycerol FpP 635 7r = 417 = 50 us 79E243
MeOH FP-ET/SD 635, 58000 + 3000 Triplet ET from naphthalene, oxygen quenching; rr 79E243
625 52000 = 190 % 18 pus; kq = (1.0 = 0.1) X 10" L mol~'s~!
PVA FP 741° 77 = 2.0 X 10% us 69B005
673
393. 1,1’'-Diethyl-4,4’ -carbocyanine iodide
EtOH FP-ET/ 7782, 59000° € relative to naphthalene in EtOH (eys = 40000 L 736051
ET&SD 728", 32000 ‘mol~! cm~"); in ET measurement, compensation was
593°, 6000 made for the simultaneous decay and buildup of triplet;
5042, 25100° shoulder at 580° nm; 77 = 1100 ps; ko = 1.0 X 10°L
425% 36400° mol~!s~!
394. 1.1'-Diethyl-2,2'-cyanine iodide
MeOH LP 600 {Triplet ET from naphthalene; “pseudoisocyanine”; 79E828
Tr =49 &= 1 us; ke = (1.2 £ 0.1) X 10° L mol~'s~'
PVA FP/SD 635¢, 31000 67F505
PVA FP 642° 7r = 1.2 X 10° us 69B005
395. 1,1'-Diethyl-2,2’ -dicarbocyanine iodide :
EtOH FP-ET/ 791%, 111000° ¢ relative to naphthalene in EtOH (e,s = 40000 L 736051
ET&SD 780°, 115000 . 11000 mol~! em™Y); in ET measurement, compensation was
760° 96800 £ 9700 made for the simultaneous decay and buildup of triplet;
740°, 40000 shoulder at 504° nm; 71 = 480 ps; ke = 8.9 X 10°L
627.5% 40000 mol~! s~!
6112, 48000°
396. 1,1'-Diethyl-6-iodo-2,2’ -cyanine iodide
PVA FP/SD 6607, 28500° Shouilder at 501* nm 67F505
397. 3,3'-Diethyl-9-methoxy-2,2 ' -thiacarbocyanine iodide
2-PrOH FP 640° 777036
BuOH FP 650 777036
PrOH FP 648* Isomer of PrOH unspecified 757441
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
398. 3,3'-Diethyl-2,2'-oxacarbocyanine iodide
BuOH FP-ET 605 {Triplet ET from naphthalene 777036
399. 3,3'-Diethyl-2,2'-oxadicarbocyanine iodide
EtOH FP-ET/ET 670%, 95500 £ 9500 {Triplet ET from naphthalene; € relative to naph- 726156
660°, 110000 =+ 10000 thalene in EtOH (€45 = 40000 L mol~! cm™!); 71 =
650, 135000° ~5000 ps; ke = 6.7 X 10° L mol~' s™!
400. N,N’-Diethylrhodamine
1-PrOH FP/SD 920 {Triplet ET to anthracene sulfonic acid and from 78A304
615, 12000 naphthalene, oxygen quenching; 250 us delay
410
Water FP/SD 920 250 ps delay; blue band decays with same lifetime as 777041
625 others
590°, 8000
410
Water FpP 920 {Triplet ET to anthracene sulfonic acid and from 78A304
615 naphthalene, oxygen quenching; 250 us delay; pH 7.0
410
401. 5,5 : -Diethylselenoindigo
EPA (77 K) FP 630 71 = 303 us 767582
402. 9,9-Diethyl-9H-9-stannafluorene
MCH/Isopentane (77 K) FP 382* {Phosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
pentane; shoulder at 366° nm; 71 = 4.3 x 10* us
403. 3,3'-Diethyl-2,2' -thiacarbocyanine iodide :
BuOH FP-ET 605* {Triplet ET from naphthalene 777036
PVA FP 930 Shoulder at 869 nm; 71 = 6500 ps 69B005
911®
404. 3,3'-Diethyl-2,2’ -thiacyanine iodide
2-PrOH FP-ET 660 {Triplet ET from naphthalene 777036
PVA FP 7110 Shoulder at 566* nm; 71 = 1.6 X 10* ps 69B005
629°
405. 3,3'-Diethyl-2,2’ -thiadicarbocyanine jodide
2-PrOH rr-CT 705 }Triplct ET from naphthalcnc 777036
EtOH FP-ET/ET 7700, 130000 + 9000 {Triplet ET from naphthalene; € relative to naph- 726156
760° 156000 = 10000  thalene in EtOH (eqis = 40000 L mol~! em™"); shoul-
~690°, 267000* der at ~780° nm; 71 = 1100 ps; ke = (5.6 = 0.4) X 10°
L mol~* s}
PVA FP 1020¢ Shoulder at 982° nm; 71 = 4000 us 69B00S
406. 3,3’'-Diethyl-2,2’ -thiatricarbocyanine iodide
Propane FP/ET 900, 145000 {Triplet ET from anthracene, oxygen quenching; e 79A346
relative to anthracene in propane {eqs = 52000 L
mol~' cm~!) assuming unit transfer probability; radicat
cations and anions also observed (Amsx = 520 nm); 7+
= 67 ps
407. 6,6’ -Dihexyloxythicindige
EPA (77 K) FP 560 Tr = 323 us 767582
408. 12a,12b-Dihydrobenzo[ghi Jperylene
MCH/Isohexane LP 428 {First order production from well characterized trip- 79A237
360 let state, oxygen quenching (1.1 X 10° L mol='s~!);
relative intensities (1:1); solvent was 2:1 MCH to iso-
hexane; 77 = 0.81 &= 0.03 us
409. 3,4-Dihydro-1,1'-binaphthyl
Benzene LP-ET 567* 1 Triplet ET from xanthone and oxygen quenching; v 84B007
401” = 1.8 ps
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Commént Ref.
' /nm /L mol~'cm™!
410 4a,5a -Dihydrocarbazole
MCH LP-ET 430 {Triplet ET from triphenylamine and oxygen quench- 72B002
ing; 7r. = 0.5 us
MCH Lrp - 435 {Kinetic precurser of ground state (Ayax = 610 nm); 7. - 78B072
: =0.67 us
411. 4'.5'-Dihydro-3-carbethoxypsoralen
EtOH LP 535 {Oxygen quenching (1.8- X 10°L'mol~!s7'); 7+ = 26 82E133
. ps :
Water LP/ELT 550°, 10000+ 1500 {Oxygen quenching (3 X 10° L mol~! s™); ¢ relative 82E133
" to radical anion (€0 = 1500 L mol~! cm~") assuming
electron transfer from tyrosine 100% efficient; 71 = 25
ps ' '
412. 7,7'-Dihydro--carotene _ o : ‘ :
7 FP-ET 478 i1Triplet ET from anthracene; it was not reported . 733001
4452 whether the solvent. was hexane or benzene; lifetime
: was measured in hexane; 478 -nm peak was the mote .
— ) ) intense; 7T = 14 us.
Hexane PR/ET 447.5, 420000 + 63000 1Tnplet ET from biphenyl; € relatwe to biphenyl in 776412
cyclohexane (€3 = 42800 L-mol~' ci "), assuming
authors used standard for cyclohexane; 7+ = 14 = 1.4
sy ke = (2:1:+ 0.21) X 10" L mot~!s~!
E 413. '8b 9a - Dlhydro-9H-cyclopropa[e]pyrene
Hexane - P~ 521* Tr=4*x1ps 84F068
485t : '
414.  10,11-Dihydro-5,7:14,16-dietheno-8 H ,13H - dnndeno{z 1-h:1',2'- i ][1,4}dioxacyclotridecin
2- MTHF (77 K) PS/KM 385¢, 21200 Compound “XI” in paper 83E383
415. .12a ,12b-Dihydro-5, 8-dlmethyl(indolino[2,3—c]carbazole)
,MCH (278 K) LP. Delay 0.5 ps 83A225
+16. -5,10:Dihydro+5;10-dimethiylphenazine :
3-MP LP/RA 450,-62000 = 20000 - e relative to anthracene in cyclohexane (€4 = 61000 L 777088
* 3375 16000 mol~! em™%); 77 = 8.us
417.. (R)-4, 5-Dii:ydrodi|iaphtho[2,1-e:l *,2"-g][1,4ldioxocin
-MTHF 96 K) - PS 417‘ Compound:“VI” in paper; shoulder at 407* nm 83E383
418. (R)-S 6-D1hydro-4H-dmaphtho[2 1-f3 1‘,2’-h][1 5]dloxonm S .-
2-MTHF (96 K) PS 427 Compound “VII” in paper 83E383
408° )
419. 5,10-Dihydro-5,10-diphenylphenazine v » ) ‘
3-MP LP/RA 444, 98000 == 30000 _€relative to anthracene in cyclohexane (es; = 610001, 777088
4007, 88000* mol~! em™*); 71 = 1 ps
337%, 10000
2807, 91000°
420. 5,10-Dihydroindeno(2,1-a Jindene . ) . )
Benzene (298 K) LP-ET 392 {Triplet ET from benzophenone, oxygen quenching: 81E214
~375 (34 X 100 L mol~!s™'% r0-= > 3.ps; k= 5 X 10°
) L mol~'s~! :
Benzene (298 K) LP-ET 392 . {Triplet ET from xanthone, oxygen quenchmg, T = 81E214
. ) . ~375 > 5pus : . .
EPA (77 K) FP 395 Most intense peak at 395 nm; 71 = 88 us 737069
375 -
355
EPA (298 K) ‘LP 384 81E214
o ’ ) 365
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax Comment Ref.
/nm /L mot~!' cm™!
421. 3,4-Dihydro-2’-methyl-1,1'-binaphthyl
Benzene LP-ET 481° {Triplet ET from xanthone 84B007
422.  5,10-Dihydro-5-methyl-10-phenylphenazine .
3-MP LP/RA 444, 94000 =+ 30000 € relative to anthracene in cyclohexane (e,;, = 61000L 777088
337%, 12000 mol~' em~"); 71 = 6 us
423. 5,12-Dihydro-5-methylquino[2,3-b Jacridine-7,14-dione
EtOH (300 K) FP 710 {Triplet ET to anthracene and oxygen quenching; v 79E963
350 = 70 us
EtOH (300 K) FP/SD 710, 15300 + 1500 “N-Methylquinacridinone” 81E649
424, 9,10.Dihydro-9-0x0-2-acridinesulfonate jon
EtOH FP 580 {Oxygen quenching; 71 = 140 ps 81A390
425, 9,10-Dihydro-9-oxe-2-acridinesulfonic acid
PVA FP 585 Lifetime quoted from [79E964]; v+ — 2 X 10% ps 81A390
426. 2,3-Dihydrophenalene
EPA FP 430 §Oxygen quenching (2 X 10° L mol~!s~')at 260K; 7 81F390
400 =2 us
427. 3,4-Dihydrophenanthrene
Benzene LP-ET 580 }Oxygen and azulene quenching and triplet ET from 83E278
430 benzophenone; 7t = 1.2 us
428. 9,10-Dihydrophenanthrene
Hexane (300 K) MOD/SD 480, 7800 71 =120 £ 9 pus 69E208
365, 26000
429. 1,2-Dihydro-3-phenyinaphthalene
Isopentane/3-MP (77 K) FP/IV 384, 40000 Glass was 6:1 isopentane : 3-MP; 70 = 3400 ps 637111
364°
430. 4',5'-Dihydropsoralen :
Benzene PR/ET 500, 15700 {Triplet ET from biphenyl; ¢ relative to biphenyl in 79E282
benzene (€37 = 27100 L mol ™' em™'); 5 ps delay; ko =
: 5.6 X 10° L mol~!' s~
Water LP 510 4 us delay 79E282
431. 5,12-Dihydroquino[2,3-b Jacridine-7,14-dione
EtOH (300 K) FP 710 “Linear quinacridinone”; [79E965] quotes a Agax = 690 81E649
350 nm for the same system
432. 1,2-Dikydro-2,2,4,6-tetramethylquinoline
Benzene Fp 647 84F248
433. 1,4-Dihydro-5,6,11,12-tetraphenyl-1,4-epidioxytetracene
Cyclohexane LP 4322 A rubreneperoxide, called “II” in paper 84E056
434 5,12.Dihydro-5,6,11,12-tetraphenyl.5,12-epidioxytetracone
Cyclohexane LP 455° A rubreneperoxide, called “I” in paper 84E056
435, (E)-5((3,4-Dihydro{1,4}thiazino{3,4-b benzothiazol-1-yimethylene}-3-ethyl-2-thioxo-4-thiazolidinone
Toluene FP-ET A507 {Triplet ET from fluorenone; “merocyanine dye pha- 767764
toisomer”
436. 10H,10' H-10,10’-Dihydroxybianthrylidene
1-PrOH/2-PrOH (83 K) FP 465° Solvent was 2:3 1-PrOH to 2-PrOH 777238
405°
437. 4,4’ -Dihydroxybiphenyl
PVA (77 K) FP 550 Stretched polymer film; most intense peak at 400 nm 78B129
400 polarization also measured
390
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benzene (€357 =:27100 L mol~' ¢cm~"); 20 ns delay; 7r
= 10 ps; ke = 5.6 X 10° L mol~¥s™!

TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES a3
TABLE 6. Spectral pa'tameters‘_ for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amex s €max Comment Ref.
: /nm /L mol~!em™!
Coluene/EtOH (77 K) MOD 411® - Glass was 19:1 toluene to EtOH 719059 -
438, \Dihydroxyl;'copene . L
Benzene PR-ET 540 {Triplet ET from naphthalene; 70 = 7.9 ps 80A 143
~439; '1,5-Dihydroxynaphthalene
h 3-MP/Ei,O0(77.K)  ~ PS 447 {Phosphorescence decay; glass 19:1 3-MP to Et,0; 447 74B004
420 ‘nm peak was the most intense; 7r:= 1.03 X 10%us - . !
394.5 : :
440. - 1,8-Dihydroxynaphthalene . . . i o ) L
3-MP/Et;,0 (77 K) PS 448 {Phosphorescence decay; glass 19:1 3-MP to Et,0; 448 74B004
423 nm peak was the more intense; 7+ = 1.11 X 10° us
441, 2,3-Dihydroxynaphthalene : o o
" 3-MP/Et,0 (77:-K) PS 443 {Phosphorescence decay; glass 19: 1‘3-MP to Et;,0; 443 - 74B004 .
418 nm pcak was the most intensc; 71 = L 95 R 106 }LS ‘
104 U
‘Toluene/EtOH a1 K) MOD 4450 Glass 'was 19:1-toluene to EtOH 719059
Water .FP 430 {Oxygen qu_enchmg, pka = 10.0 = 0.2; 5 ps delay, pH 77A196
: 18 e :
442.. 2,7-Dihydroxynaphthalene .
© 3:MP/Et;0 (77-K) PS 444° | }Phosphorescence decay; glass 19:1 3-MP to Et,0; 444 74B004
i 419 nm peak was the more intense; 71 = 1.01.:X .10° ps -
43 2,3-Dihydroxynpbhtlinlene, conjugaté base . Lo
7 Water, - g FP 5452 {Oxygen quenching; 5 us delay; pH 13.5 77A196
500° : S :
-480°
455°
‘ 4407
444. 3,6-Dihydroxyphthalimide . .
Dioxane: FP/TD 440, 2900 Lifetime limited by aeration; 7+ = 0.250 ps 7575
445. 4,4’ -Dimethoxyberizophenone , S S
Acetonitrile/Water LP/ET" " = 7675, 3600 Solvent was 9:1 acetonitrile to water; € relative t0 - o4pv..
545, 5200 1-methylnaphthalene in acetonitrile/water (eus =
440, 7100 11200 L mol~! em~").
-350, 7800. - - .
446. 2,3-Dimethoxy-1,4-benzoquinione : -
' Benzene - . PR. .. 434 ., Tr.=037:£.005 us /743062
-Cyclohexane PR/ET i 430 +.5, 5300 t 1200 € relative to blphenyl in cyclohexane (€361 = 42800 L 743062
L - mol~lem~Y) o
Cyclohexane L_P/ET .430 :. :, bIQU + 1200 Yiriplet E1"to: /s~carotene € relative to biphenyl in - 743062
: cyclohexane (€35 = 42800 L mol~! cm~"); 7¢ = 0.59
+ 010 s : :
447: 2,5-Din hi "._‘1,/l benz guiron -
Benzene PR 452 Shoulder at 45/*nm; 7r = 5.0 & 0.7 us 743062
Cyclohexane PR/ET 489° € relative ' to biphenyl i in cyclohexane (€361 = 42800 L 743062 -
_ _ 440 =+ 5, 5400 = 1100 mol~'em™) -
Cyclohexane LP/ET: 4890 - {Triplet ET to B-carotene; € relative to blphenyl in" 743062
440 1.5, 5300 £ 1100 cyclohexane (e = 42800 Lmol~'em ) 7r =59 %
o . 1.0 s
.448..-4;4"-Dimethoxybiphenyl i :
. “Boric-acid PS 415 Glass 777388
449, :5,7-Dimethoxycoumarin: L :
Benzene PR/ET 450, 11400 {Triplet ET from biphenyl; e relative to biphenyl in

T9E282
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~!em™!
450. 2,3-Dimethoxy-5-methyl-1,4-benzoquinone
Benzene PR 423 71 = 0.59 £ 0.10 ps 743062
Cyclohexane PR/ET 430 £ 5, 6300 = 1400 e relative to biphenyl in cyclohexane (e;; = 42800 L. 743062
mol~! cm™")
Cyclohexane LP/ET 430 £ 5, 6800 £ 1400  {Triplet ET to B-carotene; € relative to biphenyl in 743062
cyclohexane (€36 = 42800 L mol~! cm~'); 71 = 0.55
=+ 0.09 us
Trichlorotrifluoroethane  LP 413 7r = 0.43 = 0.08 ps 743062
451. 1,4-Dimethoxynaphthalene
3-MP (77 K) PS 469 {Phosphorescence decay; 469 nm peak was the more 74B004
445 intense; 77 = 1.08 X 10° us
452. 1,2-Dimethoxy-4-nitrobenzene
Acetonitrile LP 490° 82B014
453.  trans-2,5-Dimethoxy-4'-nitrostilbene
Glycerol triacetate LP ~780 Most intense peak at 467 nm 78B088
(198 K) 540
467
Glycerol triacetate LP ~-830 Most intense peak at 465 nm 7RRBOKR
554
465
454. 4,4'-Dimethoxythiob ph
Benzene LP/RA 520 % 5, 3500 &= 700 € relative to benzophenone in benzene (€s32s = 7630 L 84A221
400 =+ 5, 5500 = 1100  mol~! cm™!), taking 1 = 0.5 at 337 nm excitation and
295 + 5, 19900 £ 4000 taking ®r = 1 for benzophenone; SD method gave
similar-¢; 7t = 1.4 = 0.1 ps
455. 4-(Dimethylamino)chalcone
Heptane LP 550 + 15 *3-[4-(Dimethylamino)phenyl]}-1-phenyl-2-propen-1-  83E347
: one”; rr = 0.5 us
456. 10-(Dimethylamino)-3,5,7,9-decatetraen-2-one
Toluene FP-ET 520 {Triplet ET from anthracene 83E737
457. 2-(Dimethylamino)ethyl benzoate
Cyclohexane (290 K) FP 3520 10 ps delay 767556
kyAU
458. 24 7-(Dimethylamino)-2,4,6-heptatrienylidene)-6-[5-(dimethylamino)-2,4-pentadienylidene]cyclohexanone
Toluene FP 680 {Oxygen quenching and triplet ET from anthracene 83E737
and benzo[rstJpentaphene and to azulene, perylene,
and tetracene
459. N-[(Dimethylamino)methyl]phthalimide
EtOH FP 590 jOxygen quenching, diene quenching; maxima as- 79A147
350 sumed from text; rr = 10 us
460. 1-Dimethylamino-4-nitronaphthalene .
2-PrOH LP 505 Lifetime extrapolated from low temperature; v = 77A216
0.002 us
Acetone LP 505 {Oxygen quenching (0.7 X 10° L mol~'s™'); 77 = 1.0 77A216
us
Acetonitrile LP 510 T = 0.2 us 771A216
Benzene LP 510 {Oxygen quenching (1.6 X 10° L mol~!s~'); rr = 4.5 77A216
us
Cyclohexane LP 500 {Phosphorescence decay in PMMA at 77K; 7t = 9.1 77A216
us
Hexane LP 500 T = 8.4 us 71A216
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TABLE 6.. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amas » €max Comment ‘Ref.
/um /L mol~!em~!
461, trans-4-Dimethylamino-4'-nitrostilbene - - -
- 2,2-Dimethylbutane- ~FP 845° Glass 3:8 pentane. to 2,2-dimethylbutane; shoulder at' 747022
- /Pentane (77 K) ) 750° nm ’ :
2-PrOH - LP. 680 78B088
Benzene LP 800 }Oxygen quenching and triplet ET from triphenylene; 747022
‘ . shoulder at 745 nm; 71 = 2.1 ps
Benzene LP 790 78B083
Cyclohexane. LP - 735 Shoulder at 650 nm; 71 = 0.43 ps 747022
DMF LP-ET 910 - {Triplet ET from triphenylene; 71 = 21 ps; ko = 8 X 747022
‘820 10° L mol~! 5!
DMF LP. 805 78B083
‘EtOH ~LP 630 - 78B088
Glycerol triacetale LP 830 788088
(198 K) ‘ _
Glycerol triacetate LP 835" 78B088
‘MeOH ) 'LP 600 o 78B088
Tolucne LP 800 = 1.8 us 82F498
tert-BuOH LP 760 78B088
462. . 8-(Dimethylamino)-3,5,T-octatrien-2-0ne . '
* Toluene FP-ET 430 {Triplet ET from anthracene 83E737
463. : 9-{4-(Dimethylamino)phenyijanthracene o
‘Acetonitrilé LP~ 4420 {Oxygen quenching 776464
‘Acetone . LP 440° 1Oxygen quenching 776464
EnLO LP 444 1Oxygen quenching 776464
464 4'[2'-{4'-(Dlmethylamino)phenyl]efhyl]henzophenone ) o
‘Acetonitrile Lp’ L4908 Possible triplet exciplex, structure unspecified; ."78B112
“benzophenone-(CH,),-(N,N -dimethylaniline)”
465 trans-1-(4-Dimethylaminoplienyl)-2-nitroethylene
Benzene/Acetonitrile LP 660° Solvent was 8:2 benzene to acetonitrile by volume : ' 78E057
‘Benzene: LP 650*.. 7r = 0.56 ps - : - TREQ57
Cyclohexane LP 5700 | 7= 0.379 ps 18E057
EPA (77 K) PS/SD 600, 19100 + 3820 {Phosphorescence decay; rr = (7.9 = 1.5) X 10* ps - 78E057
440, 35000 x 7000
466, - 2-(Dimethylamino)purine . -
Acetonitrile (300 K) FP 485 1Oxygen quenching and quenching by 2,4-hexadienol; 756270
‘ ‘ Tr =59 % 4ps ) i
467, 2-(Dimethylamino)pyridine - ‘
2-PrOH (179 K) FP. ~470 {Phosphorescence decay in EPA; rr = (1.4 &£ 0.3) X = 767526
; 10% ps '
3-MP (179 K) FP ~465° {Phosphorescence decay in EPA ) 767526
EPA (100 K» FP ~470 {Phosphorescence decay in EPA; 7 ="(4.73 + 0.46) 767526
. - ) X 10° ps )
EPA (103 K) FP 470> Lifetime measured at 93 K; 7r = 0.4 X 10° us 80E318
468, - 4-(Dimethylamino)pyridine
2-PrOH (188 K) FP " 500 Tr =200 & 12 ps. 737127
EPA (93 K) ‘FP 500 {Phosphorescence decay 72B004
EPA (77 K) FP 500 {Phosphorescence decay 737127
Et;0 (183 K) FP 500 737127
469. 2-Dimethylamino)pyridine/4-Nitroaniline ‘
“EPA.(100 K) FP 590 At 93 K lifetimes are 4.5 ms (590 em) and 0.4 s (460 80E318
460 nm); relative intensities (2:1)
470. N,N-Dimethylaniline : :
3-MP(771 K) FP 465* {Phosphorescence decay; another maximum was esti- 69E215
) 456" mated to be at ~392 nm which was in the SD region
440° of 390-430 nm; most intensc peak at 341 nm
341

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



96 I. CARMICHAEL AND G. L. HUG

TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent

Method Memax » €max Comment Ref.
/nmm /L mol~! cm™!
Cyclohexane PR 460 = 10 1Oxygen quenching (10'° L mol~' s~); further peak at 761069
370 nm attributed to the cyclohexadienyl radical; half-
life = 0.95 pus
Liquid paraffin FP 480 {Phosphorescence decay in low temperature glass; de- 68B002
340 lay 5 ps; half-life = 100 us
N,N-Dimethylaniline LP/ET 465, 5000 {Triplet ET to anthracene and to naphthalene; € rela- 720440
tive to naphthalene in dimethylaniline (€;275 = 14400L
mol~! cm™'); half-life = 0.25 ps; ky = 4.8 X 10°L
mol~! s~}
471. N,N’-Dimethyl-3-anilinocarbazole
MCH (278 K) LP 610 1Oxygen quenching and rise time same as fluorescence 83A225
decay; delay 30 ns; rise time of 13 ns
472. 1,3-Dimethylanthracene
EtOH (93 K) PS 442 66B001
417
473. 9,10-Dimethylanthracene
Benzene PR/ET 435, 47000 € relative to benzophenone in benzene (€535 = 10300 690087
L mol-'cm™")
Denzene PR/ET 435, 42200 ¢ 1clative (0 naplithalence in benzene (emax = 17500 L 690087
mol~! cm™Y)
Cyclohexane PR 4275 690087
Dioxane PR 430 690087
474. 2,5-Dimethyl-1,4-benzoquinone
SDS LP 470 Aqueous micelles; 77 = 0.035 ps 83N133
Water LP 480 77 = 0.83 us 80B112
440
475.  2,6-Dimethyl-1,4-benzoquinone
SDS LP 455 Aqueous micelles; 71 = 0.020 ps 83N133
Water LpP 445 77 = 0.060 ps 83N133
476. 3,3'-Dimethylbiphenyl
3-MH (77 K) PR 390 1 ps delay; radical ions also contribute to observed 771059
peak at 390 nm; 7+ = 3 X 108 pus
477. (ali-E)-3,8-Dimethyl-1,10-bis(2,6,6-trimethyl-1-cyclohexen-1-y1)-1,3,5,7,9-decapentaene
Benzene (296 K) LP-ET 457 Triplet ET from chlorophyll ¢; oxygen quenching (2.8 73E347
X 10° L mol=! s=%); 70 = 20 ps; ko = 09 X 10°L
mol~!s~!
478. 1-3,3-Dimethyl-1-buten-2-yl)naphthalene
Benzene LP-ET 426* {Triplet ET from xanthone and oxygen quenching; r+ 84B007
= 0.44 us
479. N,N'-Dimethyl-5,11-dihydroindolo[3,2-b Jcarbazole
SDS LP 658° Agueous micelle 79N005
395*
480. cis-2,3-Dimethyl-2,3-di-(2-naphthyloxirane
Benzene LP/ET 425, 10000 =+ 2000 {Oxygen and azulene quenching; e relative to benzo- 84A344
phenone in benzene (€535 = 7630 L mol~'cm~"); 7p =
1.2 =02 ps
481. trans-2,3-Dimethyl-2,3-di~(2-naphthyl)oxirane
Benzene LP/ET 425, 12000 = 2400 tOxygen and azulene quenching; ¢ relative to benzo- 84A344
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benzophenone and xanthone; 71 =-0.13 ps

TABLE 6. Spectrai birarheters for-triplet-triplet absorption of organic rﬁo]ecules in condensed phases — Continued
No. Solvént' Method - . Amax s €max Comment Ref.
/om /L mol~ ‘cm'l
482, 2 4-D|methyl- S-dlphenyl- ,S-pentanedione _
2 -~ LP. 455* Solvent benzene (?); conformation such that carbonyl . 81A404
groups are in the plane formed by the-three central
carbons of the pentane chain; more intense maximum
below 350 nm; 77 = 0.060 us
483.. N,N’-Dimethyl-N,N ’-diphenyl-1,4;phenylenediamine
MCH (278 K) LP © 635 }Oxygen quenching and risetime same as fluorescence . 83A225
: : decay; delay 50 ns; v = 3 us; rise time of 5 ns
48'4. 3,9-Dimetliyl-trans-ﬂuorenacene ) ) .
3-MP:(77 K) MOD/ . 481, 93500 = 4300 757141
: SD&KM 457, 55600 + 3500
485. 2, 5-Dunethyl-2 4—hexad1ene ) : '
* " Benzene ‘PR 310 71 =:0.08 ps 82B057
186. 1,3-Dimethylindazole o ' , : ,
: ‘EtOH (178 K) : MOD/SD 420°, 8100* Shoulders at 439* and 286° nm; another maxium < 716244
- Eewoe o 250 nm; 74 = (1.5 £ 0.2) X 10* ps ’
_EtOH (103 K) ‘MOD/SD 420°,.8600° Shoulder at 448° nm; another maximum < 250 nm; 71 716244
' 287, 4700 = (3.6 £:0.4) X 10° ps _
487 NN -Dzmethylmd:go o ) . ) ] .
‘EPA (98 K) Lp - 740 No ‘triplet spectrum obscrved at RT; data corrected 791543
! 470 from’ paper (H. Goemer, private commumcatlon, .
S 1985) o
488, 1, 4-D:methyl-‘l-mnpmpy]aznlene R . . ’
" Benzene ’ “LP- ET 380-420 {Triplet ET from: benzophenone, oxygen quenchmg, 81F275
) Tr =3 pus;ke = 7 X 10° L mol~! s~
4895 1,2-Dimethylnaphthalene
Cyclohexane (77 K) PS 420 67B007
0. |
490. 2,3-Dimethyinaphthalene -
Cyclohexane (77 KV PS 426.5 . 67B007
‘ ' 420.5
404
398
P 3925
“EtOH (77 K) MOD 422 Halfwidth 540 cm™! 777538
Toluene (77 K) ‘MOI 433 Halfwidth 920 cm™! 777538
491, 2,7-Dimethylnaphthalene o .
"~ EtOH (77.K) o MOD 419, ‘Halfwidth 460 cm™! 777538
Toluene (77 K) - MOD 431 Halfwidth 880 cm™" 777538
492 N;N-D" thyl-2-naphehyl: .
Cyclohexa.ne» : -FP 476 Delay 30 ps 686045
493, N,N-Dxmethyl-z-naphthylamme, conjugate-acid . S
©Water - <. FP" .. 409 pK. = 2.7; pH Acidic 61R00R
: - 388
494, . ¢is-3,3-Dimethyl-1-2-naphthyD-1-butene
Benzene . L LP-ET: o 430 ¢ {Oxygen and azulene quenchinig and triplet ET from $3kz/o
i ~.400 benzophenone and xanthone; 71 = 0.14 ps
495. -trans-3,3-Dimethyl-1-(2:naphthyl)-1-butene ,
. Benzene = LP<ET . 430 {Oxygen and azulene quenching and triplet ET from 83E278
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/nm /L mol~! cm™!
496. 2,2-Dimethyl-1-(1-naphthyl)-1-phenylethylene
Benzene LP-ET 410° {Triplet ET from xanthone and oxygen quenching; 7+ 84B007
497. N,N-Dimethyl-4-nitroaniline :
EPA (77 K) PS/KM 900, 3370 £ 170 {Phosphorescence decay; 71 = (4.37 = 0.10) X 10°us  78E057
760, 2780 + 140
550, 2700 £ 135
390, 20600 + 1030
EPA (77 K) PS 550 {Phosphorescence decay; T = 8.3 X 10° us 83E427
450
498. N,N-Dimethyl-4-[(4-nitrophenyl}azo]benzenamine
2-MLHF (103 K) LP 700 Triplet not observable above 125 K; below 103 K life- 80B101
390 time constant; 7t = 500 us
Glycerol triacetate LpP 690 Lifetime measured at 233 K; triplet not observable 80B10!
(203 K) above 233 K; v = 0.050 ps
499. 3,8-Dimethyl-4,7-phenanthroline
EtOH/ELO (77 K) PS 495 Solvent was 3:2 EtOH to Et,0O; relative intensities 80B130
465 (100:60:25); Er = 264 kJ mol~!
438
500. N,N-Dimethyl-p-phenylenediamine
EtOH (77 K) MOD/KM 530, 23000 =+ 5700 737055
501. (E,E,E,E,E,E)-1,11-Dimethyl-7-(2,6,6-trimethyl-1-cyclohexen-1-y1)-2,4,6,8,10,12-tridecahexaenal
Cyclohexane COM 500, 201000 “all-trans-Cy, aldehyde”; € average of that obtained by 79E546
PR/ET, LP/ET and LP/SD; ¢ relative to C; al-
dehyde'in cyclohexane (€10 = 63000 L mol~' cm~") in
LP/ET; e relative to biphenyl in cyclohexane (€313 =
42800 L mol~' em™') in PR/ET; 77 = 7.1 us
MeOH LP/SD 510, 136000 € is upper limit; 7t = 8.3 ps 79E546
502. 1,3-Dimethyluracil
Acetonitrile LP/? 3807, 8000° € method unspecified 81E042
503, (S)-Dinaphtho[2,1-d:1',2’-f]{1,3]dioxepi
2-MTHF (96 K) PS . 420° Compound “V” in paper 83E383
400°
504. Di-2-naphthylamine
Toluene/EtOH (77 K) MOD 508* Glass was 19:1 toluene to EtOH; 508 nm peak was the 719059
439* more intense
505. 1,4-Di-1-naphthylbutane
Isooctane FP 430° Isomer assumed; additional absorption in the red as- 78B089
4007 signed to intramolecular triplet eximer
380*
362° .
Isooctane Lp 405° Shoulder at 370 nm,; rise time of ~ 100 ns 81E015
390°
506. ¢-3,¢-4-Di-(1-naphthyl)-r-1,c -2-dimethoxycarbonylcyclobutane
Acetonitrile ’ LP-ET 430 {Triplet ET from benzophenone, oxygen quenching 80B010
(1.5 X 10 L mol~'s~'); 100 ns delay; 71 = 0.13 ps; ket
= (7% 1) X 10° L mol~!s~!
Acetonitrile LP-ET 470 {Triplet ET from benzophenone; 400 ns delay; intra- 80B010
molecular triplet exciplex; 77 = 4.0 ps; ka = (7 = 1)
X 10° L mol~! 5!
507. 1,2-Di-1-naphthylethane .
Isooctane FP 430* Isomer assumed; shoulder ~380 nm; additional ab- 78B089
396* sorption in the red assigned to intramolecular triplet
355* eximer

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



ET to tetracene, oxygen quenching (3.3 X 10° L mol~!
s T = 4.3 ps

TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 29
TABLE 6. ‘Spectral parameters for triplet-triplet absorption of organic molecules.in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm~
Isooctane LP 410° Shoulder at 370 nm; additional absorption around 470 81EO015
' 390° nm (rise time <17 ns) ascnbed to triplet excimer; rise
time of ~ 100 ns
508. -Di-1-naphthylmethane v : R
-Isooctane FP. 430° Shoulder ~370 nm; additional absorption in the red . 78B089
396° . assigned to intramolecular triplet eximer; 71.= ~50 us
3500 . i
Isooctane LP 410° Shoulder at.370 nm; rise time of ~ 100 ns 81EQ15
: 390° :
509. 2,5-Di(1-naphthyl)-1,3,4-oxadiazole -
Cyclohexane FP/TD 602, 7150° - Only .peaks reported by authors given - extensive vi- 78B081
' 569, 5200° ‘bronic structure observed; oscillator strength ‘= 0.04,
454, 5500 0.04, 0.06 '
Cyclohexane " FP/TD . 600%,7100° 0-0 banids only reported here though vibrational struc- 79E297"
) 5707, '5200* ture seen; oscillator strength = 0.04, 0.04, 0.06
460°, 5700° :
510.  cis-2,3-Di-(2-paphthyDoxirane :
‘ - Benzene: LP/ET 430, 10000 £ 2000 1Oxygen and azulene quenching; e relative to benzo- 84A344
) phenone in benzene (€s335 = 7630 L mol ™! cm“‘) Tr=
0.36 = 0 05 us
S11.  trans-2,3-Di-2-naphthyDoxirane . :
Benzene “LP/ET 430, >8000 1Oxygen and azulene quenching; € relative to benzo- 84A344
’ ’ S phenone in benzene (55;3 s= 7630 L mol™! cm—l), 1=
016 % - 0.02 ps
-51'2;:' 13-Dl-1-naphthylpropane _ . . } .
Isooctane ' FP - 430~ Isomer assumed;. additional absorption in the red as- 7RRBOR9
400* signed to intramolecular triplet eximer
375 I o
Isooctane : LP 41 Shoulder 4t 370 nm; rise time of ~ 100 ns 81E015
390°
513; . 1,3-Di-2-naphthylpropane )
Methylene chloride LP 430° Shoulder at 405* ‘ 84P257
.'514. '5,5'-Dineopentylthioindigo o
EPA (771 K) FP 592 7r =130 ps 767582
EPA(93 K) LP 580 rTv-—"- 53 us T9ES43.
e 375 ,
EPA (283 K) LpP 590 @y strongly temperature dependent in this solvent Tr. T9ES43
370 =046 ps
Glycerol  triacetate LP 600 1= 50 ps 79E543
(203 K) ' 390 ’
Glycerol triacetate LP 595 7 = 040 ps T9E543
) 385 - :
515.- 3,5-Dinitroanisole .
Acetonitrile/Water LP 475 Solvent 1:1 acetonitrile to' water; r1 = 0.055 ps 737466
Water LP ~435 ) i 82F150
516." 3,5-Dinitroanisole/Water - -
Water LP 435- IQxygen . quenching and triplet ET to 777345
3,3',4,4'-tetramethyldiazetine dioxide; transient was as-
signed to an H-bonding exciplex with water; v = 14
517, 1,2-] Dxmh'onapbthalene .
EtOH "~ " = LP 550 {Phosphorescence decay in EPA glass at 77 K, triplet -

776194
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent

Method Amax s €max Comment Ref.
/om /L mol~! em™!
Hexane LP 490 {Phosphorescence decay in EPA glass at 77 K, triplet 776194
ET to tetracene, oxygen quenching (1.9 %-10° L mol~!
s7Y; 10 = 1.0 ps ‘
518. 1,4-Dinitronaphthalene :
EtOH LP 550 Lifetime measured in neutral EtOH; spectrum shifts to 767270
the red (30 nm) with increasing sulfuric acid concen-
tration ({10 mol L—'}); 7+ = 4.76 ps
Formamide LP 570 767270
Hexane LP 545 {Phosphorescence decay in EPA at 77K, triplet ET to 767270
tetracene; T = 4.55 ps; ke = 1.0 X 10° L mol ™' s™!
519, 1,8-Dinitronaphthalene
EtOH LP 590 {Phosphorescence decay in EPA glass at 77 K, triplet 776194
ET to tetracene, oxygen quenching (2.1 X 10° L mol~!
s rr =53 ps
Hexane LP 550 {Phosphorescence decay in EPA glass at 77 K, triplet 776194
ET to tetracene, oxygen quenching (8.1 X 10° L mol~!
s7Y; rr = 2.5 us
520. 4-[(2,4-Dinitrophenyl)azo]-N,N-dimethylbenzenamine
2-MTHF (103 K) LP 700 Triplet not observable above 126 K; below 103 K life- 80B101
420 time constant; 7t = 1300 pus
Glycerol triacetate Lp 690 Lifetime measured at 233 K; triplet not observable - 80B101
(198 K) above 233 K; 7r = 0.033 ps
521, 3-[[4-[(2,4-Diniu0phenyl)az.u]phenyl](Z-hyllruxyethyl)aminu]~4-propanenlti'lle
2-MTHF (103 K) LP 700 Triplet not observable above 123 K; below 103 K life- 80B101
400 time constant; 71 = 670 us )
Glycerol triacetate LP 680 Lifetime measured at 248 K; triplet not observable 80B101
(203 K) above 248 K; 7, == 0.025 us
522. trans-2,4-Dinitrostilbene
Glycerol triacetate LP 542 542 nm peak was the more intense 78B088
428
Glycerol triacetate LpP 560 560 nm peak was the more intense 78B088
(198 K) 434
523. cis-4,4' -Dinitrostilbene
Cyclohexane LP 500 71 = 0.083 us 747022
MeOH LP 500 747022
524. trans-4,4'-Dinitrostilbene )
Cyclohexane LP 500 {Oxygen guenching in benzene; 7+ = 0.080 ps 747022
EPA (77 K) FP 550° ‘ 747022
EPA LP 472 78B088
EPA (88 K) LP 486 78B088
Glycerol triacetate LpP ~735 496 nm peak was the more intense 78B088
(198 K) 496
Glycerol triacetate Lp 500 78B088
McOH LP 500 {Oxygen quenching in benzene 747022
525. N,N'-Dipentylpyromellitic diimide
Acetonitrile LP 555 Triplet detected in the presence of N-benzyl-1,4- 83B041
510 dihydronicotinamide
420
526.  1,3-Di(9-phenanthryl)propane
Decane (293 K) LP 4812 Shoulder at 402° nm; The shortest wavelength band 82E287
’ 447° and shoulder are mainly due to intramolecular triplet
427 excimers
THF LP 480° Delay 1 ps; shoulder at 423* nm 83E554
450° .
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax €max Comment Ref.
/nm /L mol~! cm™!
527. Diphenylacetylene
Glycerol FP 418 418 nm was the stronger band; 7t = 267 us 747417
380
528. Diphenylamine
3-MP (77 K) PS 545 7t = (2.0 X 0.1) X 10° ps 67E106
Cyclohexane PR/ET 530, 10400 € relative to benzophenone ketyl radical in cy- 71E360
clohexane (€ne = 3700 L mol~! cm™"); reference €
obtained by starting from €., = 3220 L mol~' em™!
for this ketyl radical in water and assuming the fof the
ketyl radical is independent of solvent; final € obtained
from a simultaneous least squares fit to data from
several compounds
EPA (~90 K) PS 558* 42B002
EPA (77 K) PS 549 {Phosphorescence decay; 71 = (1.9 = 0.2) X 10 us  67E106
EtOH (77 K) MOD/KM 550, 31000 = 7700 737055
EtOH/EL0 (77 K) MOD/KM 550, 28600 = 11000 Glass was 2:1 EtOH to Et,0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
Hexane LP 520 84E043
Toluenc/EtOH (77 K) MOD 555* Glass was 19:1 tolucnc to EtOH 719059
529. 9,10-Diphenylanthracene
Benzene PR/ET 445,-17700 € relative to naphthalene in benzene (€nsx = 17500 L 690087
mol~! em~')
Benzene PR/ET 445, 13800 € relative to benzophenone in benzene (€535 = 10300 690087
L mol-'cm™)
Benzene (298 K) FP ~450 77 = 5000 =+ 2500 ps 746270
Benzene PR/ET 450, 20000 + 1000 e relative to biphenyl in benzene (€359 = 27100 L mol~' 83E281
cm™!) -
Bromobenzene LP 452 83E281
Cyclohexane PR 445 690087
- Cyclohexane PR/ET 440, 16000 =+ 1000 € relative to biphenyl in cyclohexane (€35 = 42800 L 83E281
mol~! cm~")
Dioxane PR 425 690087
EtOH (298 K) FP ~440 71 = 3000 £+ 1500 ps 746270
EtOH FP/ET 421, 26000° Triplet ET from eosin; € relative to eosin in EtOH (es3,  78EQ19
= 9400 L mol~! cm~')
Heptane (298 K) FP ~450 T1 = 2500 £ 1300 pus 746270
Liquid paraffin FP 440 65F031
MeOH LP 440 83E281
Toluene LP/ET 452, 15500° Triplet ET from anthracene; € relative to anthracene in  82E451
benzene (Pr = 0.72, €ngs = 42000 L mol~! cm™!)
assuming ®r = 0.72 for anthracene in toluene; oxygen
quenching (3.4 X 10° L mol~' s-'); paper shows a
spectrum with a peak at 428 nm with an ¢ of 18500 L
mol~! cm™! which we take to be the spectrum of the
sensitizer anthracene; 71 = 10° ps
Toluene PR/ET 448, 16000 = 1000 € relative to biphenyl in benzene (€359 = 27100 L mol~! 83E281
cm™!), assuming no solvent effect
530. 4,4'-Diphenylbenzophenone
Alcohol/Ether (77 K) MOD 415 Glass was 2:1 alcohol to ether T6E682
531, 2,6-Diphenyl-1,4-benzoquinone
Dibutyl phthalate LP 600° 71 = 0.56 ps; Er = 218 - 238 kJ mol~! 79B044
532.  2,6-Diphenyl-1,4-benzoquinone/Diphenylamine
Toluene (261 K) LP 700° Claimed triplet exciplex; rr = 0.083 + 0.012 ps 79B044
533.  2,6-Diphenyl-1,4-benzoquinone/TMPD
Dibutyl phthalate LP 610* Claimed triplet exciplex; 7t = 0.039 £ 0.003 us; £ = 79B044
560° < 175 &kJ mol~!
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~'cm™!
534. 2,6-Diphenyl-1,4-benzogquinone/Triphenylamine )
Benzene (293 K) LP 650 550 nm band was the more intense; 71 = 0.2 ps 81E71S
550
Benzene/MeOH (293 K) LP 650 650 nm band was the more intense; solvent was 19:1 81E715
550 benzene to MeOH; 71 = 0.083 us
Dibutyl phthalate LP 670° Claimed triplet exciplex; 7t = 0.14 £ 0.01 ps; Er = < 79B044
550° 175 kJ mot™'
535. 1,4-Diphenyl-1,3-butadiene
2-MTHF (123 K) LP ~395 82E429
Acetonitrile (298 K) LP-ET 384 1 Triplet ET from benzophenone 82E429
Benzene (295 K) LP/SD 395 & 2, 45000 = 6800 Triplet yields enhanced by presence of Oy; 71 = 2.6 == 82E365
0.3 ps
Benzene (298 K) LP-ET 394 {Triplet ET from biacetyl 82E429
. 372
Benzene LP 405 {Oxygen and azulene quenching; 77 = 2.6 = 0.2 us  84E319
Bromobenzene (295 K) LP/SD 416 * 2, 45000 + 6800 71 = 1.5 = 0.2 ps 82E365
Cyclohexane (295 K) LP/SD 390 % 2, 60000 £ 9000 Triplet yields enhanced by presence of Oy; shoulder at  82E365
) 372nm; 77 = 1.6 £ 0.2 ps
EPA (77 K} FP 435 Main peak at 398 nm; 7r = 2450 ps 707199
413
398
357
Ethyl bromide (295 K) LP/SD 392 + 2, 55000 + 8300 7r =25+ 0.3 ps 82E365
Ethylene glycol LP 393 {Oxygen and azulene quenching; shoulders at 375 and 84E319
365 nm; T+ = 5.0 us
Glycerol triacetate LP ~390 T =4us 82E429
(298 K)
Glycerol triacetate LP 396 7t = 1500 ps 82E429
(198 K)
MeOH (295 K) LP/SD 385 =+ 2, 58000 + 8700 Triplet yields enhanced by presence of Oy 82E365
536. 1,4-Diphenylbutadiyne
PMMA PS 450 Polarization also measured; phase sensitive detection; 78E152
= 8.0 X 10° us
537. 1,2-Diphenylcyclobutene
Benzene (298 K) FP ~390 Tr= > 200 us 81E214
Benzene (298 K) LP-ET ~385 {Triplet ET from benzophenone, oxygen quenching (4 81E214
X 10° L mol~! s~%); bandwidth ~3000cm~'; 7y = >
3 ps; ke = 6.5 X 10° L mol~' 57!
Benzene (298 K) LP-ET ~385 {Triplet ET from xanthone, oxygen quenching (3.4 X 81E214
10° L mol~' s); bandwidth ~3000cm~%; 7 = > 3
ps; kg = 6 X 10° L mol~'s~!
EPA (77 K) LP 392 81E214
373
EPA (298 K) LP ~370 81E214
538. 1,4-Diphenyl-2,3-dibenzoyl-1,4-epoxy-1,4-dihydronaphthalene
Benzene LP/RA 490 x5, 5270 £ 1300 }Oxygen and azuiene quenching; € relative 10 benzo- 84A355
phenone in benzene (€s3; = 7600 L mol~! cm™"), as-
suming @t = 1 for benzophenone and taking ®1 =
0.66 for the compound in benzene; 7¢ = 1.7 = 0.3 us
MeOH LP 480 £ 5 $Oxygen quenching; 77 = 1.6 &= 0.2 ps 84A355
539. 1,1-Diphenylethylene
tert-BuOH LP-ET ~330 {Triplet ET from acetone 82E204
540. 9,9-Diphenyl-9H-9-germafluorene
MCH/Isopentane (77 K) FP 380° IPhosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
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TABLE 6.. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Coﬁtinued
No. Solvent Method Amax » €max Comment - Ref.
/am . /L mol~! cm™!
541..".1,6-Diphenyl-1,3,5-hexatriene
© 1,2-Dichloroethane - LP 425 Radical cation (Apas ~615 nm) also formed by a bi- 80N033
400 photonic process . :
1,2-Dichloroethane PR 425 Radical cation (7\,,‘., ~615 nm) also forrned 80NO033
v : 400
2-MTHF (123 K) LP 428 71 = 400 pus 82E429
2-MTHF (298 ‘'K) LP 420 82E429
- ' . ) 396
Acetonitrile’ (298 K) FP’ . 413 rr =70 us 82E429
390 : ) ,
Benzene PR/ET 422.5, 113000 € relative to biphenyl in benzene (e3sy = 27100 L mol~! 761088
' - 3974, 705007 cm™"); €, unstated, but -assumed from authors’ earlier
. o . ’ : work
Benzene (298 K) "LP-ET 425 {Triplet ET from benzophenone and biacetyl . 82E429
Benzene (295 K) LP/SD 426+ .2, 104000 * Triplet yields enhanced by presence of Oy 77.= 10°'%. B2E365
. . 16000 1 us o
Bromobenzene (295 K). . LP/SD- 430 £ 2, 105000 £ 71 = 13 i 1ps 82E 365
‘CTAB/T riton- X-100 LP 415 'Surfactant ratio '1:2 CTAB to Triton X-100; mixed 80NO33
: aqueous micelle; 7+ = ~30 ps
- Cyclohexane . PR 425 Radical anion (Amax ~660 nm). and cation (Amx ~630 80NO033
) . B 400 . nm) also formed; half:life = 20 ps o . :
_ Cyclohexane (295 K). LP/SD,. . ... 416 & 2, 114000 = Triplet ylelds enhanced by presence of 0;, Tr= 20 + 82E365
: - 17000 2 ps
-EPA (77 K) FP 429 Main peak at. 429 nm; 7 = 400 ps 707199
- EtOH PR/RF 415, 113000 € relative to 1,6~ diphenyl»l 3, S-hexatnene in benzene . 761088
.388%, 70300 ° (€5 = 113000 L mol™" cm™") assuming. oscillator
trength independent of solvent; Ey = ~150'kJ mol-!
EtOH LP 420 Radical cation (Amx ~600 nm) also formed by a bi- 8ONO033
. 390 photonic process )
. Ethyl bromide (295.K) .- LP/SD 420 % 2, (114000 * rr =123 1ps . 82E365
S o - 17000 :
Glycerol triacetate LP 422 7r = 300.ps 82E429
(198 K) ' )
Glycerol triacetate LP 418 Tr-= 40 ps 82E429
(298 K) . . . . e .
MeOH, (295. K) LP/SD -410. = 2, 121000 = Triplet yields enhanced by presence of Oy 71 = 30.+  82E365
18000 Ips ) .
. SDS‘_/T riton X-l_OO LP . 42_5, . Surfactant ratio 2:3 SDS to Triton X-100; mixed aque- 80N033
' o . ous micelle; 7y = ~30Q us
-542{ 1,4-Diphenylnaphthalene . .
3-MP (77 K) - PS/ESR 505, ~ 10000 ESR; oscillator strength = ~0.02, 0.52 69B002
‘ 444,.32500 S ‘ ’
543. 1,5-Diphenylnaphthalene , o
3-MP (77 K) " PS/ESR 538, 22800 1ESR; oscillator strength = 0.25 69B002
544. 1,8-Lnpnenyi-1 ,3,5,7-ocmtetraene
Z-MTHF (298 K) LP 435 82E429
2-MTHF (123 K) - LP 440. 82E429
Acetonitrile (298 K) FP 432 7r = T0 ps 82E429 -
. ) 408 . i .
: Ben}ze»ne : PR/ET 440, 162000 ~ erelative to biphenyl in benzene (¢:55 = 27100 L'mol~- 761088
. : cm™"); €, unstated, but assumed from authors’ earlier . -
. B : work S
Benzene (298 K) FP 444 {Triplet ET from benzophenonc and blphenyl 7r = 82E429
L . 419 100 ps i
Benzene (295 K) LP/SD 445 % 2, 188000 . x - Triplet ylelds enhanced by presence of Oz, ‘rr = 21 i 82E365
) : . 28000 ) 2 us
Bromobenzene (295 K) - LP/SD 450 £ 2, 179000 £ 7r= 14 £ | us 82E365
: : : . 27000 )
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~! cm™!

Cyclohexane (295 K) LP/SD 43) =+ 2, Z10WWW = ‘Iriplet yields enhanced by presence of Oy 71 = 40 £ 82E365
32000 4 us
EtOH PR/RF 427, 162000 € relative to 1,8-diphenyl-1,3,5,7-octatetraene in ben- 761088

zene (€up = 162000 L mol~! cm—") assuming oscillator
strength independent of solvent; Er = ~ 120 kJ mol ™!

Ethyl bromide (295 K) LP/SD 440 £ 2, 230000 £ Tr=11%1ps 82E365
35000

Glycerol triacetate LP 440 T = 60 ps 82E429

(298 K) , ,

Glycerol triacetate Lp 444 77 = 100 ps o " 82E429

(198 K) ;

MeOH (295 K) LP/SD 430 =*= 2, 191000 =+ Triplet yields enhanced by presence of Oy; 71 = 34 &= §2E365
29000 3ps

545.  2,5-Diphenyl-1,3,4-0xadiazole ‘ )
Benzene LP 550 1Oxygen quenching (1.6 X 10° L mol~! s~!); 100 ns 777265

delay; “PPD”; »y — 0.300 ps )
Cyclohexane FP/TD 449, 670 Authors claim that the spectrum reported in [777265)is 83E216
440, 880° erroneous; oscillator strength = 0.01
432, 900°
425, 980°
546. 2,5-Diphenyloxazole
Benzene PR 500 {Triplet ET from naphthalene and triplet ET to an- 720206
thracene; “PPO”
Benzene . LP 570 1Oxygen quenching (2.5 X 10° L mol~! s~'); 100 ns 777265
delay; 7r = 0.200 pus
Cyclohexane PR 500 720206
Cyclohexane FP/ET 500, 13000 jTriplet ET to anthracene; € relative to anthracene in 80E439
cyclohexane (€5 = 64700 L mol~'em~Y); 77 = 1.7 X
10° us
EPA (77 K) CWL 515 74B003
EtOH FP/ET 500, 28400. = 1500 € relative to naphthalene in EtOH (eqs = 40000 L . 747049
mol~! ecm™"); 71 = 2500 £ 1300 ps; ket = (9.2 = 1.0)
X 10° L mol~! s~

547. N,N'-Diphenyl-p-phenylenediamine . ’
Benzene PR/ET 615, 26800 € relative to benzophenone ketyl radical in cy- 71E360
clohexane (€mex. = 3700 L mol~!' cm™'); ¢ obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
ZENE €may TAtios Of 1.83 tor naphthalene and 1.43 for

anthracene
548. N,N'-Diphenyl-p-phenylenediamine, conjugate acid
EPA/Acetic acid FP/ELT 610 {Phosphorescence decay; ¢ relative to the radical cat-  67A001
(1374 K) 600°, 67000 = 15000 ion of compound (€3 = 22000 L mol~' em™"); solvent

was 97:3 EPA to acetic acid; EPA was 8:3:5 Et,0 to
isopentane to EtOH in this work

549. 9,9-Diphenyl-9H-9-silafluorene
MCH/Isopentane (77 K) FP 373 {Phosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
pentane; 71 = 3.0 X 10° ps ‘

550. N-[(Dipropylamino)methyllphthalimide v ' :
EtOH FP 590 {Oxygen quenching, diene quenching; maxima as- 79A147
350 sumed from text; rr = 10 us

551. Durene/Tetracyanobenzene
Et,O/Isopentane (77 K) MOD 541 Glass was 1:1 Et,0 to isopentane; another maximum 72E276
> 1430 nm

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986




TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 105
TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules-in condensed:phases — Continued
No. Solvent Method Asiax s €max Comment Ref.
/nm /L mol~'cm™!
*.552. Duroguinone © o : T
2-PrOH: LP 4570 {Triplet ET to anthracene; shoulder at 484* 717520
- Acetonitrile- . “LP 485% 50 ns delay; quenched by amines 777602
‘Acetonitrile (293 K) FP 480 e 82E614
Benzene . PR/E1 490,.9450 e relative to biphenyl in cyclohexane (€33 = 35400 L 690520
mol~! cm~"); author reports a mean of 9800 L mol~!
cm™~! from 3 separate standards :
Benzene PR/ET 490, 8600 € relative to anthracene in cyclohexane (€40 = 57200 L §90520
mol™! em~"); author reports a mean of 9800 L mol -
T . cm~" from 3 separate standards .
Benzene PR/ET " 490, 11400° € relative to naphthalene in cyclohexane (€425 = 22600 690520 -
L moi"' cm™"); author reports a'mean of 9800 L mot ™!
cm: ! from 3 separate standards
Benzene LP . 1490 7r=3.1ps . 70E288
Benzene LP. 477 {Triplet ET to anthracene and dibenz{a,h ]anthracene 717520
0 T = 10 ps .
_ Benzene PR/ET 490, 6950 c. rclauv: to benzophenone kotyl rudlcal in. cy- 71E360
clohexane (€nx = 3700 L mol~! em~"); € obtained .
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
ZENe €y ratios of 1.83 for naphthalene and 1.45 for
. anthracene )
Benzene (293 K) “FP 490 . '82E614
Cyclohexane PR/ET 490°, 4250 € relative to biphenyl in cyclohexane (€363 = 35400 L 690520
ST mol~".em™"); author reports a mean of 4700 L mol~!
‘ . em~! ftom 3.separate standards )
Cyclohexane - PR/ET 490°, 4950 € relative to anthracene in cyclohexane (€0 = 57200 L 690520
S - R T not~! cm™"); author reports-a mean-of 4700 L mol~!
. cm~! from 3 separate standards R
Cycilohexane PR/ET 490°, 4900 e relative to naphthalene in cyclohexane (€25 = 22600 690520
. L mol~'.cm™'), author reports'a mean of 4700 L mol -t
- cm~! from 3separate standards
Cyclohexane PR/ET 490, 5330 € -relative’ to ‘benzophenone ketyl radical in cy- : 71E360
) -clohexane: (€msx = 3700 L mol~' cm™"); reference € .
obtained by starting from €ps =-3220 L 'mol~! cm™!
for this ketyl radical in water and assuming the fof the
ketyl radical is independent of solvent; final € obtained
from a simultancous lcast: squares fit to data-from
several compounds
Cyclohexane LP 490 Relative intensities (5:4:11); 7 = 21" ps; oscﬂlator 767144
450* strength = 0.121 == 0.005 '
3108 - ;
Dioxane FP 485 Half-life = ~30.ps 587005
Et;0 ‘FP ~485: _'Half-life = ~30 ps . 587005
EtOH. S FP ~485 Haif-life = ~30-ps 587005
EtOH LP/RF 490, 5580 + 550 € relative to duroquinone in cyclohexane (€0 = 5330 767144
455 L mol~'em~) assuming oscillator strength: indepen-
310* “dentof solvent; relative intensities (1:1: 2% T = 15 us
-E{OH/Sulfuric acid . FP - ~490 -Solvent was 50% 0.1 - mol L~' H,SO, and 50% alcohol; 587005
halflife =30 ps o
Etun/Water -FP ~485: Solvent was 1:1 EtOH to water; half-life = ~30 ps. 587005
Liquid paraffin ‘FP 490 - Half life = 100.us 587005
460 :
- Liquid paraffin LP 458° IQuenclung by anthracene, shoulder at 493* nm; 717520
C Tr =29pus .
MeOH (293 K) FP 460 82E614
PMMA FP 470 7t = 180 £-10us . 707305
~SDS Lr. ~450 Aqueous micelle 83N056
Toluene LP/ET 490, 7600 £ 500 € relative to anthracene in toluene (€qss = 42000 L. 83F075
. mol~! cm™?) e
Water. . LP/RF 500, 4200 £ 450 ¢ relative to duroqumone in cyclohexane. (649() = 5330 767144
440 - L mol~! em~") assuming oscillator strength indepen-
420 «dent of solvent; relative intensities (4:5:4:12); 77 = 5.9
395 T '
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nmm /L mol~! em~!
Water/EtOH LP/ELT 490° € relative to durosemiquinone (€0 = 4700 L mol~' 777045
450° cm™') assuming complete conversion in the presence
420°, 6600 + 800 of Fe?* ions; solvent was 2:1 water to EtOH by vol-
ume; 77 = 6.3 &= 0.8 ps
Water/MeOH FpP 5100 Solvent was 4:1 water to MeOH by volume; lifetime 80C005
440° measured at pH = 0.7; 7r = 1.3 ps; pH >1
553. Duroquinone/Triphenylamine
Benzene (293 K) LP 490 7T = 2 ps 81E715
Benzene/MeOH (293 K) LP 650 650 nm band was the more intense; solvent was 19:1 81E715
550 benzene to MeOH; 7+ = 0.27 ps
554. Duroquinone, conjugate monoacid
Water/MeOH FP 470 pK, = —0.1; solvent was 4:1 water to MeOH by vol- 30C005
~380* ume; lifetime measured at pH = — 0.8; 7p = ~0.3 us;
pH<1
555. Echinenone
Benzene PR-ET 550 }Triplet ET from naphthalene; 7+ = 5.2 us 80A 143
556. Eosin
Acetonitrile/ Water LP 580 Solvent was 3.5:1.5 acetonitrile to water; 7 = 30 us  84E216
EtOH FP/SD 580, 9400 716235
Water Fp 550 Maximum was near the SD region; pH 9.1 746168
557. Eosin/Aniline
Water FP 555 Maximum was near SD region; pH 5.5 746168
558. Eosin/4-Bromophenol .
Water FP 660 pH 9.2 746168
559. Eosin/2-Naphthol
Water FP 584 pH 9.0 746168
560. Eosin/Resorcinol
Water FP 580 pH 7.3 746168
561. Eosin/Sulfanilic acid
Water FP 597 pH 4.0 746168
562. Eosin dianion
Water FP/SD 540, 26000* Decay time was measured at pH 9; solution was oxy- 63A001
gen free; pKy > 10; paper reported a band at 459 nm
that was later suggested to be due to semi-oxidized
enxin [65A002); 71 = 2400 ps; pH 5.4
Water FP 5652 565 nm maximum was near the SD region in an appar- 66A002
325 ent difference spectrum and may not be the true max-
imum; paper reported 580 nm (instead of 565) as a
maximum, but displayed spectrum and other reports
were inconsistent with this; solution was a 0.1 mol L~’
phosphate buffer solution; pH 7.2
Water FP/SD 518°, 28000 = 4000 pH S 67E031
Water FP/TD 630, 4800 pH Basic 727073
563. §-(1,4-Epidioxyphenyl)-6,11,12-triphenyltetracene
Cyclohexane LP 390° A rubreneperoxide, called “III” in paper 84E056
564. Ergosterol
Benzene LP-ET/TD 305, 2800 + 500 {Triplet ET from 2-fluorenyl phenyl ketone and other  80B021
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triplet sensitizers; € assumes ET proceeds with unit
efficiency; 7t = > 150 ps; Er = ~220 kJ mol~!



TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 107
TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax €max Comment Ref.
/om /L mol~! cm™!
565. Erythrosin
? FP 600 Solvent was not specified, probably water at an un- 747229
390 known pH
Acetonitrile/Water LP 780 Solvent was 3.5:1.5 acetonitrile to water 84E216
566. Erythrosin dianion
Gelatin FP/SD 525%, 12000° Extinction coefficient was calculated on the assump- 64E016
tion that 44% of the ground state was converted to
triplets in a 10 J flash; 7+ = 630 ps
Water FP/SD 526°, 26000 =+ 7000 pH 9 67E031
567. 2-Ethoxynaphthalene
Cyclohexane FP 440° 440 nm peak was the more intense; delay 30 ps 686045
411*
Liquid paraffin FP 436 Solvent viscosity was 0.19 N.s/m? relative intensities S8EQ01
413 (10:8:5)
394
568. Ethyl Violet
PMMA (77 K) PS 1232° Relative intensities (3:20); shoulder at 535? nm; solvent  69B003
625 contains 2-chloroethanol
569. - 10-Ethyl-9(10H)-acridinone
- EtOH (300 K) FP/SD 580, 14600 + 1500 “N-Ethylacridinone”; 310 nm quoted from {79E964]; 81E649
310 Tr= ~43 ps
570. N-Ethylcarbazole
2-MTHF LP 420 Shoulder at 500 nm; 71 = 5 us 81E016
Acetonitrile LP/ET 420, 27000 ¢ relative to phenanthrene (0= 27000 L mol~! cm™") 77B012
Cyclohexane FP 5002 {Triplet ET to anthracene; 71 = 200 pis 78A368
425°
Cyclohexane FP/ET 420, 13500 € relative to naphthalene in cyclohexane (€45 = 24500 ~ 84F039
L mol-! cm~")
EtOH LP/ET 420, 25000 € relative to phenanthrene (e;0 = 27000 L mol~' 78E39%4
cm™"); solvent and temperature assumed
Hexane FP 420 1Oxygen and piperylene quenching; “ethylcarbazole” 757573
MeOH LpP 420 77B012
THF LP 423 Delay 1 ps; shoulders at 498° and 398* nm 83E662
Toluene LP 425 {Rises with flourescence decay; 100 ns delay 80E441
571. (E,Z)-3-Ethyl-5[(3-ethyl-2(3H )-benzothiazolylidene)ethylidine}-2-thioxo-4-thiazolidinone
Toluene FP-ET 600* {Triplet ET from fluorenone; “‘merocyanine dye” 767764
572. 1-Ethyl-2-{5-(1-ethyl-1,3-dihydro-3,3-dimethyl-2 H -indol-2-ylidene)-3-fluoro-1,3-pentadienyl]-3,3-dimethyl-3H -indolium
1-PrOH LP-ET 710 {Triplet ET from anthracene, oxygen quenching; r+ 78A386
= 109 ps
573. 1-Ethyl-2-[5-(1-eihyl-1,3-dihydro-3,3-dimethyl-2H -indol-2-ylidene)-1,3-pentadieny}]-3,3-dimethyl-3H -indolium
1-PrOH LP-ET 690 {Triplet ET from anthracene, oxygen quenching; v 78A386
= 455 ps
574. 1-Ethylnaphthalene
Isococtane LpP 415 81E015
390°
575. 2-Ethylnaphthalene
Benzene PR 430° {Triplet ET to piperylene; 71 = 7.1 ps; ko = 1.29 X 81E508
10° L mol~! s~!
576. 9-Ethylphenanthrene
Liquid paraffin (293 K) LP 482° Shoulder at 428* nm 82E287
452¢
THF Lp 480° {Triplet ET to naphthalene; delay 500 ns; shoulder at 83E554
453° 427" nm
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/amm /L mol~' cm~! :
577. N-Ethylphthalimide
Acetonitrile LP 335 }Oxygen quenching; 7+ = 31 ps 80B066
578. B-Ethylstyrene
Cyclohexane LP/RA-ET 325°, 3500 € relative to naphthalene in cyclohexane (€43 = 24000 82E181
L mol~! cm™'), but in ref. cited (€45 = 24500 L mol~!
cm™Y); triplet ET from thioxanthone; 7+ = ~0.030 us
579. Etiochlorin II .
Dimethyl phthalate FP/SD 416 Shoulders at 466 nm and 424 nm 74B007
580. Euchrysine, conjugate monoacid
Glycerol (293 K) FP 6200 Solvent has added glucose 776171
560°
581. Flavine mononucleotide
Water LP 680 7t = 11 ps; pH 7.0 81A024
582. Flavine mononucleotide, conjugate monoacid
Water LP 680 pK, = 5.2; 7r = 10 pus; pH 4.1 81A024
583. Flavone
Benzene LP 661° }Oxygen quenching; 661 nm peak was the more in- 80E884
366 tense; delay 140 ns
EPA (77 K) FP 640° Lifetime measured at 370 nm; 370 nm peak was the B80E884
370 more intense; 71 = 4.1 X 10° ps
584. Fluoranthene
PMMA (293 K) FP ~450 Tr =4 X 10° ps 70E291
Water/tert-BuOH FP 405* Solvent mixture contains “1-5%” tert-BuOH for solu- 767189
bility; shoulder at 380 nm; pH ~6
585. Fluorene .
2-MTHF (77 K) PS/ESR 384, 20700 {ESR; only most intense visible peak reported; oscil- 696115
lator strength = ~0.25
2-MTHF (77 K) PS/KM 386°, 18000° B3E383
EtOH (293 K) FP 376 68E098
EtOH/ELO (77 K) MOD/KM 382, 12000 + 3600 Glass was 2:1 EtOH to Et,0; temperature was not - 719059
explicitly stated, but 77 K was inferred from the con-
1ext
Heptane (77 K) PS 421 67B007
386
366
Heptanc Fr 380 380 nm pcak was thc more intense 766421
365° :
Hexane FP 376 54E001
Hexane (300 X) MOD/SD 499, 3200 o= 150 = 2 ps 69E208
376, 40000
Isopentane/MCH (77 K) PS 421.1 Relative intensities (23:100); unresolved shoulder at 54B001
: 388 395 pm; ¢ = (5.7 & 0.3) X 10° us
Liquid paraffin FP 503 Solvent viscosity was 0.03 N-s/m? relative intensities ~58E001
382.5 (22:100): bands were assigned to 2 different electronic
transitions )
PVA FP 385 Stretched polymer film; polarized light indicates un- 776279
derlying band at 400 nm .
Polystyrene PR 394° Gesgs = 9900° L mol~! cm™! / (100 eV absorbed) 701073
Toluene/EtOH (77 K) MOD 387 Glass was 19:1 toluene to EtOH; shoulder at 509* nm 719059
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Nmax » €max Comment Ref.
/nm /L mol™! cm™! :

586. Fluoren-9-one

Acetonitrile LP/? 420, 6000 ¢ method unspecified; 7r = 23 ps 767201
Acetonitrile LP 630 {Intensity of delayed fluorescence proportional to 78E495
600 square of transient absorbance, decay kinetics; most
425 intense peak at 285 nm; 77 = 100 us
387
317.5
285
Benzene FP 600 {Oxygen quenching; 7 = 60 us 69E218
430
Benzene LP/ET 430, 5900 + 500 {Triplet ET from benzophenone; € relative to benzo- 757282
phenone in benzene (€535 = 7630 L mol~' cm™")
Benzene Ly 610 rr = 100 ps 767201
425
Benzene LP 650 {Intensity of delayed fluorescence proportional to 78E495
610 square of transient absorbance, decay kinetics; most
435 intense peak at 288 nm with approximaie € = 30000 L
387 mol~! em~Y; 71 = 1000 ps
322.5
: 288
Cyclohexane LP 590° {Triplet ET, oxygen quenching; decay times limited in 766464
425 oxygen saturated solution; shoulder around 445 nm;

relative intensities (1:10); 7+ = 0.220 us; rise time of
0.140 + 0.030 ns

Cyclohexane LP 620 {Oxygen quenching; 7+ = 2.5 ps; rise time of <50 ns 767201
460
420
. 360
Hexane LP 600 325 ps delay; relative intensities (1:3) 79B007
430
MCH LP 650 {Intensity of delayed fluorescence proportional to 78E495
600 square of transient absorbance, decay kinetics; most
425 intense peak at 285 nm; 71 = 500 ps
387
325
285
Water/tert-BuOH FP 440° Solvent mixture contains “1-5%” tert-BuOH for solu- 767189
405* bility; pH ~6
370

587. 1-Fluorenyl diisopropyl borate
Triisopropyl borate Fp 380 717260

588. 2-Fluerenyl diisopropyl borate

Triisopropyl borate FP 380 717266
589. Fluoren-9-ylidene . '
Acetonitrile Lp 500 Relative intensities (8:1); 200 ns delay 80A222
: 400
590. 2-Fluorenyl phenyl ketone
Benzene LP/TD 525, 18600 = 900 Tr = 360 ps 80B021
591.  Fluorescein
Boric acid (178 K) PS/SD 650, 21000° € relative to ground state €,3 = 67000° L mol~' cm~'. 41E00!
505, 17000°
Boric acid (77 K) PS/SD 1060, 17000 65B004
920
650
EtOH/Et,0 (90 K) PS/SD 1140, 135007 Solvent was 2:1 EtOH to Et,0 57B001
640, 7000°
470, 9500°
370, 8300°
320, 4000°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/nm /L mol~! cm™!
PMMA (193 K) PS 500 Shoulders at 640 and 550 nm 59B001
465
PMMA (77 K) PS 1100 65B004
960
660
PMMA (77 K) rS 1660 65B004
1080
940
790
740
635
550
510
PMMA (77 K) PS 10562 Relative intensities (5:2:2:2); shonlders at 9262 and 4612  69R007
641° nm; solvent contains 2-chloroethanol; pH 4.0
5522 :
498*
592. Fluorescein, conjugate monoacid
Sulfuric acid FP/SD 640, 7700° Cation of fluorescein; pX, = — 2.1; solution was 9 mol 63F019
L-! H;SOy; a spectrum was given also for the neutral
triplet, at pH 0.7, which showed absorption between
450 and 850 nm, no distinct maximum was evident, but
the extinction coefficient of the neutral triplet ranged
between 1000 and 10,000 L mol—! cm~! in this region;
71 = 4500 ps; pH Acidic
593. Fluorescein dianion
EtOH FP/TD 570, 6800 pH Basic . 727073
Water FP/SD 535%, 8700° Another maximum > 950 nm; pK,, 7.0; 535 nm peak was  60A001
very broad, with 8700 L mol™" cm™' reading extend-
ing from ~532to ~540 nm; 71 = 2.0 X 10% us; pH 12
Water FP/SD 489°, 15000 =+ 4000 pH Y 67E031
Water FP/TD 570, 8400 pH Basic 727073
594. Fluorcbenzene
Cyclohexane LP 290° 400 ns delay; 7t = 0.67 ps 707561
595. 4-Fluorobenzophenone
Acetonitrile/Water LP/ET 520, 5900 Solvent was 9:1 acetonitrile to water; € relative to 84B033
315, 12100 I-methylnaphthalene in acetonitrile/water (€ss =
11200 L mol~' cm™%)
596. trans-4-Fluorostilbene
EPA (98 K) LP 383 Triplet absorption not observable above 110 K; re- 79E640
365 ported lifetime constant below 98 K; 71 = 10* us
349
Glycerol (223 K) LP 385 Relative intensities (3:2:1); triplet absorption not ob- 79E640
365 servable above 244 K; reported lifetime constant be-
345 low 198 K; 77 = 10* us
597. y-[2-(Formylamino)phenyl]-y-oxo-a: yryl-L-lysine
EtOH LP 460 7r =03 ps T8E308
Water LpP 450 1Oxygen quenching (1.3 X 10° L mol~!' s-'); ionic 78E308
strength 0.01 mol LY 71 = 0.85 ps; pH 7.5
598. 3-Formylfurochromene
EtOH LP/ET 440, 28000 {Triplet ET to retinol; € relative to retinol in hexane 79E678
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TABLE 6. :Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax s €mix Comment Ref.
/nm /L mol~! cm™
599. N-Formylkynurenine
"EtOH LP 450 10xygen quenching (4:5-X 10 L mol~!s~"); 7r = 10' -78E308
Water FP 435 {Oxygen and KI quenching; 71 = 2 us; pH 7.6 757361
Water - LP 440 {Oxygen quenching (2 X '10° L mol~' s~!); ionic :78E308
strength 0.01 mol L~ 71 = 6.7 us; pH 7.5
600. - 2-Formyl-5"-methyldifurobenzene - . . Co
- .EtOH ‘LP/ET 540, 14000 {Triplet ET to retinol; € relative to retinol in hexane- 79E678
(€105 = 80000 L mol~! cm~') assuming ¢ independent
of solvent; 71 = 13.ps; ke = 4.7 X 10°L molt~' s~
601, 3-Formyl-Z-methyifurochromene _ . . .
- ‘EtOH LP/ET 450, 49500 {Triplet. ET to retinol; € relative to retinol in hexane 79E678
" (€05 = 80000 L mol~! cm~!) assuming € independent :
of solvent; 7¢ = 29 ps; ke =3 X 10° L mol~' s~
'602. . 3-Formyl<8-methylfurochromene . o . S ]
‘EtOH - LP/ET 450, 22000 {Triplet ET to retinol; € relative to retinol in hexane 79E678
' (€s0s = 80000.L mol~! cm~") assuming € independent
of solvent; ry — 18 us; ker = 6 X 10° L mol-! 5-!}
603.. -p-Glucose phenylosazone . . :
EtOH " LP/ET: 460°, 61200 N-chelate no ref. cmpd. given for e-measurement 7r 83E018
v : ='0.46 = 0.01 ps
EtOH LP/ET 530 . 'N~che1ate € relative to biacetyl in EtOH (em =.1760 84E162
: 460, 61000 + 18000 L-mol=!em=; ko = 2 X 10°.L mol~!s~! )
‘604. ' Hematoporphyrin IX o
Acetic-acid’ : FP 450 {Oxygen quenching 776190
Acetic acid LP. 440 {Triplet ET to B-carotene; 71 = 42 us 81B115
CTAB LP 888 Aqueous micelles 82N210
i 435
320 -
EtOH FP 437 {Oxygen quenching; 71 = 910 ps - 82B118
MeOH/Water LP/TD: . 399%,:117000* Solvent 9:1 MeOH to pH 7.4 phosphate buffer; shoul- 83E667
ders at 370*and 320° nm
SDS LP 896 Aqueous micelles ' 82N210
: 438 )
323
Triton X-100" - - . LP. 895 - Aqueous micelles 82N210
439. :
320
Water FP 440 }Oxygén quenching; vt = 710.us; pH 10. 3 82B118
Water LP 890 pH:Neutral 82N210
: : 320
Water FP 440 {Oxygen quenchmg, phosphate buffer; rr = 770 ps; 82B118
- . pH-7.1 .
Water LP/TD 3907, 79400* Phosphate buffer; pH 7.4 R3E667
371, 85800°
605. . all-trans-1,3,5-Heptatriene
Toluene ' PR 315 1Oxygen quenching; GAe€n, = (1.8 £0.2). X 10* L. '84B139
mol~! cm~! / (100 eV absorbed); 71 = 0.29 = 0.03 us
'606. Hexacene
1,2,4-Trichlorobenzene FP 550 {Triplet ET from pentacene; shoulder at481% 550 nm * 82E280-
513 peak was the more intense; 7t = 10 ps
607. -1,1,1,5,5,5-Hexafluoroacetylacetone - ) . .
‘EtOH/MeOH (118 K) FP/SD 390, 1000:+ 200 Solvent was 3:1: EtOH to MeOH 68B00S:
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a6, Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax s Ema Comment Ref.
/nm /L mol™! cm~!
608. Hexahelicene
Et,O/Isopentane (77 K)  PS 670 {Phosphorescence decay; glass 1:1 Et,O to isopentane; 62E008
) T = 19 X 10° us :
609. 10,11,13,14,16,17-Hexahydro-5,7:20,22-dietheno-8H ,19H -diindeno[2,1-n:1',2’ -0][1,4,7,10}tetraoxacyclononadecin
2-MTIIT (77 K) PS/KM 383°, 17100* Compound “XII" in paper 83E383
610. 9,10,11,12,13,14-Hexahydro-5,7:15,17-dietheno-2,20-heptano-H-cyclotetradeca(1,2-a:1,14-a ' |diindene
2-MTHF (77 K) PS/KM 465°, 35000° Compound “IX” in paper 83E383
611. Hexamethylb /Tetracy
Et,0/Isopentane (77 K) MOD 1400 Glass was 1:1 Et,0 to isopentane 72E276
532
612. 6-Hydroxy-7H -benz[de]anthracen-7-one :
2-PrOH LP 530° Half-life = 2.4 + 0.4 ps 757427
Benzene LP 535 1Oxygen quenching (1.2 X 10° L mol~! s~); half-life 757427
= 1.0 & 0.2 us
613. 2-Hydroxybenzophenone
EtOH LP 450 Possible tautomeric triplet state; 480 ps delay; S, < S;  80B001
absorption (Amss = 435 nm) also observed at 7 ps delay
MeOH (175 K) LP ~500 rr = 0.024 ps 82E475
614, 4-Hydroxybenzophenone
Isopentane (77 K) FP 5122 {Phosphorescence decay 0/E105
360°
615. 4-Hydroxybiphenyl
PVA (77 K) FP 520 Stretched polymer film; most intense peak at 390 nm; 78B129
390 polarization also measured
348
616. 3-Hydroxychromone
Renzene LP 3972 Delay 200 ns; maximum uncertain due to absorptionby 83B113
a tautomer in the same spectral region
617. 4-Hydroxycoumarin
EPA (77 K) PS 497.5 {Phosphorescence decay; the 2 smallest wavelength 71B00!
465.1 maxima were somewhat in doubt because of photo-
435 chem. in this region of the spectrum; most intense
413 peaks were at 497.5, 465.1, and 435 nm; rr = (1.4 %
3822 0.2) X 10 ps
618. 1-(2-Hydroxyethyl)-3,3-dimethyl-6 -nitrospiro-(2,2’ -indolin[2H-1]benzopyran)
Benzene PR <430 {Oxygen quenching; cis-cisoid isomer T8A411
619. 3-Hydroxyflavone
3-MP LP 400 {Oxygen quenching 83B030
620. 7-Hydroxyflavone
McOH Lr 370 }Oxygen quenching; v — 5 s 84A218
621. 1-Hydroxyfluorene
Isooctane FpP 385 717266
PMMA FP 385 717266
622, 2-Hydroxyfluorene
Isooctane FP 385 717266
PMMA FP 385 717266
Toluene/EtOH (77 K) MOD 4228 Glass was 19:1 toluene to EtOH; shoulders at 530° and 719059
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TABLE 6. -Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method * Amax » e,;.u Comment Ref.
) /nm /L mol~' cm~!
'623. 4-Hydroxy-6-methylcoumarin
T EPA. - CWL *501® Glass, temperature unspecified T3E344
464°
434*
383
24. 7:Hydroxy-4-methylcoumarin
EPA .CWL/SD © 505%,.14500* +. 3600 Glass, temperature unspecified T3E344
625. . 2-Hydroxy-2-methyl-1-phenylpropan-1-one )
: ‘Benzene ) LP 310 {Triplet ET to naphthalene; 71 = 0.030 ps; ki = 5 X - 80B030
: 10°L-mol~*s~!
626. 2FHydroxy12-methyl-1-[4-(2-propyl)phenyl]propnn-1-one
) Benzene LP 310° {Triplet ET to naphthalene; 71 = 0.050 ps 80B030
Cyclohexane LP 340 .80B030
627 9-Hydroiyphena_nthrene . : o .
1,2-Dichloroethane. LP . 4558 {Phosphorescence decay in MTHF at 77K; 400 ns de- 79A177
lay
628..  4’'-1Iydroxypropiophenone . . . . L
Acetonitrile/Water LP 387" Solvent isotope insensitive quenching; solvent was 9:1 81A174
acetonitrile to water; lifetime limited by self-quenching;
7r = 0230 us
629. Cl-lydrqi:ypyrene : , _
1,2-Dichlaroethane LP 410 1Oxygen quenching. . T9A177
630. 1-(1H-Inden-3-yDnaphthalene :
‘Benzene LP-ET 559 {Triplet ET from xanthone and oxygen quenching; 7+ 84B007
397 = 4.5 us
631. Indole , , - , .
" -Benzene (297 K) PR 430 ITriplet. ET to naphthalene and anthracene, oxygen 771021
o quenching - o _ .
Cyclohexane LP/RA 430, 4000 {Oxygen quenching, triplet quenching; e relative to - 777037
naphthalene’ in- cyclohexane (eqs = 24000 L ‘mol~!
cm~!) and assuming ¥ '=0.77 for naphthalenc and &1 -
’ =0.51 for indole; shoulder at 350 nm; 77 = 16 ps
Cyclohexane LP/ET 430", 4700 £ 500 {Triplet ET to anthracene; e relative to anthracene in  §1E082
cyclohexane (€425 = 64700 L mol~! cni~Y); € cor- i
rected for 4% radical absorption at maximum; and' fpr
energy. trangfer via-excited singlet states; 7r = 16 ps;
ke = 9 X 10° L mol ! s~
Water (298 K) LP . ~440 Spectrum is the difference between spectraat 50nsand 757163
4 ps; rr= 11.6 =+ 0.5 us; pH 1.5 - .
Water LP/RA 430, 3640 e-relative to-indole in cyclohexane (e = 4700 L' 81E082
' ‘mol~! em™") scaled by halfwidths; assumes oscillator
strength is independent of solvent
632.. 2-Iodoanthracene :
Cyclohexane . LP - 432 122 ps delay; rise time of ~30 X 10~% ns 81E309
Hexane (293 K) Lr 435 Delay 100 ps 82E303
T 4A413
' 633. 9-Todoanthracene
S C'yclohgxane‘ LP 432 122.ps delay; rise time of ~50 X 10~3 ns 81E309
634. - ‘4-Todobiphenyl '
: Toluene PR - 400. {Oxygen-quenching 80A235
635. Todo(methanol)phthalocyaninatorhodium(ILD) -
Acetonitrile/2-PrOH LP/SD 640°, 900 Solvent was.2.6:mol L—! 2-PrOH 83F405
. ) '590°; 22000 L
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm~!

636. 1-Iodonaphthalene

Toluene PR 430 {Triplet ET to benz[a Janthracene, oxygen quenching; 80A235
77 = ~0.010 ps i
637. 2-Iodonaphthalene B
EPA (77 K) FP 424 535E002
. 400
Toluene PR 430 {Oxygen quenching 80A235
638. B-Ionone
Hexane LP/SD 330, 85300 =+ 12800 € assumes triplet does not absorb where singlet de- 73E721
pletion is followed; 71 = 0.16 ps; Ey = 207 = 12 kJ
mol-!

639. 2-Isopropylthioxanthen-9-one
Benzene FP 650-670 Tr = 95 ps 81A294

640. Isopsoralen
Benzene PR/ET 450°, 4700 {Triplet ET to B-carotene; e relative to biphenyl in 78E157
benzene (€37 = 27100 L mol~' cm™"); “angelicin”; k.,
= 5.2 X 10° L mol~!s~!

Benzene LP 405° . 78E157
Water LP 440° T = 5.9 ps 78E157
641. Isoquinoline
1-BuOH/Isopentane FP/SD 419.0, 14900 + 1000 Glass was 3:7 1-BuOH . to isopentane; oscillator 707240
(77 K) 3952, 7400* strength = 0.11
3-MP (77 K) MOD/SD 417, 8800 Shoulder at 250 nm 73B001
395*
3752
362
346
233, 14000
EPA (77 K) PS 488 Relative intensities (3:9:100:66) 54B001
459
421.6
400
Isopentane/MCH (77 K) PS 414.1 Relative intensities (2:1) 54B001
' 392
642. Isoquinoline-V-oxide
Cyclohexane FP 418 Tr = 3.6 us 727105
EtOH FP 396 7r =17 pus 727105
Water FP . 389 Tr = 2.0 us 727105

643. Kynurenic acid

EtOH LP/ET 570, 29000 {Triplet ET to naphthalene, oxygen quenching (2 X 79B086
10 L mol~! s~'); € relative to naphthalene in cy-
clohexane (€45 = 24500 L mol~! cm~"), assuming unit
transfer efficiency and assuming e independent of sol-
vent (authors see naphthalene peak at 417.5 nm in

. EIOH); ke = 4 X 10°L mol 's '

Water LP 590 1 Triplet ET to naphthalene, oxygen quenching; 7+ = 79B086

10 ps; pH 7; Er = 278 kJ mol ™!

644. Lumichrome

EtOH LP/RA 5602, 5200° e relative to anthracene in cyclohexane (®r = 0.71, €3 777617
4507, 4000* = 64700 L mol~' cm~') and using ®r = 0.61 for
3707, 22600° lumichrome in ethanol; shoulder around 650 nm

Water LP/RA 640, 5600° Lifetime measured at 640 nm;  relative 1o anthracenein 777617
570, 4800° cyclohexane (®1 = 0.71. €43 = 64700 L mol~! cm~")
400°, 10300° and using ®1 = 0.44 for lumichrome in water; 77 = 12
350°, 9000° ps; pH 2.2
3007, 15400°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules i condensed phases — Continued
No. . Solvent Method Amax s €max v Comment Ref.
/om /L mol~ em~!
645, -Lumiflavine N
Chloroform FP/SD 396°,°8130° TT = U s 68E100
EtOH LP/RA 6407, 10100* € relative to anthracene in cyclohexane (Or =0.71, €5 777617
510 5100 = 64700 L mol~! cm~?) and using ®r = 0.30 for :
. 380°, 12900° lumiflavine in ethanol; shoulder around 300 nm
Water FP/TD 650, 5000 “{Transient sensitive to oxygen and-iodide ions; TD. - 66E087
: : assumed, value for € is a lower limit, upper limit is
double this value; pH 6.5 . .
Water FP/SD 640, 5300° {Triplet ETto acridine; 7+ = 90 us 68E100
3767, 13100° :
Water MOD 542* 'Another transition with a maximum at shorter wave- - :70E295
: ) I lengths than 500 nm was also present: 7+ = 320 us
Water FP/TD 690, 4400 Shoulder at ~440° nm; pK, 9.8; delay 8 ps; rr = 67 ps; 757078
- ©+370,:10700 - pH'T. : '
646. - Lumiflavine, conjugate monoacid' ) . . .
Water FP/TD 670, 4800 pK; 44; delay 8 ps; 7r = 29 ps; pH 2 757078
430,7000
366°, 6400° ) R
Water LP/RA 650, 6900 lifetime measured at 670 nm; € relative to anthracenein ‘777617
420°,°7000° cyclohexane (®r = 0.71, €g; = 64700 L'mol~' cm™")
350%, 6500° - "and.using 1 = 0.42 for lumiflavine in water; shoulder
' around 300 am; 7t = 20 ps; pH 2.2
047 Lumiflavine, negative.ion
‘Water FP/TD 650, ~2000 Shoulder at ~440° nm; delay 8 us; 7 = 63 ps;pH 13 ° 757078
' 350, ~ 11000 T : '
648. all-trans-Lutein . 5 ) v
Digitonin (293 ' K) LP/TD 518, 40000 iTnplet ET from chlorophyll a, oxygen quenching (7 = 69N001
‘ e N X:10° L-mol~! s™'), temperature independent half-life;
aqueous rmcella: suspension; half-life = 80 ne
649. - all-trans-Lycopene
Hexane FP-ET 534* {Triplet ET from anthracene; 520 nm-was'the most 69E209
527 intense peak; 71 = 43 ps; ke = 1.7.X 10°°L miol~!s~!
. 5200 ) o B )
Hexane PR/ET 525, 390000 == 20000 {Triplet ET from naphthalene; € relative to naph- 713035
488° thalene in cyclohexane (€us =24500 L mol~' cm~"),
~460 - except authors used 412.5 nm as reference ). Tr.= 8 us;
o kq = 1.4 X 10° L mol*! s~!

‘Hexane PR/ET '525, 495000 £ 74300 - {Triplet ET from b1phenyl € relative to biphenyl in 776412
cyclohexane (€3 = 42800 L mol~! ¢m~'), assuming
authors used standard for cyclohexane, 7'1- =59+06." )

Ps; ke = (2.0 £.0.20) X 10%L mol~!'s
650. Lysyltryptophanyllysine
Water (293 K)' LpP 450 Buffered; rr = 20 us; pH 7.0 81A232
651. 'Mugnesmm(ll) mewpurpllynn .
© 'EtOH (77 K) FP 550°. Relative intensities (1:7) 82E129
440°
652.. Magnesium(II) octaethylporphyrin
MeOH. . ) LP/ELT - 440°;:100000 {Oxygen ‘and -ethyl iodide guenching; € relative-to -83A102
430° methyl vmlogen radical cation in MeOH (exuo.= 580 L
mol~' em™)
653. -Magnesium(II) phthalocyanine'- :

‘Dimethylacetamide- - LP/SD 490, 31000 Solverit was 7:3 dimethylacetamide to water 84A122

/Water : o . S

Dioxane FP 500. 63B003

Dioxane FP 470 77 = 100.us

65A001
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent Method Amax » Comment Ref.
/mm /L mol~!cm™!
Polyvinylbutyral (293 K) LP 470 80E867
400 _
Polyvinylbutyral (293 K) LP 676 Relative intensities (5:1); polymer film; 77 = 10 ps 82E129
610 .
PrOH FP/SD 470, 33600 73E345
Pyridine FP 470 58R002
400
Pyridine FP 500 63B003
400
654. Magnesium(II) tetraphenylporphyrin
CTAC LP 840 1Oxygen quenching; aqueous micelles 83N073
460 )
MCH FP/TD 485, 72000 {Oxygen quenching; 7+ = 1400 us 81E271
415, 27000 ‘
SHS/2-Pentanol LP 840 Aqueous microemulsion, hexadecane in water; shoul- 83N073
460 der at 720 nmn .
655. Malachite Green
PMMA (77 K) PS 780 65B004
656. Mercury(Il) tetraphenylporphyrin :
MCH FP/TD 495, 86000 {Oxygen quenching; biexponential decay, reported - 81E271
420, 24000 value is shorter component; 7t = 10 us
657. Mesoporphyrin
Pyridine FP 450 Isomer of mesoporphyrin unspecified S8R002
658. Mesoporphyrin, dimethyl ester
Benzene PR/ET 440°, 32000 {Oxygen quenching (1.4 X 10° L mol~'s~'); e relative 80E200
3982 to biphenyl in benzene (€30 = 27100 L mol~' cm~"); ¢
=220 us
Benzene LP/TD 440°, 32000 1Oxygen quenching (1.4 X 10° L mol~!s~!); 7t = 220. 80E200
398° ps
659. 1-(B-Methacryloxyethyl)-3,3-dimethyl-6 ' -nitrospiro(indoline-2,2’ -[2H Thenzopyran)
Acetonitrile LP 430° 83B117
Dioxane LP 440 1Oxygen quenching; 7+ = 1.0 us; rise time of <10ns 82E041
Toluene LP 440 83B117
660. 8,115-Methanocyclodecafcde Inaphthalene
Hexane LP 490 $Oxygen quenching; 7r = 0.20 * 0.05 us .84F068
390
661. 3-Methoxyacetophenone
Water/Acetonitrile LP 390° Solvent was 4:1 water to acetonitrile; 200 ns delay; 7 82A082
= 3.2 ps; Bt = 303 kJ mot™*
662. 4-Methoxyacetophenone s
Cyclohexane LP/RA 3607, 10800° € relative to benzophenone in cyclohexane (es;; = 737198
7630 L mol~' cm~—', assuming no solvent cffect from
benzene), and taking all the triplet yields to be unity
Toluene LP 390 84E144
663. 3-Methoxy-7H-benz{de]anthracen-7-one
Benzene LP ~505° $Oxygen quenching (1.3 X 10° L mol~! s'); half-life 757427
=24+02pus
664. 4-Methoxybenzophenone
Acetonitrile/Water LP/ET 680, 3400 Solvent was 9:1 acetonitrile to water; € relative to 84B033
520, 5400 1-methylnaphthalene in acetonitrile/water (€ss =
450, 4700 11200 L mol~! cm™")
. 335, 5600
Water/Acetonitrile LpP 465° Solvent was 4:1 water to acetonitrile; 200 ns delay; 7r 82A082
450° = 7.2 us; Er = 288 kJ mol~!
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TABLE 6. Spectral parameters for triplet-triplet absorption:of organic molecules in condensed phases — Continued
No. Solvent Method - Amas €max Comment Ref.
/om /L moi~! cm~!
665. 9-[2-(4-Methoxycarbonylbenzoxy)ethyljcarbazole :
. 2"MTHF ) LP . 500° Relative intensities (1:2); 7t =5 ps; rise time of 10 ns  81E016
420 ’
666. 9-{3-(4-Methoxycarbonylbenzoxy)propyljcarbazole
2-MTHF LP 490° Relative intensities (1:2); 7+ = 5 ps 81E016
20 '
667. -4-Methoxychalcone .
Heptane -LP 480 + 15 “3-(4-Methoxyphenyl)-1-phenyl-2-propen-1-one”; 7r 83E347
= 0.023 ps
MeOH . LP 525 + 15 rr = 0.029 ps 83E347
668.  (R)-4-Methoxydinaphtho[2,1-d:1’,2"-f][1,3,2]dioxaphosphepin 4-oxide
2-MTHF (96 K) PS/KM 420°, 11100° Compound “IV” in paper - 33E383.
400°, 9100°
669.: 4-Methoxydinaphtho{2,1-d:1’,2'-f][1,3,2]dioxaphosphepin 4-oxide
MTHF (102 K) PS 418 Relative intensities (5:4); solvent and temperature as- B80E361
. 400° sumed; 77 = 10° s
“670. 8’-M_ethoxy-5-methyl- ' -nitrospiro[(5,6-dihydrophenanthridine-6,2)-(2H)chromene] . .
Toluene - FP - 640° tTrlpIet ET from fluorene; Er = 217-288 kJ mol~! 767647
510
671. . 2-Methoxy-2-methyl-1-phenyl-1-propanone
" Cyclohexane LP 475 }Phosphorescence decay, oxygen quenching (1.1 X' 80E642
o : -430:: 10° L mol~! s~?); relative intensities (2:3:6); lifetime
400 limited by reaction with solvent; ¢ = 0.12 us
672. ' 1-Methoxynaphthalene
3-MP{(77K) PS 49, 441 nm peak. was the most intense 74B004
. 462
441
. Cyclohexane LP/ET 440, 7000 =+ 500 {Triplet ET from TMPD; € relative to TMPD in cy- - 757282
) . - clohexane (€57 = 11900 L mol~' cm~')
EPA (77 K) FP : 490 440 nm 'was thc most intensc peak; 7 = 2. 3% lO6 ps - 677485
465
440
420
395
370
EtOH (293 K) FP 436 ] 68E098
Isopemane/MCH/EtzOF - PS 488° Glass was 6:1:0.7 isopentane to MCH to Et,O; shoul- - 71B003
(77 K) 459° der at 397* nm; 435 nm was the most intense peak
o -435° :
4170
MeOH- FP -445° 736218
673, 2-Methoxynaphthalene
) 3-MP (77 K) PS . 432 432 nm peak was the most intense - 74B004
408
388
368
351.5 )
Cyclohexane LP/ET - 435; 15000 + 800 {Triplet ET from TMPD; ¢ relative to TMPD in cy- * 757282,
. clohexane (€5 = 11900 L mol~! cm™?)
Heptance FP 440° Lifetimes suggest solution not fully deacrated; 71 = 50 - 77E663
. + 5 ps
Isopentane/MCH/EtzO - PS - 435 Glass was. 6:1:0.7 1sopentane t0o'MCH to Et,0; shoul- - 71B003
(77 K). 412° ders at 391° and 375° nm 435 nm was the more intense
peak
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/mm /L. mol~! cm~!

674.  4-Methoxy-1-naphthonitrile

EPA (77 K) FP 522.5 495 was the most intense peak; T = 2.2 X 10° us 677485
495
469
450
425

675. cis,cis-1-(3' -Methoxy-5' -nitro-2' -0x0-3',5' -cyclohexadienyl)-3,4-dimethyl-1,3-pentadiene

Toluene LP/SD 520, ~9000 {Oxygen quenching; €’s are uncertain because of spec- 83F081

330, ~12000 tral overlaps with another triplet and a photoproduct

676. trans-3-Methoxy-4 ' -nitrostilbene

Glycerol triacetate LP 755 Relative intensities (1:2:2) 78B088
(198 K) 5352
420

Glycerol triacetate LP . 755 Relative intensities (1:2:2) 788088
. 554
412

677. cis-4-Methoxy-4 ' -nitrostilbene

Benzene LP 600° Relative intensities (3:2); identical spectrum derived 78B088
4208 from trans isomer

Cyclohexane LP 545 Relative intensities (9:10); identical spectrum derived 78B088
416 from trans isomer

DMF LP 652 Relative intensities (2:1); identical spectrum derived 78B088
466 from trans isomer

MeOH LP 680° Relative intensities (2:1); identical spectrum derived 78B088
4407 from trans isomer

678. trans-4-Methoxy-4 ' -nitrostilbene

2,2-Dimethylbutane- FP 650° Glass 3:8 pentane to 2,2-dimethylbutane 747022

/Pentane (77 K) 600°

Benzene LP 600° Relative intensities (3:2); identical spectrum derived 78B088
420° from cis isomer

Cyclohexane LP 600 {Oxygen quenching in benzene; 71 = 0.090 us 747022

Cyclohexane LP 580 Identical spectrum obtained from cis-isomer; oxygen 777455

quenching (5.3 X 10° L mol~! s~'); 7y = 0.077 ps

Cyclohexane LP 545 Relative intensities (9:10); identical spectrum derived 78B088
416 from cis isomer

DMF LP 652 Relative intensities (2:1); identical spectrum derived 78BO088
466 from cis isomer

EPA (77 K) FP 645 Shoulders at 540 and 490 nm; 645 nm was the most 677485
612 intense peak; 7t = 1.5 X 10* us .
450

EPA (88 K) LP 610 610 nm peak was the more intense 78B088
526

EPA LP 600 600 nm peak was the more intense 788088
526 i

Glycerol triacetate LP ~780 Most intense peak at 624 nm 78B088
624

. 444

Glycerol triacetate LP ~780 Most intense peak at 625 nm 78B088

(198 K) 625
460

MeOH LP ~700 {Oxygen quenching in benzene; 7+ = 0.33 us 747022
600

MeOH LP 680° Relative intensities (2:1); identical spectrum derived 78B088
440° from cis isomer

679. 4-Methoxyphenol
EtOH (77 K) MOD 444 {Phosphorescence decay; 7t = (2.9 & 0.2) X 10° ps 707152
392¢
337
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TABLE 6. Spectral parameters for triplet-triplet-absorption of organic molecules in condensed phases — Continued
No. Solvent Method - Amax > Eman Comment Ref.
' /nm /L mol~! cm~
680. 2-[1-(4-Methoxyphenyl)-hydrazmyl-z-yhdene}-1-(4-mtrophenyl)-l 3-diketobutane )
‘Hexane: LP 510 {Triplet ET to B-carotene and from bxphenyl oxygen 80A051
) quenching; half-life = 0.045 ps; Er = 190 = 10 kJ
mol~!
681. :trans-1-(4-Methoxyphenyl)-2-nitroethylene
Benzene LP 520° Tr = 0.015 ps 78E057
Benzene/Acetonitrile LP 525* Solvent was 8:2 benzene to acetonitrile by volume; 7 78E057
= 0019 ps
Cyclohexane LP 450° 71 = 0.0098 us 78E057
EPA (77 K) PS/KM 740 78E057
. 530
682. * 4'-Methoxypropiophenone-
Benzene. ) LP/ET: -390, 12000 {Triplet ET to naphthalene; € relative to naphthalene - 81A174
- in benzene (€45 = 13000 L mol~! cm“) .
Benzene Lp 3828 24E018
683, -Methoxypsoraleu o
Benzene LP 455 “Bergapten” 78E157
- Benzene PR/ET -450%,10200 {Triplet ET to B.carotene; & relative to hiphenyl in 7RE157
) benzene (e3¢ = 27100 L mol~! cm~"); kﬂ =4.6 X 10°
L mol-!s~!
EtOH LP/ET 461%, 11100* € relative to retinol, but actual reference € used was not "~ 83E324
 450°,9500 specified; 71 = 4 2 ps
684. 8:Metnoxypsoralen
Bgnzgne LP 470° “Xanthotoxin”' = 11ps 78E157
390° . _
Benzene FP-ET 600 - {Triplet ET from acetophenone; relative mtensmes 79R026
‘ 480 (1:2) .
EtOH LP/ET 370, 24000 {Triplet. ET to retinol; € relative to retinol in hexane * 79E678
(€ios = 80000 L mol~! cm~?) assuming e independent
) of solvent; 71.= 10 ps; ke = 5.3 X.10°L mol~!s~!
EtOH LP/ET 370°, 21000 e relative to retinol, but actual reference € used was not- - 83E324
) : 'specxﬁed =23 pus
Glycerol FP 600 10xygen quenching; there ‘was a long-hved species 757485
430 that was attributed to a secondary product; there was
e o another maximum <340 nm
Glycerol/Water. FP-ET 630 Solvent contains 57% (wt) glycerol; relative intensities *79R026
: 480 - (5:4:10)
"MeOH LP - . 600 79B042
o 370
Water. -LP . >580° T8E157
. - 3500 . )
“Water: LP 360 "}Oxygen quenching (3.3 X 10° L mol~! s~%); radical 79A114
’ ’ contributions subtracted: and no infrared peak ob-
P served; 77 = 1.6 us
Water LP/SD. 370 16500 Tr=2.4p8 83E324
685. trans-4-Methoxystilbene
EPA (77 K) FP 400 Shoulder at 365 nm; 400 nm was the more intense peak; = 677485
) 382.5 rr = 2,35 X 10* ps
686. 8-Methoxy-2,2,3-trimethyl-6-nitro-2H-chromene .
Toluene - LP/SD 520, ~ 8000 {Oxygen quenching;.€’s are uncertain because of spec- 83F081
) 330, '~ 10000 tral overlaps with another triplet and'a photoproduct ’
687. 6-Methoxy-1,3,3-trimethyl-6' -nitrospiro-(2,2'-indolin[2H-1]benzopyran) .
Toluene (298 K) ;Oxygen quenching, activationless decay; asstgned to. 67B003

v. Phys. Chem: Ref. Data, Vol. 15, No. 1, 1986



120

. CARMICHAEL AND G. L. HUG

TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent Method Amax » €max Comment Ref.
/am /L mol~' em™!
688. 7'-Methoxy-1,3,3-trimethyl-6' -nitrospiro-(2,2’ -indolin[2H -1lbenzopyran)
Toluene (298 K) FP 445 1Oxygen quenching, activationless decay; assigned to 67B003
 — 7" transition in uncolored form
689. Methyl Violet
PMMA (193 K) PS 630 59B001
PMMA (77 K) PS 1290 65B004
. 1200
1100
770
665
640
620
FMMA (77 K} PS 1112¢ Relative intensities (1:5); shoulder at 524" nm; solvent 6YB0U3
613° contains 2-chloroethanol
690. 2-Methylaceanthren-1-one
EPA (77 K) Ep 455 {Phosphorescence decay; Tt = 5900 us 82338
691.  3-Methylacetophenone
2-PrOH LP 339 {Quenching with oxygen, piperylene, and naphthalene 737473
Cyclohexane LP 332° {Quenching with oxygen, piperylene, and naphthalenc 737473
692. 4-Methylacetophenone
Cyclohexane LP/RA 3317, 11400° € relative to benzophenone in cyclohexane (es33 = 737198
7630 L mol~! cm~!, assuming no solvent effect from
benzene), and taking all the triplet yields to be unity
693. 9-Methylacridine
EtOH (298 K) FP/? 5212, 3000° 697225
452*, 30000
4082, 10000°
330°, 10000°
694. 10-Methyl-9(10H)-acridinethione :
Acetonitrile (296 K) LP/SD 520 =+ 3, 9000 £ 900 {Oxygen (4.5 X 10° L mol~' s~!) and nitroxide radical 84E342
quenching and triplet ET to anthracene; 77 = 1.6 *
0.3 us
Benzene (296 K) LP/ET&SD 520 = 3, 9300 £ 900 1Oxygen (5.2 X 10° L mol~! s~!) and nitroxide radical 84E342
quenching and triplet ET to anthracene; € relative to
1,6-diphenyl-1,3,5-hexatriene in benzene (€6 =
104000 L mol~! em~"); 70 = 2.5 £ 0.5 ps
Cyclohexane (296 K) LP/ET&SD 520 = 3, 8800 == 900 1Oxygen (4.8 X 10° L mol~' s~") and nitroxide radical 84E342
quenching and triplet ET to anthracene; e relative to
1,6-diphenyl-1,3,5-hexatriene in cyclohexane (€ss =
114000 L mol~' em™'); 77 = 2.6 = 0.5 us
MeOH (296 K) LP/ET&SD 520 £ 3, 8500 =+ 900 1Oxygen (4.5 X 10° L mol~' s~') and nitroxide radical ¥4E342
quenching and triplet ET to anthracene; ¢ relative to
1,6-diphenyl-1,3,5-hexatriene in MeOH (€410 = 121000
Lmol~'em™!); 71 = 2.3 + 0.5 ps
695. 4-(Methylamino)benzoic acid
EtOH (93 K) PS 435 66B001
405*
363°
696. N-Methyl-1-anilinonaphthalene
MCH (296 K) LP 602* 7r = 2000 ps 82E527
420°
697. N-Methyl-2-anilinonaphthalene
MCH (153 K) FP 500 {Phosphorescence decay; lifetime = 120 ps at 294 K 82E527
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TABLE 6. Spectral:parameters for triplet-triplet absorption of organic molecules:in condensed phases — Continued

No. Solvent Method Mrnax . » €max Comment Ref.
: /nm /L mol~! ¢m~!

'698.  N-Methyl:2-anilino-6-naphthalenesulfonate ion .
“EtOH (293 .K): FP . 500 7T =200 ps - .82E527

699. -2-Methylanthracene
EtOH LP 27 706157
) ‘ 405°
" 'EtOH/MeOH (113K) FP/TD 9012, 195* {Phosphorescence decay; shoulders at 687¢, 672°, 648°, 72B001
S 854%,°150 634°, 532%, 328% and 272° nm
814%, 1007
799%, 90°
790°, 60°
- 7754 110
7628, 90°
7362, 80*
- 724, 90°
714%, 90°
702%, 100*
693, 80*
658, 70°
569%, 150° °
522*,:1200°
481%, 1600°
431%, 73000°
407+, 22300
:384%, 3900
366%,:1700
317%,2300°
305¢, 2200
. - 263, 68300
PMMA FP 901+ jLifetime same as 430 nm ttiplet band; if €s30 ~ 50000 66E086
’ 855° - L mol~! em~!, then € ~.700 L mol~! cm~" for near
803 ) infrared band; 7+ = (2.1 = 1) X 10* ps
770¢ i )
430

700. 9-Methylanthracene .
Benzene PR/ET 430, 64200 € relative to benzophenone in benzene (€55 = 10300 690087
) L mol~!' cm™)
Benzene PR/ET 430, 51300 € relative to naphthalene in benzene: (e = 17500 L 690087
: mol~!cm™Y) ¢
Cyclohexans PR 425 ' 690087
Dioxane PR 425 . 690087
"EtOH LP 425" 706157
405° ’ )
- EtOH : FP/ET 440°, 2800 Triplet ET from eosin. and profiavine; € relative to 716235
426°,°37400 eosin in BtOH (es = 9400 L mol~' cm™") and pro-
424, 43000 flavine in EtOH (€550 = 41000 L mol~'em~") = =
420°, 24000 . R B
EtOH FP.ET/RA 604°, 47 ¢ relative to 9-mecthylanthracene in LtOIl (egq = 78EO019
43000 L mol~—! cm~Y) .
I_.iquid paraffin FP 428 - 65F031

701. - 9-Methylanthracene-di, :
EtOH _ LP 24 ' ' . 706157

702. Metbyl-'benzoitg
Cyclohexane (290 K) FP 333 10 us delay 767556

703... 2-Methylbenzoic acid
Isopentane/MCH (77 K) FP' 3250 {Phosphorescence decay; solvent was 5:1 isopentane. 776222
3100 to MCH by volume; dimeric species; shoulder-at-350°
nm; 7r = 1:16 X:10° ps
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent Method Amax » €max Comment Ref.
/mm /L mol~!cm™!
704. 3-Methylbenzoic acid
Isopentane/MCH (77 K) FP 3258 {Phosphorescence decay; solvent was 5:1 isopentane 776222
3100 to MCH by volume; dimeric species; 7t = 3.95 X 10°
ps
705. 4-Methylbenzoic acid
Isopentane/MCH (77 K) FP 330° {Phosphorescence decay; solvent was 5:1 isopentane 776222
3152 to MCH by volume; dimeric species; 7t = 3.45 X 10¢
us
706. 2-Methylbenzophenone
EtOH LP 520 71 = 0.0028 ps 84B003
707. 4-Methylbenzophenone
Acetonitrile/Water LP/ET 525, 6600 Solvent was 9:1 acetonitrile to water; € relative to 84B033
318, 11700 l-methylnaphthalene in acetonitrile/water (eys =
11200 L mol~' cm™) ’
708. Methyl-1,4-benzoguinone .
Water LP 460 rr = 0.37 s 80B112
410
709. (2'-Methylbenzoyl)amino-2-A2-thiazoline
Cyclohexane (293 K) FP/RA 550, 7400 {Triplet ET to biacetyl, oxygen quenching; € relative 82E373
to naphthalene in cyclohexane (€45 = 24500 L mol~!
cm~!); 77 = 450 ps
710. (4'-Methylbenzoyl)amino-2-A2-thiazoline
Cyclohexane (293 K) FP/RA 550, 9600 ITriplet energy transfer to biacetyl, oxygen quench- 82E373
ing; € relative to naphthalene in cyclohexane (e =
24500 L mol~! cm~!); Tt = 2000 ps
711. Methyl benzoylformate
Benzene (298 K) LP 446° Shoulders at 431* and 400° nm; 70 = 1 us 84A030
712. Methylchlorophyllide a
Acetone FP 520 65R023
470
Benzene FP 520 65R023
470
EtOH FP 520 65R023
470
713. 1-Methyl-4-[4-cyanostyryl|pyridinium
EtOH (103 K) LP 415 Lifetime constant below 113 K; 71 = ~500 us 83ES09
714.  10-Methyl-5-deazaisoalloxazine-3-propanesulfonate ion
Water LP 660° Delay 200 ns; half-life = 7.5 ps 82B043
516°
715. 3-Methyl-S-deazalumiflavine
Water FP/TD 700°, 3600 = 200 pH 9.2 81A434
6842, 3700°
5012, 8100°
716. 1-Methyldeoxybenzoin
Benzene LP 325 {Oxygen quenching ( > 10° L mol~'s~!); 7r = 0.09 us  79A028
717. Methyl 4-dimethylaminobenzoate
EtOH (93 K) PS 435° 357 nm was the most intense peak 66B001
412¢
3912
357
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TABLE 6. . Spectral parameters for triplet-triplet absorption .of organic molecules in condensed phases — Continued
No. Solvent Method Amax s €mai Comment Ref.
/nmm- /L mol~! cm™!
718. " N-Methyldiphenylamine :
EPA (118 K) FP/COM .~ . 540, 26000 = 3000 {Phosphorescence decay; € based on quantitative de- - 737125
: cay of triplet' to N-methyl-4a,4b-dihydrocarbazole
whose room temperature €0 = 21000 = 2000 L mol"_1 )
cm~! in MCH
719.. . Methylene Blue cation
Acetonitrile FP 870° 7r = 150 ps 71A203
750
520°
_ 422 _ ,
.- Acetonitrile LP 870 1 us delay; semioxidized cation radical (Amex = 520 81A347
420 nm) also observed; half-lite = 12.5 us- o
- "Acetonitrile - LP 860 1Oxygen quenching (1.7-X 10° L mol~! s~'); relative 84E216
L : 780° intensities.(7:4); 1 ps delay; 7+ = 14 us :
Acetonitrile/Water LP 840 {Oxygen quenching; relative intensities (13:6); 1 ps . 84E216
C ' 750° - delay; su'lvcu} was 1:1 acetonitrile 1o water by volume
CTAB LP 420 Aqueous micelles : B3N062
“EtOH LP 847 847 nm was the most intense peak; 7+ =450 ps 756162
775°
418°
‘EtOH LP/SD 860 767803
780
420
410°, 20000
EtOH LP/SD ‘860, 27000 . € assumes triplet does not absorb at 658 nm where SD :78E39%4
: 420, 14000 was followed; solvent and temperature assumed
- EtOH/Water LP/TD 840, 20000 Solvent was “30% EtOH”; no‘acid added; rr = 36 us; 79B104
" 420;:9000- pH 82
MeOH LP/SD *420,:11000 -- }Oxygen -quenching; e ‘estimated: assuming no triplet 767574
: o absorption at 650 nm; 7+ = 5.9 ps )
MeOH LP/SD 410, 22000 1Oxygen quenching (2:2 X 10°L mol~'s~); e assumes 79A230
triplet does not'absorb between 560 and 570 nm,’'where -
'SD is monitored; ‘decay followed .at 420 nm;less in-
tense peak at 525 nm assigned to triplet excimer; 71 =
. 11 =2ps
Witer FP . 420 pKy = 7.2; pH Neutral; half-life = 130 us 64B003
. - 280 :
Water FpP 800 pKy = 7.3; delay 20 ps; 7 = ~30 ps; pH Neutral 64E013
415 ' '
water LP/SD 820 {Oxygen quenching; extinction coefficient was a 67E107
. 420, 9000 lower limit; haif-life = 30 us .
Water " 'FP/SD © 825,.18000 pK, = 7.5 0.1 ‘ _ 67C001
Water LP 830 "1 ps delay; semioxidized cation radical (A = 520 81A347
420 nm) also observed; pH 8.2; half-life = 25 ps
720.- Methylene Blue cation, conjugate monoacid ) :
Acetonitrile/Water LP/TD 470°, 4500° Solvent was 1:1 acetonitrile to water by volume; 7r = 777062
428%,6200° 4.0 ps; pH Acidic -
3728 140008 '
Acetonitrile/Water - LP/TD 710-670, >16200 Solvent was1:1 acetonitrile to water by volume; 0.0IN.  79B104
370, 15300 HCI added; pH Acidic .
EtOH/Sulfuric acid LP/RA 700°, 55000 € relative to unprotonated form (€40 = 20000 L mol~! 767803
S cm~1); 500 ns delay; pH Acidic )
EtOH/Water LP/TD 703, 18700 Solvent was “30% EtOH”; 0.01N H,SO, added; pK, = 79BIn4
680, 19000 7.2 71 = 45 ps; pH 2.0
: 370, 13200 )
Hydrochloric acid “FP 375 ' pKi = 6.7; delay 20 us; pH 2 64E013
Sulfuric acid FP 2375 pK, = 68, pH 1 64B003
Water LP/TD.. 490¢, 3300 rr = 4.5.us; pH Acidic 777062
- 4307, 3300° - '
3722 7000 , ,
_ Water LP/TD =690, 14500 0.0IN H;SO, added; pH Acidic 79B104
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax > €max Comment Ref.
/am /L mol~! cm™!
721. Methylene Blue, dimer
Water LP ~550 $1Oxygen quenching; half-life = ~2 us 67E107
722. Methylene Green cation
Water FP 7942 SD region between 540 and 720 nm was not measured; 707364
761* pH 9
518
4120
723. 4,4’ -Methylenebis(1,1'-biphenyl)
Alcohol/Ether (77 K) MOD 380 Glass was 2:1 alcohol to ether 76E682
724. a-Methyl-B-ethylstyrene
Cyclohexane LP/RA-ET 3250, 4000 ¢ relative to naphthalene in cyclohexane (€3 = 24000 82E181
L mo!~! cm~!), but in ref, cited (€45 = 24500 L mol !
cm™"); triplet ET from thioxanthone; 71 = ~0.038 ps
725. 5-Methyl-endo-cis-fluorenacene
MCH/Isopentane (77 K) PS 4582 Glass was 4:1 MCH to isopentane; shoulder at 430 nm 74B006
726. 7-Methylguanine
Water LPET 3es {Triplet ET from acetone; pH 7.1; ke — 7.5 X 10° L 92B04S
mol~!s!
727. 1-Methylindazole
MeOH FP 420 {Oxygen quenching, piperylene quenching, and ESR; 757167
TT = 53 us
728. 2-Methylindazole )
MeOH FP 405 {Oxygen quenching, piperylene quenching, and ESR; 757167
TT = 26 HS
729. 1-Methylindole
Benzene (293 K) LP-ET/ET 460, 5000 + 1500 {Triplet ET from xanthone, from acetophenone and to 771021
naphthalene, oxygen quenching; € relative to naph-
thalene in benzene (€45 = 13200 L mol~' cm~!); 77 =
2ps
Benzene (297 K) PR 460 {Triplet ET to naphthalene and anthracene, oxygen 771021
quenching; 7+ = 1.8 us
Water FP 460 {Oxygen quenching; 7+ = 29 us; pH basic 83A213
730. 2-Methylindole
Water LP-ET 435 {Triplet ET from acetone; pH 7.1 82B045
731. 3-Methylindole
Benzene (297 K) PR 450 {Triplet ET to naphthalene and anthracene, oxygen 771021
quenching
732. 1-Methylisoquinoline-N-oxide :
Cyclohexane FP 422 Tr = 5.9 ps 727105
EtOH FP 418 {Oxygen quenching and triplet ET to anthracene; r- 727105
395 =717 us
Water FP 388 7t =17 us 727105
733. 1-Methylnaphthalene
1-Methyinaphthalene PR/RF 420, 6350 Liquid; € relative to I-methylnaphthalene in cy- 720243
clohexane (€40 = 14200 L mol-! cm~')
1-Methylnaphthalene FP-ET 422¢ {Triplet ET from benzophenone; 30 ps delay; evi- 767159
397 dence for triplet excimer at long wavelengths
presented; relative intensities (3:2); 30 us delay; 7r =
25 pus
Acetonitrile/Water LP/ET 415, 11200 Solvent was 9:1 acetonitrile to water; € relative to 84B033
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amox €max Comment Ref.
/nm /L mol~! cm~!
Benzene LP-ET 425 {Triplet ET from benzophenone; k., = 9.4 X 10° L 84E092
mol~'s~!
Cyclohexane (77 K) PS 415.5 Relative intensities (10:6:1) 69E211
393
370
Cyclohexane PR/ET 420, 14200 € relative to benzophenone ketyl radical in cy- 720243
i clohexane (€55 = 3220 L mol~! cm™!), assuming e is
the same as €335 for ketyl radical in water
Cyclohexane LP/ET 420, 22400 =+ 3000 {Triplet ET from TMPD; € relative to TMPD in cy- 737282
clohexane (€50 = 11900 L mol~' cm~)
EtOH/MeOH (113 K) FP/TD 5814, 1007 Glass was 3:1 EtOH to MeOH; shoulders at 629% and 717460
562°, 70 469* nm
538, 1500
503%, 125*
485, 230°
457, 430°
EtOH/McOH (113 K) Fr/TD 628%, 10 {Phosphc decay; shoulders at 5614, 4602, 4088, 72B001
5782, 100° 367°, 349*, 285%, and 236* nm
535%, 160°
5008, 120°
484 240°
457", 480°
419%, 21900
396, 11300°
375°%, 2500
356°, 730°
239*, 49200°
Hexane FP-ET 418° {Triplet ET from benzophenone; 30 us delay; relative 767159
395% intensities (3:2:1)
383°
Isooctane FP 425° Shoulder at 360 nm 78B089
397°
375° :
Liquid paraffin FP 422 Solvent viscosity was 0.03 N-s/m?; relative intensities 58E001
399 (100:60:31)
380
PMMA (294 K) FP 625" Shoulder at 568° nm; rr = (1.10 + 0.05) X 10° ps 69B004
734. 2-Methylnaphthalene :
Cyclohexane LP/ET 420, 25100 + 3000 {Triplet ET from TMPD; € relative to TMPD in cy- 757282
clohexane (e = 11900 L mol-' em~?)
EtOH/McOH rr/TD 5758, 100* Qlass was 3:1 EtOI1 to McOII; shoulder at 633° am 717460
(113 K) 529°, 170°
490°, 200°
461°, 280°
EtOH/MeOH (113 K) FP/TD 6317, 20° {Phosphorescence decay; shoulders at 402, 263%, 234°, 72B001
578, 1007 and 231* nm
532°, 160*
492%, 2007
462°, 290°
415%, 25400°
393°, 12800*
381°, 18007
372°, 3400°
360%, 600
3532, 700*
344°, 350°
238, 25500°
PMMA (294 K) FP Shoulder at 575* nm; 71 = (1.30 & 0.05) X 10° us 69B004
735. 1-Methyhaphthalene/Pyromellitic dianhydride :
Et,O/Isopentane (77 K)  FP 600° {Phosphorescence decay; glass was 1:1 Et,O to iso- 747587
420"

entane; shoulder at 645° nm; 71 = 9.8 X 10* us -
|4 [
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax > €max Comment Ref.
/nm /L mol~' em™!
736. Methyt 2-naphthoate
Cyclohexane (290 K) =~ FP 412° 35 ps delay; 71 = 66 us 767556
40]! .
737.  2-Mcthyl-1,4-naphthogquinone
Water LP/ELT 400°, 6600 {Oxygen quenching and triplet ET to B-carotene; € 83E311
relative to 2-methylnaphthosemiquinone ion in water
(€390 = 11000 L mol~! cm~'); pH 7.0
738. 1-Methyl-1-(1-naphthyl)ethylene
Benzene LP-ET 439° Triplet ET from xanthone and oxygen quenching; 77 84B007
= 0.55 us
739. 1-Methyl-1-(2-naphthyl)ethylene
Benzene LP-ET 599° {Triplet ET from xanthone and oxygen quenching (5 84B090
415° X 10° L mol~!s~'); 415 nm peak was the most intense;
388° 77 = 0.13 s
740. Methyl-1-naphthylphenyigermane .
Cyclohexane LpP 430° 430 nm peak was the more intense; delay 0.8 pus 83A218
410°
741. 5-Methy)-6'-nitrospiro[(5,6-dihydrophenanthridine-6,2)-(2H )chromene}
Toluene FP 670 {Triplet ET from fluorene; 7t = 300 us; Er = 217-288 767647
470° kJ mol~!
742. 1-Methyl-4-[4-nitrostyryllpyridinium
EtOH (298 K) LP 450 1Oxygen quenching and tripiet ET from acetone and 83ES09
biacetyl; 7+ = 0.055 us
EtOH (103 K) LP 450 Lifetime constant below 108 K; 7+ = 3000 ps 83E509
743. 5-Methylphenazinium methyl sulfate
Water FP 525 fOxygen quenching; 7r = 50 &= 5 ps; pH 3 80A196
744. N-Methylphenothiazine
Hexane LP/ET 465, 23000 £ 300 € relative to naphthalene in cyclohexane (€43 = 24500 79NO00S
L mol~! ¢cm~') assuming unit transfer efficiency and
assuming e independent of solvent
SDS LP/RA 465, 23000 Aqueous micelle; ¢ relative to N-methylphenothiazine 79N00S
in hexane (€ss = 23000 L mol~’ cm™!)
Water/EtOH LP 465 Solvent was 2:1 water to EtOH 82A297
745. N-Methylphthalimide
EtOH FP 590 tOxygen quenching, diene quenching; maxima as- 79A147
350 sumed from text; 71 = 43 us
746. 4-(2-Methylpropionyloxy)benzophenone
Benzene LP 530 {Triplet ET to naphthalene 84P005
747. Methyl pyropheophorbide a
Toluene LP ~460 82B09%4
748. all-trans-Methy! retinoate
Benzene PR/ET 435, 89000 € relative to biphenyl in benzene (€575 = 27100 L 80E137
mol~' em™Y); 71 = 17 us; ke = 8.4 X 10° L mol~'s~!
749. 2-Methylthioxanthen-9-one
1,2-Dichloroethane FP 650-670 71 = 20 ps 81A294
Acetonitrile FP 630 {Oxygen quenching (5.5 X 10° L mol~!'s™'); 7t = 40 81A29%4
us
Benzene FP 655 {Oxygen quenching (5.5 X 10° L mol~'s~'); 77 = 95 81A294
us
Cyclohexane FP 650-670 7r = 10 us 81A294
EtOH FP 605 Tr = 60 us 81A294
MeOH FP 605 rr = 68 us 81A294
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
750. (E,E,E)-5-Methyl-7-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4,6-heptatrienal
Acetonitrile LP/SD 440, 51000 “all-trans-C,; aldehyde”; € is upper limit; 7t = 10.6 us 79E546
Acetonitrile LP/RF 440, 61000 € relative to compound in cyclohexane (€40 = 63000 L 79E546
mol~! cm~") assuming oscillator strength independent
of solvent; 7+ = 10.6 ps
Benzene PR/ET 430, 63000 € relative to biphenyl in benzene (€375 = 27100 L 79E546
mol~' em™Y); 71 = 9.1 ps
Benzene PR/RF 430, 71000 € relative to compound in cyclohexane (€40 = 63000 L  79E546
: mol~' cm~") assuming oscillator strength independent
of solvent; 71 = 9.1 ps
Cyclohexane PR/ET 410, 63000 ¢ relative to biphenyl in cyclohexane (€33 = 42800 L  79E546
mol~!em™!); 1+ = 6.2 ps
MeOH LP/SD 440, 51000 € is upper limit; 71 = 10.9 ps TIES46
MeOH LP/RF 440, 57000 € relative to compound in cyclohexane (€40 = 63000 L 79E546
. mol~! cm ™) assuming oscillator strength independent
of solvent; ¢ = 10.9 us
751. (E,E,E)-6-Methyl-8-(2,6,6-trimethyl-1-cyclohexen-1-y1)-3,5,7-octatrien-2-one
Hexane LP/SD 405-410, 52000 € assumed to be at A, ; “all-trans-C,g ketone” 84E036
752. (E,E,Z)-6-Methyl-8-(2,6,6-trimethyl-1-cyclohexen-1-y)-3,5,7-octatrien-2-one
Hexane LP/SD 405-410, 66000 € assumed to be at Apyy; ““7-cis-Cyg ketone” 84E036
Hexane PR/ET 405-410, 37000 € relative to biphenyl in cyclohexane (€3 = 42800 L 84E036
mol~! cm~'), assuming authors used standard for cy-
clohexane; € assumed to be at Apay
753. (E,Z,E)-6-Methyl-8-(2,6,6-trimethyl-1-cyclohexen-1-y1)-3,5,7-octatrien-2-one
Hexane LP/SD 405-410, 54000 € assumed to be at Apay “9-cis-Cyg ketone” 84E036
Hexane PR/ET 405-410, 23000 € relative to biphenyl in cyclohexane (€35 = 42800 L 84E036
mol~! cm~"), assuming authors used standard for cy-
clohexane; € assumed to be at Ay,
754. (E,Z,Z)-6-Methyl-8-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3,5,7-octatrien-2-one
Hexane . LP/SD 405-410, 23000 € assumed to be at Amax; “7,9-dicis-Cys ketone” 84E036
Hexane PR/ET 405-410, 42000 € relative to biphenyl in cyclohexane (€3 = 42800 L 84E036
mol~! cm™"), assuming authors used standard for cy-
clohexane; € assumed to be at Apax
755, (E,E)-3-Methyl-5-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4-pentadienal
Hexane LP/SD 385, 38500 + 5800 € assumes triplet does not absorb where singlet de- 78E721
pletion is followed; “all-trans-C s aldehyde”; 71 = 0.1
ps; Er = 188 £ 12 kJ mol~!
Hexane PR/ET 380-390, 20000 € relative to biphenyl in cyclohexane (e;s; = 42800 L 84E036
' mol~! cm~"), assuming authors used standard for cy-
clohexane; € assumed to be at Ap,;
Hexane LP/SD 380-390, 41000 € assumed to be at Apax B4E036
MeOH LP/RF 400, 34000 € relative to compound in hexane (eys = 38500 L 79E546
) mol~! em~") assuming oscillator strength independent
of solvent; 7+ = 0.19 us
756. (E,Z)-3-Methyl-5-(2,6,6-trimethyl-1-cyclohexen-1-y1)-2,4-pentadienal
Hexane LP/SD 380-390, 17000 € assumed to be at Apy,y; “7-cis-C;s5 aldehyde” 84E036
Hexane PR/ET 380-390, 14000 € relative to biphenyl in cyclohexane (€55 = 42800 L 84E036
mol~! cm~!), assuming authors used standard for cy-
clohexane; € assumed to be at An,y
757. (Z,E)-3-Methyl-5-(2,6,6-trimethyl-1-cyclohexen-1-y1)-2,4-pentadienal
Hexane PR/ET 380-390, 28000 € relative to biphenyl in cyclohexane (e:e; = 42800 L 84E036
mol~! cm~'), assuming authors used standard for cy-
clohexane; e assumed to be at Apax
Hexane LP/SD 380-390, 14000 € assumed to be at Apay; “9-cis-Cys aldehyde” 84E036
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent

Amax » €max

Method Comment Ref.
/nm /L mol~! em™!
758. (Z,Z)-3-Methyl-5-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4-pentadienal
Hexane PR/ET 380-390, 21000 ¢ relative to biphenyl in cyclohexane (e = 42800 L 84E036
mol~! cm™!), assuming authors used standard for cy-
clohexane; € assumed to be at Apay
Hcexanc LT/SD 380-390, 17000 < assumed to be at Aggy; *7,9-dicis-Cs aldchydc” 84E036
759. 3-Methyl-3,4,5-triphenyl-2(3H)-furanone
Benzene LP/ET 370 £ 5, 11000 = 2200 jOxygen quenching; € relative to benzophenone in 84ES520
benzene (€s;; = 7600 L mol~' cm™'); 71 = 12 £ 2 ps;
ke = 2.9 X 10° L mol~! s~}
760. 1-Methyl-L-tryptophan
EtOH FP 460 {Triplet ET from aceiophenone 727041
Water FP 460 {Air quenching; 7 = <5 us; pH 5.4 727041
761. Methyl vinyl ketone
Cyclohexane LP 2607 {Oxygen quenching; solvent uncertain; 77 = 0.008 us 80B055
762. 1-Methyl-2-vinylnaphthalene
Benzene LP-ET 416 {Triplet ET from xanthone and oxygen quenching (7.5 84B090
401° X 10°Lmol 's '); 401 nm peak was the more intense;
7r = 0.06 us
763. 2-Methyl-3-vinylnaphthalene
Benzene LP-ET 5712 {Triplet ET from xanthone and oxygen quenching (4.9 84B090
4120 X 10° L mol~'s~'); 412 nm peak was the most intense;
3910 7r = 0.255 us
764. 1-Naphthaldehyde
Benzene FP 495 7T = 140 ps 63E007
Cyclohexane (77 K) PS 412.5 69E211
405
387
Cyclohexane LP 494 Shoulders at 427 and 405 nm; delay 660 ps; rise time of 84B028
475 _ 0.026 = 0.003 ns
. 450
Et,Q/Pentane (77 K) PS 440 69E211
425
412
405
387
MeOH LP 478 Shoulders at 4972, 437%, and 425" nm; delay 660 ps; 478 84B028
456 nm was the most intense peak; rise time of 0.020 =+
410° 0.002 ns
Toluene/MCH (50 K) LP 479* Glass was 1:1 toluene to MCH; delay 42 ps; spectrum  84B028
showed evidence of structure between 410 and 460 nm
Water/tert-BuOH FP 5207 Solvent mixture contains “1-5%” tert-BuOH for solu- 767189
bility; shoulders at 540 and 470 nm; pH ~6
765. 2-Naphthaldehyde
Cyclohexane LP 434 Delay 600 ps; rise time of 0.055 * 0.005 ns 84B028
408
MeOH LP 442° Delay 600 ps; rise time of 0.025 = 0.003 ns 84B028
Toluene/MCH (69 K) LP 446° Glass was 1:1 toluene to MCH; delay 42 ps; shoulders 84B028
at 431* and 405° nm
766. 2-Naphthalenamine
Liquid paraffin FP 457 61E008
377
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm™!
767. 2-Naphthalenamine, conjugate acid
MeOH/Water (290 K) LP/ET 410, 7800 {Oxygen quenching; € relative to benzophenone ketyl 83A249
3912, 4300° radical in water (esis = 3220 L mol~! cm~"); solvent
3772, 2150° was 19:1 MeOH to water; 71 = 1.8 us; pH 1.8
Water FP 414 “2-Naphthylamine cation”; pX, = 3.3; pH Acidic 61E008
387
768. Naphthalene
1,2-Dichloroethane FP 414 7 = 125 ps 80E720
2-PrOH FP 4142 Relative intensities (5:3:1); 30 pus delay; 7t = 58 s 737158
i 388°
3720
3-MP PR 411° Ge values were 9870 and 27300 L mol™ ' cm '/ (100 680553
3882 eV absorbed)
3-MP (77 K) PR 4138 Ge values were 17300 and 17900 L mol~! cm~!/ (100 680553
3900 eV absorbed)
3-MP (77 K) PS/ESR 415, 31900 }ESR; oscillator strength = 0.12 69B002
3-MP (77 K) PS 412.4 All 8 bands were assigned to the electronic transition 70B00S
399.3 By « B
390.0
371.7
369.8
358.2
351.5
341.2
3-MP (77 X) MOD 415 T3E342
400
391.5
380
371
360
3-MP (85 K) LP 415° 415 nm peak was the most intense 747056
400° .
391°
3792
372°
3-MP (293 K) LP 412 412 nm peak was the most intense; 77 = 6 ps 747056
390
370
Acetonitrile FP 410° Relative intensities (5:3:1); 30 ps delay; 77 = 38 ps 737158
385°
3757
Benzene FP 415 Relative intensities (100:60:15) 61E005
392
372
Benzene PR 420 Geupo = 15100 L mol~! em~' / (100 eV absorbed); 64B006
half-life = 1.59 ps
Benzene PR/ET 415, 17500 € relative to benzophenone in benzene (€535 = 10300 690087
L mol~! em™~!); Ap, unspecified, assumed 415 nm
Benzene PR/ET 425, 13200 € relative to benzophenone ketyl radical in cy- 71E360
402¢, 7300* clohexane (€, = 3700 L mol~' cm™'); € obtained
3828, 42000 from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
Z€Ne €n, ratios of 1.83 for naphthalene and 1.45 for
anthracene
Benzene PR 420 720206
400
Benzene LP/ET 425, 11300 {Triplet ET from benzophenone; € relative to benzo- 80B090
phenonc in benzene (€533 = 7200 L mol~! em~1); ket =
0.74 X 10° L mol~!s~!
Benzophenone (77 K) PS-ET 425° Relative intensities (100:58%); sample was a single crys- 64B005
4032 tal
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amas » €max Comment Ref.
/om /L mol~! cm™!

Benzophenone (77 K) PS/COM 4272, 3500° Mixed crystals; shoulder at 418%; ¢ was measured using 68E106
4137, 1400* a technique involving reabsorption of phos-
4032, 1800%¢ phorescence )
400°, 1800
Butane/Isopentane PS/IV 414, 14000 £ 3000 Glass was 3:7 butane to isopentane; ex was computed 65EQ31
(77 K) 3932 ~7800 from OD = er7ig(1 - $) after the optical density, OD,

was extrapolated to zero intensity of the monitoring
beam (namely i — 0), here 7 was lifetime of triplet, and
®; was fluorescence quantum yield; oscillator strength
= 0.05
Cyclohexane FP 414 Tr = 175 ps 62E009
Cyclohexane (77 K) PS 415 Other shoulders were present in the spectrum; the 63B004
412° shoulders appeared in different places depending on
410° whether the samples were frozen rapidly or slowly .
Cyclohexane PR 415 Geys = 10200 L mol~! cm~' / (100 eV absorbed); 64B006
390 half-life = 5.85 ps
Cyclohexane PR 415 Relative intensities (100:55:22) 676011
391
375
Cyclohexane (77 K) PS 417.5 67B007
415
4105
393.5
391
386
370
366
361
347.5 .

Cyclohexane PR/ET 412.5, 22600 = 5650 € relative to benzophenone ketyl radical in water (€535 680727
= 3220 L mol~! cm™"), assuming this value for €sss in
cyclohexane

Cyclohexane LP 414 68E107

Cyclohexane (77 K) PS 415.0 Shoulider at 422 nm; peak positions depend on cooling 69E211

411.5 rate
409.0
393.0
389.5
387.5
373.0
Cyclohexane (77 K) PS 412.0 Shoulder at 418.5 nm; peak positions depend on cool- 69E211
409.0 ing rate
406.8
390.0
386.5
385.5
370.0
Cyclohexane PR/ET 415, 24500 € relative to benzophenone ketyl radical in cy- 71E360
393=, 12000° clohexane (€m: = 3700 L mol~’ cm~"); reference €
3732, 4600° obtained by starting from €msx = 3220 L mol~! cm~!
for this ketyl radical in water and assuming the fof the
ketyl radical is independent of solvent; final € obtained
from a simultaneous least squares fit to data from
several compounds
Cyclohexane PR 412.5 720206
390
370
Cyclohexane LP 414 T = 10 ps 747056
391
370
Cyclohexane FP/SD 414, 24000 + 3000 756293
Dipropyl ether (118 K}  FP 417° 696073
405°
3942
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax s €max Comment Ref.
' /om /L mol™! em™!
"~ Durene (77 K) PS 419 Polarization of the bands was found to be along the 64E014
:395 long molecular axis; transition was assigned as *By, «
B;,., sample was a mixed crystal
Durene (4.2 K) PS 417.4 Single crystal; relative intensities (100:46:2:10) 678008
394.4
383
374
Durene (1.5 K) PS 417.4 Mixed crystal; maxima were taken from a fit to the 75B003
403 spectrum
394 :
382
373
EPA (77 K) PS/TV. . 417, 4800 + 50 {Phospharescence decay: €’s are too low; 1st transition . 51E001
392.8,215¢ + 40 assigned as °L, — G,
EPA (77 K) PS/SD 416.7,- 10000 €’s are lower limits 548001
3927, 4300 '
371,'1000
EPA (77 K) FP 416 416 nm was the most intense peak; ¢ = 2.6 X 10°us 677485
393 )
_ 373
EPA (77 X) PS/KM 5302, 900° —-lvent, temperature and extinction methoa assumed 69E213
- 499%, 8007 from earlier work; polarization also measured
- 420%, 20600 ' )
'396°, 11200°
EPA (77 K) PS/IV 417, 23600 Ay assumed from previous work; € estimated by ex- 69E212
! ' trapolation to infinite ‘excitation rate :
EPA (77 K) PS/KM 417, 23300 Amax assumed from previous work; 7T = 2.3 X 10¢ ps 69E212
EPA (77 K) FP/SD -+ 414.0, 40000 + 6000 71 = 2.3 X 10 ps; oscillator. strength = 0,14 69F389
'393%, 17000
3742, 4000
EtOH (77 K) PS 414 678007
390
n
EtOH (293 K) FP 414 ) ) 68E098
EtOH . FP/ET 415, 40000 =+ 2000 ‘e telative .to anthracene in EtOH (€0 = 75000 L 747049
3910 mol="cm=Y); 7y = 1800 =+ 700 ps; kee = (1. 26 +0.1)
. . X 10".L mol~! s~
EtOH (77 K)' MOD 411 Relative mtensxtles (6:3:1); halfwidth of principal max- 777538
' 388 imum 480 cm~
368°-
EtOH/MeCH (113 K) FP/TD 575, 140 Glass was 3:1 EtOH to MeOH; shoulders at 625°, 588°, 717460
559, 75* 541 500%, and 467* nm
. .529%,.250¢ :
‘5154, 150
490, 330°
476%, 150°
360% 459
EtOH/MeOH (113 K) FP/TD 629.0, 10* {Phosphorescence decay; shoulders at 589%, 556°, 536, 72B001
574%, 1207 511%, 498%, 467%, and 266° nm; 6 electronic transitions
526°, 250 were assigned with 0-0's at 629, 488.6, 414, 400.2, 275,
488.6, 320° and 236 uuy; oscillator strength = 0.002, 0,002, 0.12,
456°, 350* ~0.01, 0.13, 0.5
414.0, 33000
400.2, 3200* .
2902, 16700
376% 2100°
369, 3500°
‘3592, 1000°°
‘3514, 1000*
3418, 7000
335,700
3234, 730°
236.0, 55000
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~'em™!
Ethylene glycol FP 415 Relative intensities (100:55:10); 7t = 1000 = 100 ps  61E005
392
378
Hexamethylbenzene PS 418 Single crystal; relative intensities (2:1) 67B008
(77 K) 395
Hexane FP 413.1 54E001
390.0
Hexane FP 410 Relative intensities (107:55:15); 7+ = 91 = 8 pus 61E005
389
369
Hexane (77 K) PS 416 67B007
391
Isopentane/MCH (77 K) PS 413.5 Relative intensities (100:41:9) 54B001
389.5
368
Isopentane/MCH/Et,0 PS 414.5 {Phosphorescence decay; glass was 6:1:0.7 isopentane  71B003
(77 K) 392.0 to MCH to Et,0; 414.5 nm was the most intense peak
372.5
Liquid paraffin FP/SD 415, 10000 Solvent had viscosity of 0.03 N.s/m% all bands were S8E001
391.5, 6800 assigned to same electronic transition; . oscillator
372, 2700 strength = 0.06
Liquid paraffin rp 415 Viscosity of solvent was 0.167 N-s/m?% 71 — 2850 ps  62E009
MCH (77 K) MOD 414* Relative intensities (6:3:1) 777538
390°
370*
MCH (77 K) MOD/KM 405° 1600 82E648
366°, 740
MCH/Isopentane (90 K) MOD 417° Glass was 4:1 MCH to isopentane 72B003
400°
391*
382°
372*
3607
3512
Naphthalene (373 K) PR/RF 420, 7100° Liquid; € was found by assuming that the oscillator 720243
strength remained 0.12 in all solvents; 7t = 1.2 us
Naphthalene-d; (4.2 K) MOD 415 Mixed crystals; the bands were embedded in a broad 73E342
402.5 absorption band that was explained as due to mixing of
392.5 guest triplet states with host conduction band or host
380 charge-transfer states
372.5
360
Naphthalene-ds (1.5 K) PS 414.8 Mixed crystal; maxima were taken from a fit to the 75B003
392 spectrum
370
Naphthalene (78 K) PR 600 Triplet exiton; most intense peak at 416 nm 761030
5635
535
416
392
Naphthalene PR 415 Microcrystals; spectrum obtained by diffuse reflec- R4R120
390 tance spectroscopy; 415 nm peak was the more intense;
half-life = 20 us
PMMA (293 K) PS 415.5 Relative intensities (100:45) 67B008
393.5
PMMA (294 K) FP/RF 571, ~220 {Phosphorescence decay; € relative to naphthalene in  69B004
526, ~310 cyclohexane (€425 = 22600 L mol~! cm™"), assuming
4152 €7 = 22000 L mol~! cm~! in PMMA; 77 = (1.5 =
391° 0.05) X 10° us; oscillator strength = ~0.002
373
PMMA PR 415 Relative intensity (10:6) 692001
385
PMMA (86 K) PR 415 710278
390
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No, Solvent Method Amax €man Comment Ref.
/om /L mol~! cm™!
Pentane (77 K) rs 413.6 Kelative intensities (10:1:6:1) 69E211
401.6
390.6
370.1
Polystyrene PR 428 Relative intensities (100:53:33) 672086
400
380
Polystyrene (77 K) PR 425 692001
Polystyrene PR 424° Gegs = 12000° L mol~! cm™! / (100 eV absorbed) 701073
Toluene (77 K) MOD 422 Relative intensities (2:1); halfwidth of principal max- 777538
4022 imum 1180 cm™!
769. Naphthalene-d
1-BuOH/Isopentane PS 413.2 A distinction between a 1:7 and a 3:7 glass was not 63B001
(77 K) 389.7 made; the 3 bands were assigned to a single electronic
371.0 transition *By; « *Bif,
3-MP (77 K) PS/ESR 417, 31900 {ESR; band was assigned as *Bs; < By oscillator 68D211
403°, 5200° strength = .12
3917, 14000°
3-MP (77 K) PS 575.0 Bands starting at 412.2 nm were assigned to the *B;;  70B005
547.0 «B;* transition; other bands may be a mixture of elec-
5312 tronic transitions, but one of these was assigned as *Aj;
509° « ’B#; the bands at <412 nm are about 20 times
491.6 stronger than the bands >412 nm
4732
4560
412.2
400.5
390.0
379.3
369.3
359.4
351.3
342.2
?(77 K) PS 419° iPhosphorescence decay and ESR lifetime; glass used 67E108
406° was either 2-MTHF or 3-MP; 71 = 2.30 X 10" ps
3932
Butane/Isopentane PS/IV 414, 14000 == 3000 Glass was 3:7 butane to isopentane; ex was computed 65E03]
(77 K) 3939, ~ 1300 from OL) = erryio(1 - P) atter the optical density, OD,
was extrapolated to zero intensity of the monitoring
beam (namely i; — 0), here 7 was lifetime of triplet, and
®; was fluorescence quantum yield; oscillator strength
= 0.03 ’
Cyclohexane (77 K) PS 4135 Shoulders at 418.2 nm and 397.4 nm; relative intensities. 69E211
409.4 (100:80:60:20:60:50:20:15:20:15)
407.2
402.0
389.8
386.0
383.2
379.5
369.2
367.2
Dipropyl ether (100 K) FP 4152 Shoulders at 405% and 373 am; 7 = 1.9 X 107 us 696073
394*
Dipropyl ether (110 K) PS 417 Relative intensities (2:1); polarization also measured 708002
395¢
Durene (77 K) PS 417* Single crystal; the points were taken from the spectum 67B008
395° of the #-axis polarized absorption
3722
Durene (4.2 K) PS 415.9 Single crystal; relative intensities (100:47:2:14:2) 67B008
392.9
382
371
354
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref..
/om /L mol~' cm™!
EPA (82 K) PS/KM 413, 23300 =+ 650 688003
EPA (77 K) PS/1V 417, 22000 Amsx aSSumed from previous work; € estimated by ex- 69EZ212
trapolation to infinite excitation rate; rr = 19 X 10% ps
EPA (77 K) PS 417 Transition assigned as *Bj; < B3, 69B001
EPA (77 K) FP/SD 414.0, 40000 =+ 6000 77 = 1.35 X 10" ps 69F389
EtOH/Et,0 (77 K) MOD/KM 417, 10000 + 3000 Glass was 2:1 EtOH to Et,0; temperature was not 719059
explicitly stated, but 77 K was inferred from the con-
text
EtOH/MeOH (113 K) FP/TD 575%, 1107 Glass was 3:1 EtOH to MeOH; shoulders at 595%, 562°, 717460
5492, 70 515% 485% and 431° nm
529, 220°
508, 130°
4932, 240°
472, 1402
457°, 280°
4482, 170°
439, 3202
EtOH/MeOH (101 K) PS 4132 Glass was 3:1 EtOH to MeOH 75B002
ma
395°
380°
370
Hexamethylbenzene PS 4153 Single crystal; relative intensities (100:48) 67B008
(77 K) 393.2
PMMA (293 K) PS 414.5 Relative intensities (100:44:4) 67B008
392.1
372
770. Naphthalene/Chloranil
Liquid paraffin MOD 405 Mull 71E361
771. Naphthalene/Pyromellitic dianhydride
1,2-Dichloroethane LP 420 Charge-transfer . complex only was excited; 757413
(293 K) naphthalene-PMDA charge-transfer complex
Dipropyl ether (100 K) FP 426* Shoulder at 403° nm; 1 = 1.8 X 10° us 696073
772. Naphthalene/Tetrachlorophthalic anhydride
Dipropyl ether (98 K) FP 424 Shoulder at 407° am 696073
773. Naphthalene-dy/Tetrachlorophthalic anhydride
EPA (77 K) PS 414.8 67B009
390.5
774. 1-Naphthalenecarbothioic acid, O-ethyl ester .
Benzene FP 490 {Triplet ET to triplet acceptors; the solvent was not 757534
specified explicitly
775. 2-Naphthalenesulfonate ion
Water FP 413 1Rises with fluorescence decay; 50 us delay; pH 6; rise 767189
’ 390 time of 23 ns
776. 1-Naphthalenesulfonic acid )
Liquid paraffin FpP 421 Solvent viscosity was 0.19 N-s/m?; relative intensities 58E001
405 (100:88:54)
373.5
777.  anti-[2.2)(1,4)-Naphthalenophane
2-MTHF (77 K) LP 4475 79B050
778.  syn+[2.2](1,4)-Naphthalenophane
2-MTHF (77 K) LP 612.5 79B050
465
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Mmax. s €max Comment Ref.
/om /L mol™! cm™!
779. 2-(1-Naphthalenyl)-1,3-dioxane
1,2-Dichloroethane FP 420 71 = 108 ps 80E720
Hexane FP 415 Tr = 63 ps 80E720
780." 2-(2-Naphthalenyl)-1,3-dioxane
1,2-Dichloroethane FP 417 T7r = 142 ps 80E720
Hexane FP 412 71 = 104 ps 80E720
781. 1-Naphthoate ion
Water FP 439 pH 13 61E008
782. 2-Naphthoate ion
Water FP 414 pH 13 61E008
783. Naphtho[1,2,3,4-defIchrysene
Benzene MOD 610 Relative intensities (100:64:41); 71E361
522 “1,2,4,5-dibenzpyrene”; 71 = 140 us
442
784. 1.Naphthoic acid
Water FP 446 pK. =38 =05 pH 1 61E008
785. 2-Naphthoic acid
Liquid paraffin FpP 430 61E008
412
Woater FP 428 pKa = 4.0; pH 1 61E008
786. 1-Naphthol i
EPA (77 K) PS 483 {Phosphorescence decay 51E001
463 )
455
Hexane FP 520 All bands except 520 nm were assigned to the second S8E0Q1
389.5 electronic transition; relative intensities
3745 (16:100:67:49:24)
3475
) 335
Isooctane FP 435 {Similarity to 1-naphthyl diisopropyl borate spectrum 717266
400
Isopentane/MCH/Et,0 PS 481.0 {Phosphorescence decay; glass was 6:1:0.7 isopentane 71B003
(77 K) 455.0 to MCH to Et,O; 455.0 and 431.5 nm were the most
431.5 intense peaks
412.0
PMMA FP 435 {Similarity of spectrum to that of 1-naphthyl di- 717266
460 isopropyl borate; there was a weak band extending
430 from 540 - 510 nm
400
787. 2-Naphthol
Cyclohexane Lp 4332 737287
4132
385
Cyclohexane Fp 467" 1Oxygen quenching and triplet ET to perylene; most 737113
429" intense peak at 429 nm; rr = 67 ps
408°
3842
355°
Cyclohexane LP/ET 435, 6500 Triplet ET from perylene; € relative to perylene in 777391
cyclohexane (€450 = 13000 L mol~' cm™'); rr = 67 ps
Gelatin FP 443 {Phosphorescence decay; rr = 4.7 X 10° us 64E016
Heptane FP 430° Lifetimes suggest solution not fully deaerated; 71 = 36 77E663
+ 3 pus
Hexane FP 429.0 Another band at 467 nm was identified as the 71B003
404.0 2-naphthoxyl radical: 429.0 nm was the most intense
381.0 peak
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent Method Amax €max Comment Ref.
/om /L mol~! cm™!
Isooctane FpP 433 }S8imilarity tn 2.naphthyl diisoprapyl harate spectrum 717266
405
Isopentane/MCH/Et,O PS 443.0 jPhosphorescence decay; glass was 6:1:0.7 isopentane  71B003
(77 K) 419.0 to MCH to Et,0; 443.0 nm was the most intense peak
395.5
Liquid paraffin FP 433 61E008
411
38L5
PMMA FP 525 $Similarity to 2-naphthyl diisopropyl borate spectrum; 717266
438 438 nm was the most intense peak
405
Water FP 432 Another maximum near 350 nm and a shoulder near 61E(008
390 nm; pK, = 8.1; pH 4.6
‘Water LP 431° Solution saturated with N,O; [HCIO,] = 0.2 mol L~Y; 737287
shoulder at ~410* nm; delay 30 ns; pH Acidic
788. 1-Naphthol/Triethylamine
Isopentane/MCH/EHO rs 488" H-bonded complex; glass was 6:1:0.7 isopentane to  71B003
(77 K) 461° MCH to Et,0; shoulder at 395* nm; 461 nm was the
435° most intense peak
417°
789. 2-Naphthol/Triethylamine
Isopentane/MCH/Et,0 PS 446° H-bonded complex; glass was 6:1:0.7 isopentane to 71B003
(77 X) 424° MCH to Et;0; 446 nm was the most intense peak;
388 shoulder at 405* nm
790. 9-Naphthoylanthracene
EPA (77 K) FP 427 {Phosphorescence decay; 77 = 3.07 X 10* ps 82E338
791. 1-Naphthyl acetate '
MCH (77 K) MOD/KM 436° 960 82E648
405°, 1400
366°, 560
792.  2-(1-NaphthyDbenzoxazole
Pentane LP/TD 530, 24200 + 250 Shoulder at 454° nm; 71 = 0.52 % 0.05 ps 82E632
489°
422°
793. 8-(1-Naphthyl)-6,7-dihydro-5H -benzocycloheptene
Benzene LP-ET 507 {Triplet ET from xanthone 84B007
390
794. 1-Naphthyl diisopropyl borate
Triisopropyl borate FP 900 717266
535
502.5
476
450
420
397
377
795. 2-Naphthyl diisopropyl borate
Triisopropyl borate FP 525 425 nm was the most intense peak 717266
425
401
380
796. trans-1-(1-Naphthyl)-2-(2-naphthyDethylene
Benzene LP/ET 500 =+ 3, 19000 = 2900 {Quenching by oxygen, a nitroxide free radical, and B84E237
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TABLE 6. -Spectral: parameters for triplet-triplet absorption of organic molecules in condensed:phases — Continued

No. Solvent Method S S €max Comment Ref.
/am /L mol~! em~!

. Bromobenzene TP 505 3 71 = 0.43 = 0.06 ps 84E237

797, 1-Naphthyloxide jon

EtOH/MeOH (77 K) PS - 505° Glass was 5:1 EtOH to MeOH; there was a shoulder at  71B003
: ' 476* 422° nm; the solution was 0.11 mol-L~' KOH; 505 nm
4522 was the most intense peak

798. - 2-Naphthyloxide ion »
- Water : FP 460 Another maximum in the range 350 - 400 nm; pH 10.6 61E008
‘Water - LP 4552 Solution saturated with N,0; "d‘clay 0 ns;pH 13 737287

799. " 2- (2-Nsphthyloxy)-3,5y5-trimethyl-z-cyclohexen-l-one
o Mo T 4308 1Oxygen quenching (1.7 X 10° L mol~' s~'); decay 81F111
' measured at 410 nm and spectrum obtained by extrap-
olation to zero time; 7r = 0.53 ps

300." 1 (I—Naphthyl) 15 phenylethylene o
 Benzene “LP-ET 500° ITriplet ET from xanthone; 7+ = 0.040 s ’ 84B007
403* )

801: trans-1-(1-Naphthyl)-2-phenylethylene : ‘ o ;
" Benzene LP/ET 490 = 3, 17000 & 2600  {Quenching by oxygen, a nitroxide free radical, and 84E237
. azulene; e relative to fluorenone in benzene (€as. =
16000 L.mol ™! .cm™"); 7p = 039 :!:006p.s,ka— @7
+ 1.0) x 10 L mol=! s~ )

Bromobenzene Lp 495 % 3 7r = 025 + 004 ps | 84E237
802. frans-1--NaphthyD-2-phenylethylene o o v N
Benzene LP-ET 530* ATriplet ET from xanthone and benzophenone, oxy- §1E490
4100 _ .gen and.azulene quenching; 50 ns delay; lifetimes are

0.08 ps (530 nm'band) and-0.15 s (410 nm ‘band);
possible triplet conformers; Er = 206 kJ-mol=!

-Benzene LP/ET 395 £ 3, 8000 + 1200 € relative to. fluorenone in benzene (€45 = 6000 L 84E237
o ' mol ' em7Y; 7 = 0.14 = 0.02 ps; ke = (90+13)x '
» : 10° L mol~!'s~!
Bromobenzene LpP 400+ 3 71 = 0.09 = 0.01 ps 84E237
EPA (77 K) LP 510 147376
497 )
492
41
803, '2-(1-Nuphthyl)-3-phenyl-1,3,4-oxadiazole . X -
Benzene LP/SD 580, 67000 {Oxygen quenching (1.6 x 109 L mol~! “’), 100 ns 777265
’ delay; “a-NPD”; 7+ = 0.300 us
Cyclohexane FP/TD 696, 6200° Only peaks reported by authors given - extensive vi- 78B081
498, 5900* bronic structure observed; oscillator strength = 0.13, :
454, 4800"- . 0.02, 0.04
Cyclohexane FP/TD -..550%,'11000° Only principal maximum of the band(s) around 500 nm 79B119
. <495,-5000° reported, -extensive vibrational -structure observed; ¢
. 455, 5000° method d from earlier work; ogcill strength
= 0.13, 0.02, 0.04 ; v
804. 2-(2-Naphthyl)-5-phenyl-1,3,4-0xadiazole -
Cyclohexane FP/TD 611, .6200? Only peaks reported by authors given; -oscillator - 78B081
508, 4000 strength =0.04, 0.02, 0.09
o - 413,-14000% -
Cyclohexane FP/TD 611, 6200° ¢..method ' assumed from earlier work; oscillator 79B119
E ~508,-4000° strength =-0.03, <0.01, <0.01, 0.01, 0.09
488, 3800°
- 441,4200°
423,-14100°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amas €max Comment Ref.
/omm /L mol~' cm™!
805. 2-(1-Naphthyl)-5-phenyloxazole
3-MP (77 X) CWL 580 “a-NPO” 74B003
Benzene LP/SD 550, 100000 {Oxygen quenching (2.3 X 10° L mol~' s~'); 100 ns 777265
delay; 7 = 0.215 pus
806. Neo-alloocimene
Toluene PR/ET 340°, 930° {Triplet ET to perylene; € relative to perylene in ben- 83E258
315, 1840° zene (€0 = 14300 L mot~'em™"); 77 = 0.33 ps; ko =
9.1 X 10° L mol~'s~!
807. Neomethylene Blue cation
Water FP/SD 840°, 4000 i Triplet ET from naphthalene, oxygen and I~ quench- 70E293
ing: pK. = 6.5: structure of the spectrum could not be
discerned because it was not corrected for SD; pH 9
808. all-trans-Neurosporene
Cyclohexane PR/ET 489, 274000 € relative to biphenyl in cyclohexane (€3 = 42800 L 83B121
mol~'cm™"); 71 = 6.6 ps; ke = 1.22 X 10° Lmol~'s™!
809. Neutral Red cation
Water FP/SD 580, 7300 1Oxygen quenching; pKy 4.5; 77 = 63 * 12 us; pH 9.8  84B027
380, 5800 :
810. Neutral Red cation, conjugate diacid
Water FP/SD 680, 12000 {Oxygen quenching; pK, 4.8; 77 = 63 * 12 us; pH 2.8  84B027
390, 8000
811. S-Nitroacenaphthene
EPA (77 K) PS/KM 850, 250 + 30 tPhosphorescence decay; 7t = (2.6 £ 0.3) X 10° us  78E057
600, 500 + 60 :
370, 7100 + 850
812. 4-Nitroaniline
EPA (113 K) FP 595 {Phosphorescence decay; 71 = 250 ps 776104
EPA (100 K) FP 600° Lifetime measured at 93 K; 77 = 4.5 X 10* us 80E318
813. 3-Nitroanisole
CF;CH,OH LP 400° Tr = 3.5 us 84E033
814. 4-Nitroanisole
Glycerol triacetate Lp 560 418 nm peak was the more intense 78B088
(198 K) 418
Glycerol triacetate LP 550 550 nm peak was the more intense 78B088
414
815. 9-Nitroanthracene
Benzene (293 K) LP 4350 170 ps delay; growth followed at 452 nm; authors later 8UBU84
[84F385] quote Amax = 433 nm, with a shoulder at 410
nm; rise time of (76 = 6) X 10~ ns
EPA (77 K) FP 40° 7t = 177 X 10* ps 80B084
EtOH LP 430° Rise time measured at 452 wn; 100 ps delay; risc time  80E234
of 0.086 =+ 0.006 ns
EtOH (77 K) FP 435* 7= 177 X 10* ps 80E234
816. 4-Nitrobipheny!
Benzene LP 540 747022
EPA (77 K) Fp 550 {Phosphorescence decay 747022
520
Glycerol triacetate LP 530 530 nm peak was the more intense 78B083
(198 K) ~375 .
Glycerol triacetate LP 526 526 nm peak was the more intense 78B088
~370
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! cm~}

817. 2-2-(5-Nitro-2-furanyDJethenylquinoline
2-PrOH/Water FP 590 i Triplet energy transfer to 79A403
3,3'-diethylthiacarbocyanine iodide (in BuOH); sol-
vent was 1:1 2-PrOH to water; 50 ps delay; 7r = 670
+ 90 pus

818. 5-Nitro-2-furoic acid .
Acetone (295 K) LP/HAT 490, 19000 Hydrogen atom transfer from 81A140
2,4,6-tri-tert-butylphenol (1.71 X 10° L mol-' s-); €
relative to 2,4,6-tri-tert-butylphenoxyl radical (eg0 =
400 L mol~! cm™'); 7v = 0.2036 ps
Acetone (295 K) LP/ELT 490, 20900 {Triplet ET to 1,4-benzoquinone, azulene and ferro- 81A140
cene, oxygen quenching (1.68 X 10° L mol~! s');
electron transfer from triphenylamine (3.3 X 10° L
mol~! s~ ¢ relative to triphenylamine radical cation
(€ss0 = 28750 L mol™! cm~"); 71 = (.2036 ps; Er =
240 + 4 kJ moi~!
Acetone (295 K) LP/ELT 490, 20500 Electron transfer from tris(4-bromophenyl)amine 81A140
(894 x 10° L mol™' s7'); ¢ relative ‘to
tris(4-bromophenyl)amine radical cation (€75 = 20800
L mot~' em™"); 77 = 0.290 ps
Acertone (295 K) LP/ELT 490, 20700 Electron transfer from TMPD (5.98 x 10° L mol-' 81A140
' s7Y); € relative to TMPD radical cation (esss = 12470 :
L mol~! cm~'); 77 = 0.290 us
Acetonitrile (295 K) LP/ELT 490, 22500 Electron transfer from iodide ion (6.65 X 10° L. mol~! 81A140
s~1); € relative to iodine molecular anion (€40 = 12900
: L mol~' em~'); 7 = 0.290 ps
DMF (295 K) LP 490 71 = 0.0766 us 81A140

Ethyl acetate (295 K) LP 490 71 = 0.070 ps 81A140

Methylene chloride LpP 495 rr = 0.070 ps 81A140

(295 K) )

Water (295 K) LP 486 Lifetime increases to 34.2 ns in deuterated water; 7+ = 81A140
0.0272 ps

819. 1-Nitronaphthalene
EPA (77 K) PS 580 T78E057
420

EtOH Lp 580 {Phosphorescence decay at 77 K in PMMA and triplet 747236
ET to perylene and tetracene

EtOH LP 580 1Oxygen quenching (3.3 X 10° L mol~'s™"); 7y = 4.9 81B064
ps

Hexane LP 525 {Phosphorescence decay at 77 K in PMMA and triplet 747236
ET 10 perylene and tetracene

Hexane LP 525 1Oxygen quenching (1.3 X 10° L mol~'s~!); 7 = 0.93 81B064

. ps
N-Methylformamide LP 615 {Phosphorescence decay at 77 K in PMMA and triplet 747236

LT to perylenc and tetracene

820. 2-Nitronaphthalene

Acetonitrile LP 480 {Phosphorescence decay in EPA at 77K, triplet ET to 767269
tetracene; 71 = 2.90 ps; ko = 7.1 X 10° L mol-! s-!

EPA LP 470 Radical or radical anion seen at Ay, = 400 nm on 767269
exposure to a long (5 ps) flash

EPA (77 K) PS/KM 760, 510 == 25 {Phosphorescence decay; 71 = (2.47 £ 0.02) X 10°pus 78E057

475, 750 = 40
360, 3600 =+ 180

EtOH LP 470 IPﬁosphorescence decay in EPA at 77K, triplet ET to 767269
tetracene; 7r = 1.70 us

EtOH LP 470 $Oxygen quenching (1.6 X 10° L mol~'s~'); 7t = 1.7 81B064
us

Formamide LP 520° }Phosphorescence decay in EPA at 77K, triplet ET to 767269
tetracene

Hexane LP 425 {Phosphorescence decay in EPA at 77K, triplet ET to 767269

tetracene; 7r = 0.530 ps
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Vaniy o Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases -— Continued
No. Solvent Method Amas » €max Comment Ref.
/mm /L mol~!cm™!
Hexane LP 425 1Oxygen quenching (1.7 X 10° L mol~!s~!); 7+ = 0.53 81B064
s
Water LP 485 {Phosphorescence decay in EPA at 77K, triplet ET to 767269
tetracene; 71 = 7.60 ps
821. 4-Nitropyridine-/V-oxide
Water FP 550 $Oxygen quenching; 71 = 30 us 737469
380
822. 4-Nitroquinoline-N-oxide
Benzene LP 530 {Triplet ET to tetracene; kq = 8 X 10° L mol™'s~! 84B128
Water LpP 590 Phosphate buffer; 7+ = 50 ps; pH 7 84B128
410
823. trans-3-Nitrostilbene
Glycerol triacetate LP 365 78B088
Glycerol triacetate LP 382 78B088
(198 K)
824. trans-4-Nitrostilbene
Cyclohexane LP 540 1Oxygen quenching in benzene; v+ = 0.063 us 747022
EPA (77 K) FP 585° Shoulder at 555° 747022
EtOH/MeOH (103 K) LP 590 Solvent was 4:1 EtOH to MeOH; 450 nm peak was the 78B088
450 more intense
EtOH/MeOH LP 585 Solvent was 4:1 EtOH to MeOH; 440 nm peak was the 78B088
440 more intense
Glycerol triacetate Lp 540 540 nm peak was the more 1ntense 78BUYE
425
Glycerol triacetate LP 550 550 nm peak was the more intense 78B088
(191 K) 426 .
825. 4-Nitro-p-terphenyl
EPA (77 K) PS/KM 800, 14500 + 725 {Phosphorescence decay; 71 = (3.14 == 0.16) X 10° us  78E057
600, 25500 + 1275
340, 38500 + 1925
826. 2-Nitrothiophene
1-PrOH (273 K) LP/ELT 545°, 8800 ¢ relative to (C¢Hy),N- in MTHF glass at 77 K (€max = 82A153
544 3900 L mol~!' em~!); protonation was thought to take
place after ELT; 71 = 0.118 us
Acetone (273 K) LP 549 T = 0227 ps 82A153
Acetonitrile (273 K) LP/ELT 548 1Oxygen quenching; € relative to 82A153
545% 10900 3,3',3"-tribromotriphenylamine radical cation in meth-
ylene chloride (&g = 20800 L mol~' cm™"'), assuming
no solvent effect; € was to be an upper bound since
assumptions included complete ELT, no back-
reaction, and no reaction with solvent; 7+ = 0.30 ps
Acetonitrile (273 K) LP/ELT 548 {Oxygen quenching; € relative to TMPD™ in water 82A153
545°, 8800 (€max = 12470 L mol~' cm™), assuming no solvent
effect; € was to be an upper bound since assumptions
included complete ELT, no back-reaction, and no re-
action with solvent; 7y = 0.30 us
Acetonitrile 273 K) LP/ELT 548 1Oxygen quenching; € relative to triphenylamine radi- 82A153
5450, 11200 cal cation in EtOH (€mm = 28750 L mol~' cm™"),
assuming no solvent effect; € was to be an upper bound
since assumptions included complete ELT, no back-
reaction, and no reaction with solvent; 7+ = 0.30 us
CCl, (273 K) e 549 7r = 0.022 us 82A153
EtOH (273 K) LP 545 7r = 0.129 ps 82A153
MeOH (273 K) LP 545 7r = 0.282 us 82A153
Methylene chloride LP 545 1 = 0.173 ps 82A153
(273 K)
Water (273 K) LP 545 82A153
Water LP 545 Phosphate buffer used; pH 7.0 & 0.1 82A154
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TABLE'6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €masx Comment Ref.
/om /L mol~'em™!
827. Octaethylporphinatopaliadium(II)
Methyl methacrylate Lp 497" 417 nm peak was the more intense 747346
417*
828. OctaethylporphinatotinIV) dichloride
1,2-Dichloroethane LP/SD 584°, 2400 747346
5667, 3500
551°, 5300
433
418, 18000
829. - 8,9,10,11,12,13,14,15-Octahydro-5,7:16,18-dietheno-2,21-octanocyclopentadeca[1,2-a :1,15-a ' Jdiindene
2-MTHF (17 K) PS/KM 397, 35900* Compound “X” in paper 83E383
830." (all-E)-3,7,ll,lS,iﬂ,ZA,ZS,SZ-Octamethyl-l,34-bis(2,6,6-trimethyl-l-cyclollexen-l-yl)-1,3,5,7,9,11,13,15,17,19,21,23,25,27,29,31,33-
tritriacontaheptadecaene -
" 'Benzene (296 K) LP-ET 620 Triplet ET from chlorophyll ; oxygen quenching (5.6 °73E347
‘ X 10° L mol~! s7Y; 7 = 2.5 ps; ko = 1.8 X 10°L
mol~! 5! ’
831 Orotate ion ‘ B .
Water FP/SD 315, 22000 tOxygen quenching; pK, 9.4; 7r = 137 = 10 us; pH 7.0 71E367
832.  Orotic acid - :
Water FP/SD 310, 11000 1Oxygen quenching; pK, 4.6; 7r = 137 = 10 us; pH 3.0 71E367
280, 14000
- 833 7-‘0x§-2,3-dl'bemylbicyclo[2.2.l]heptl—2,5-diene . . .
- Benzene LP/RA- 410 £ 5, 5640 & 1400  §Oxygen and azulene quenching; ¢ relative to benzo- 84A355
i : phenone in benzene (&3, = 7600 L mol~! cm™"), as-
suming Py = 1 for benzophenone and taking ®1 =
) 0.70 for the compound in benzene; 71 = 0.45 & 0.07 ps
MeOH: LP 4055 1Oxygen quenching; 71 = 0.41 & 0.06 ps 84A355
834. 7-Oxa-2,3-dibenzoyibicyclof2.2.1}hept-2-ene . 3 .
Benzene ’ " LP/RA 450 & 5%2700 = 700  }Oxygen and azulene quenching; € relative to benzo-- -84A355
: 3420 phenone in benzene (€53, = 7600 L mol~' em~!), as-
suming ¥t = 1 for benzophenone and taking ¥ =
0.74 for the compound in-benzene; 7r = 1.4 + 0.2 us
835." Oxonine cation R v v :
McOH FP-ET/SD 7508, 15000 {Triplet ET from 9,10-dibromoanthracene, oaygen 767246
675° 5000° quenching; € assumes triplet does not absorb where
singlet depletion is followed; 71 = 140 ps; pH Basic
836.: Oxonine cition; conjugate monoacid-
MeOH . FP-ET/SD - 650%,:16000% - {Triplet ET from 9,10-dibromoanthracene; e assumes 767246
380°, 13000° triplet does not absorb where singlet depletion-is fol-
s lowed; 71 =55 us; pH Acidic
© 837. Oxotitanium(IV) tetraphenylporphyrin )
_ EtOn ) LP 465 1Oxygen quenching; delay 200 ns; triplet species likely 34B008
. : - - : : to be in equilibrium with EtOH-coordinated triplet; rr.
838. Patladium(Il) etioporphyrin I
DMF R - 'FP/SD 410,-70000 1Phosphorescence decay; 71 = 300 ps " 73E345
o 365, 51000
839. -Palladium(1) tetrabenzoporphyrin
Pyridine FpP 480 {Phosphorescence decay; v+ = 190 us T3E345
’ 85 - )

J. Phys. Chem. Ref. Data, Vol. 15, No. 1, 1986



142 I. CARMICHAEL AND G. L. HUG
TauLk 6, Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax s €max Comment Ref.
/nm /L mol~! cm™!
840. Palladium(II) tetrakis(carboxyphenyl)porphyrin
Water LP 850 82E622
720
841. Palladium(II) tetrakis(4-N-methylpyridyporphyrin
Water LP/TD 940, 6400 =+ 600 Shoulder at 820 nm 82E622
470°, 33400 % 3300
450°, 52000 + 5200
842. Palladium(Il) tetrakis(p-sulfonatophenyl)porphyrin
Water LP/TD 830, 7600 =+ 800 Shoulder at 700 nm 82E622
460°, 28000 £ 2800
843. Palladium(II) tetraphenylporphyrin
MCH FP/TD 450, 47000 §Oxygen quenching; 71 = 380 ps 81E271
385, 30000
- Pyridine FP/SD 450, 47800 T3E345
385, 35000
844. [2.2]Paracyclophane
2-MTHF (77 K) LP 550 Most intense peak at 380 nm; polarization also mea- 79B050
380 sured
340 .
2-MTHEF (77 K) PS 380 Solvent uncertain; polarization also measured; rr = 81F201
>10° ps
845. Pentacene
1-Chloronaphthalene FP/TD 505, 9900 727073
Benzene (323 K) FP/TD 505, 120000 Peak at 305 nm was the values measured in cy- 727348
472, 48000 clohexane; shoulders at 440, 418, 355, and 292 nm, with
392, 3000 the 292 nm figure for cyclohexane; 5 electronic transi-
374, 6500 tions were assigned with 0-0 bands at 505 nm (*Bjp),
340, 6900 392 nm (A, 374 nm (°Bip), 340 nm (°BY), and 305 nm
305, 560000 (B} Ti was *Bfy; 7r = 69.9 * 3.4 us; oscillator
strength = 0.7, <0.005, 0.03, <0.005, 2.1
Hexane FP/SD 525, 30000 Bands were assigned to 4 separate electronic transi- 58E001
490, 205000 tions; bands at 490 and 457 nm were assigned to the 2nd
457, 107000 electronic transition; oscillator strength = 0.2, 2.4, 1.4,
383, 60000 2.0
305, 630000
Hexane FP 492 Relative intensities (3:2:1:10) ¢ = 110 == 12 pus 61E005
460
385
300
846, Pentacyclo[18.2.2.2°2,0*° 057 |hexacosa-4,6(17),9,11,15,20,22,23,25-nonane-10,25-dicarbonitrile
Acetonitrile LP 775° {Triplet ET to piperylene, rises with fluorescence de- 776187
505° cay, oxygen quenching; 200 ns delay; “layered cy-
clophane”
Toluene LP 760° {Triplet ET to piperylene, rises with fluorescence de- 776187
525° cay, oxygen quenching; 200 ns delay
847. Pentahelicene
MCH/Isohexane FP 630 {Rise time identical to fluorescence decay, oxygen 79A237
420 quenching (5.7 X 10* L mol~! s~'); relative intensities
(3:1); solvent was 2:1 MCH to isohexane; r¢ — 0.31 ==
0.02 us :
MCH/Isohexane (93 K) FP 630 }Phosphorescence decay, ODMR signal; relative in- 79A237
420° tensities (3:1); solvent was 2:1 MCH to isohexane; 71 =
2 x 10° ps
848. Pentaphene
Cyclohexane LP/SD 493, 45900 Delay 100 ns 84E390
440, 37300*
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was extrapolated to zero.intensity of the monitoring
beam (namely iy — 0), here 7 was lifetime of triplet, and
®; was fluorescence quantum yield; oscillator strength
=0.11

TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 143
TABLE 6. - Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amex » €max Comment Ref.
: ' /am /L mol~! cm™
849, “cis-Perinaphthothicindigo .
-MCH/Toluene (93 K) LP 661° Glass was 1:1 MCH to toluene; shoulder at 715% 661 82F295
o T 590* nm peak was:the more intense
MCH/Toluene (93 K) LP 641° Shoulder at 716* nm; glass was 1:1 MCH to toluene;: 82A190
591° rr=~10us :
850. :trans-Perinaphthothioindigo : .
MCH/Toluene (93 .K) LP 733 Glass'was 1:1 MCH to toluene ) 82F295
MCH/Toluene (93 K) LP 733 }Oxygen quenching at 295 K; glass was 1:1 MCH to 82A190
toluene; 71 = ~10 ps
851. 1 #Pennaphthyldlyl . .
. EPA (T7. K) " PS 5120 {ESR, T~! ESR signal intensity; triplet 0-0 bands only; 79E175
: 3450 apparent triplet ground state; spectrum probably con-
250° tams singlet transitions
852. Perylene .
' Benzene PR/ET 490, 14300 ¢ relative to benzophenone ketyl . radical in cy- 71E360
i ' : R ) clohexane (€ms = 3700 L mol~' cm™'); ¢ obtained
from a simultaneous least squares fit of data from
several compounds making use of cyclohexane to ben-
ZENE €ma ratios of 1,83 for naphthalene and 1.45 for
) ) ‘anthracene
“Benzene LP-ET " 500 Triplet ET from 1-nitronaphthalene; k., = 4.2 X 10°L. 747236
460 mol-!s=!
Cyclohexane LP/ET 480, 13000 Triplet ET from anthracene; € relative to anthracene i in 777391
b ) o cyclohexane (€5 =-64700 L mol~! cm~!) .
Hexane FP 485.9 i 54E001
Hexane FP 488 The two bands were assigned to different electronic 58E001
'280- transitions.
Polystyrene ‘PR 495 Ge = 6500 L mol~* cm~'7 (100 eV absorbed); half life 672086
’ = 6000 s '
853. Perylene/Chloranil , '
Liquid paraffin MOD 475 Mull: TIE361
PMMA PS 595 Charge transfer complex; most intense peak at 480 nm' 766652
‘ 580
563
544
505
480
463
854, Phenanthrene .
" . .1:BuOH/Isopentane PS 493.1 A distinction between a 1:7.and a 3:7 glass was not - 63B001
(77 K) 460.2 made; all 3-vibronic bands were assigned to the *B; «
. 131.0 3A transition )
3-MP (77.K) PS/ESR +90, 41500 JESR; only most intense visible peak reported 696115
Benzene PR/ET 492.5, 15700 € relative - to - benzophenone ketyl -radical in cy- T71E360
clohexane (€msx = 3700 L mol~! em™*); ¢ obtained
from:a simultaneous least squares fit .of data from
several compounds making use of cyclohexane to ben-
ZENE €m Tatios of 1.83 for naphthalene and 1.45 for
) anthracene -
Benzophenone (77 K) PS/COM 500, 2100° =+ 1000 Mixed crystals; shoulders at 4952, 4882, 4782, 469%,-and . ‘68E106
474, 1200 455" nm; € measured by a technique involving. re-
467, 1300°° absorption of phosphorescence
441°, 500° ‘
435%, 500° . :
Butane/Isopentane PS/IV 492.5, 27000 =+ 5000 Glass was 3:7°'butane to isopentane; er was computed 65E031
4592, .~ 11000 from OD = ermyig(1 - ®y) after the optical density, OD, :
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nmm /L mol~' cm™!
Cyclohexane FP 430 T = 145 us 62E009
Cyclohexane PR/ET 482.5, 21000 + 5250 € relative to benzophenone ketyl radical in water (es37.s 680727
= 3220 L mol~! cm™"), assuming this value for €545 in
cyclohexane
Cyclohexane LP 485 {Rise time of transient was the same as the decay time 68B006
460 of the singlet
. 425
Cyclohexane PR/ET 482.5, 25200 € relative to benzophenone ketyl radical in cy- 71E360
clohexane (€msx = 3700 L mol~' cm~'); reference €
obtained by starting from €max = 3220 L mol~' cm™'
for this ketyl radical in water and assuming the fof the
ketyl radical is independent of solvent; final € obtained
from a simultaneous least squares fit to data from
several compounds
Dipropyl ether (100 K) FP 493 Shoulder at 474° nm; 77 = 3.8 X 10° ps 696073
463*
437*
Dipropy! ether (110 K) PS 498° Relative intensities (4:2:1); polarization also measured 70B002
465°
439°
EPA (77 K) PS/1V 493.1, 1560° = 190 {Phosphorescence decay; €’s are too low; Ist transition 51E001
459.6, 880° + 80 assigned as °L, — *C,
EPA (77 K) PsS 493.1 {Phosphorescence  decay; relative intensities 34B001
460.2 (100:45:14); 7+ = (3.3 = 0.2) X 10 ps
431.0
EPA (77 K) PS 828 {Phosphorescence decay; 7t = (3.9 % 0.8) X 10% us 67E106
735
656
599
493
EPA (77 K) PS/KM 4992, 185007 Solvent, temperature and extinction method assumed 69E213
4662, 9200° from earlier work; polarization also measured
4312, 2800°
EPA (77 K) FP/SD 492.5, 38000 + 6000 71 = 3.4 X 10° ps; oscillator strength = 0.15 69F389
461%, 17000*
4312, 5700°
EPA (77 K) PS/KM 493, 20400 Amax assumed from previous work 69E212
EtOH (293 K) FP 482 68E098
EtOH (77 K) MOD/KM 489, 38000 = 9500 737055
457.5, 16000 + 4000
428, 5400 + 1300
293, 13000 + 3300 )
EtOH (77 K) MOD 490 Halfwidth 550 cm™! 777538
EtOH LP 480° Relative intensities (3:2); solution contains Ag ions; 1.8  78ES54
450° ps delay
EtOH LP 482° Solvent absolute EtOH 82B052
452 ’
427
EtOH/MeOH (104 K) PS 489 Solvent was 3:1 EtOH to MeOH; polarization also 68E102
459 measured
EtOH/MeOH (101 K) PS 490° Glass was 3:1 EtOH to MeOH 75B002
4502
Ethylene glycol FP 485 Relative intensities (100:60:25:10); 7t = 910 % 83 us  61E005
453
428
400
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No.

Solvent

Method

Amax » €max
/nm /L mol~! cm~!

Comment Ref.

855.

Heptane (77 K)

Hexamethylbenzene
(130 K)
Hexane

Hexane

‘Hexane (77 K)

Liquid paraftin
Liquid paraffin
PMMA (293 K)

PMMA

PMMA (15 K)

Polystyrene

Polyvinylbutyral (77 K)

Polyvinylbutyral (77 K)

SDS

Toluene (77 K)

Phenanthrene-d,,
3-MP (77 K)

3-MP (77 K)

PS

PS

FP

Fp

PS

kP
FP/TD
PS

LP

PS

PR

LP
FP

LP

MOD

PS

PS/ESR

829
723
650
496
492
485
474
465
455
443
435
428
405
496
465
481.0
452.9
425.0
480
450
428
399
497.5
485.9
471.9
460.0
435.9
430.1
410.0
480
480°, 24000 + 2000
488.8
456
426
520
510
481
454
816
720°
489
495°
458°
493
460
430°
493
460
425"
490*
460*
420°
400°
500

825

727

650

594

489, 42900
4577, 19100*
4292, 7900*

Single crystal; relative intensities (100:61)

Relative intensities (100:60:25:10); 7+ = 93 = 7 ps

Relative intensities (10:_: :4:_:2: )

Viscosity of solvent was 0.167 N-s/m? 71 = 2400 us

Relative intensities (100:55:10)

Geéws = 11000° L mol~! cm~' / (100 eV absorbed);

69E211

67B008

54E001

61E005

69E211

62E009
67E031
67B008

70E288

81B09%4

701073

Geésss = 9200° L mol~! cm™! / (100 eV absorbed)

Relative intensities (5:2:1); polymer film; 7+ = 4.4 X

10° ps

Most intense peak at 490 nm; aqueous micelle

Halfwidth 670 cm™!

{ESR; band was assigned as ‘A, < ’By oscillator

strength = 0.23

80E867

82E129

81NO16

777538

67E106

68D211
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Tanm 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent

Method

Amas 5 €max
/nm /L mol~' ecm™’

Comment

Ref.

3-MP (77 K)

3.MP (77 K)

2077 K)

Biphenyl (4 K)

Cyclohexane

EPA (77 K)

EPA (82 K)
EPA (77 K)
EPA (17 K)
EPA (77 K)

Heptane (77 K)

Hexamethylbenzene
(130 K)

Hexane

PMMA (293 K)

856. Phenanthrene/Pyromellitic dianhydride

Dipropyl ether (100 K)
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PS

PS

PS

PS

Lp

PS/RA

PS/KM

FP/SD
PS/KM

PS

PS

PS

PS

FP

490°
456"
429
827
728°
648"
586°
495
454°
488
459
4320
498

520

510

481

454

830, 675
734

658

598

493

459

487, 20400 + 1100
493

492.5, 31000 + 5000
823, 1000°
723%, 1400°
651°, 1100°
597%, 960°
495, 20400
460°, 9500°
426°, 2800°
830

770

725

650

497

494

487

475

467.5

457

443

435

426

409

400

495

465

830

770

725

650

486.6

454

424

493*
437°

Band at 495 nm assigned as the 0-0 of the ‘A « *Bj
and was the most intense band, ~ 4 times as strong as
the bands to the red; 493 nm was the strongest vibronic
band; shoulder at 426° nm

{Phosphorescence decay and ESR lifetime; glass used
was either 2-MTHF or 3-MP; 71 = 1.36 X 107 ps

Maximum is taken from the c’-axis absorption spec-
trum

{Phosphorescence decay; ratio of intensity at 493 nm
to that at 830 nm was 40; € relative to phenanthrene-#o
in 3:7 butane/isopentane glass at 77 K (€425 = 27000L
mol~! cm™!); the 830 nm transition was assigned as *L,
« Ly 71 = (1.63 & 0.15) X 10’ ps

Transition assigned as ‘A7 « ’Bf

77 = 1.22 X 10" ps

Two electronic transitions were assigned, the 2nd
starting at 495 nm; shoulder at 926° nm; e-method as-
sumed on basis of earlier work by authors, oscillator
strength = 0.02, 0.15

Relative intensities

(14:13:19:12:100:88:59:35:43:30:19:24:20:11:10)

Single crystal; relative intensities (100:65)

Weak bands in the red only studied

Relative intensities (100:65:10)

69E210

74B002

67E108

67B008

70E288

67E106

68B003
69B001
69E389
747347

69E211

67B008

67B005

67B008

696073
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! em™! '
857. Phenanthrene/Tetrachlorophthalic anhydride
Dipropy! ether (100 K) FP . 4982 Shoulder at 435* nm; 77 = 1.1 X 10® us 696073
469°
858. Phenanthrene-dyo/Tetrachlorophthalic anhydride
EPA (77 K) PS 492 67B009
458
431
859. Phenanthridine
EtOH/ELO (77 K) PS 735 Solvent was 3:2 EtOH to Et;O; relative intensities 80B130
660 (17:25:70:82:84:100:65); Er = 265 kJ mol ™'
568
529
493
463
439
PMMA (293 K) FP 440 T = 2.5 X 10* ps 70E291
PMMA (77 K) PS 560 70E291
520
465
860. 6(5H)-Phenanthridinone
EtOH (300 X) FP 425 81E649
861. 1,10-Phenanthroline
2-PrOH FP 445 {Oxygen quenching, pentadiene quenching; 7+ = 33 777201
422 *+2upus
Benzene PR 440 Tr =33 06us 82A259
420
Cyclohexane FpP 442 }Oxygen quenching, pentadiene quenching; 7+ = 26 777201
) 422 + 3 pus
EtOH FP 445 {Oxygen quenching, pentadiene quenching; 7+ = 35 777201
425 + 4 us
EtOH/Et0 (77 K) PS 450 Solvent was 3:2 EtOH to Et,0; relative intensities 80B130
427 (100:93); Er = 264 kJ mol™!
EtOH/MeOH LP 4342 Solvent was 4:1 EtOH to MeOH; shoulders at 456 and 81E786
410°* nm
Heptane FP 440 1Oxygen quenching, pentadiene quenching; 7r = 19 777201
420 = 2ps '
Isopentane FP 440 1Oxygen quenching, pentadiene quenching; 7r = 17 777201
420 + 2 ps
PMMA (77 K) PS 450 rr = 8.7 X 10° ps 70E291
421
PMMA (293 K) FpP ~440 Decay was nonexponential, and lifetime was calcu- 70E291
lated from a terminal 1st-order rate constant; 71 = 4.3
X 10° us
Water FP 450 {Oxygen quenching, pentadiene quenching; 7y = 42 777201
425 +4ps
862. 1,7-Phenanthroline
EtOH/Et;,0 (77 K) PS 476 Solvent was 3:2 EtOH to Et,O; relative intensities 80B130
441 (92:100); Et = 267 kJ mol~!
863. 1,8-Phenanthroline
EtOH/Et,0 (77 K) PS 481 Solvent was 3:2 EtOH to Et;0O; relative intensities 80B130
457 (87:100:52); Ex = 262 kJ mol~!
426
864. 1,9-Phenanthroline
EtOH/Et,0 (77 K) PS 482 Solvent was 3:2 EtOH to Et,0; relative intensities 80B130
454 (100:65:43); Ex = 262 kJ mol™!
426
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amar » €max Comment Ref.
/nm /L mol!cm™!
865. 4,7-Phenanthroline
EtOH/EtO (77 K) PS 488 Solvent was 3:2 EtOH to Et,O; relative intensities 80B130
458 (100:66:32); Er = 267 kJ mol~!
435
866. Phenazine
Benzene FP 440 Tr = ~130 us 717154
CF,CH,0H FP/SD 456°, 14100* 1Oxygen quenching; no absorption could be seen in 716169
3557, 36900° the 360 - 400 nm region, possibly due to SD masking it;
lifetime was concentration dependent, and the value
quoted was the longest measured and was measured at
the lowest concentration; 71 = 170 ps
Cyclohexane FP . 511° Shoulder at 434* nm; 445 nm was the more intense 707337
445" peak; delay 30 ps
Iscoctane LP 500* Relative intensities (1:2); 50 ps delay; shoulders at 465, 766469
440 455 and 425 nm; rise time of 140 ns :
MCH FP/SD 4407, 15100* 1Oxygen quenching; €'s at wavelengths shorter than 716169
3782 36700° 420 nm were more uncertain than the 440 nm band
3567, 38400° because of the SD region; 7+ = 42 & 3 us
MeOH FP 508° Shoulder at 441* nm; 447 nm was the most intense 707337
447° peak; delay 65 ps '
3912 .
MeOH LP 500° Relative intensities (1:2); rise time of 200 ns 766469
440
PMMA (293 K) FP 460 71 = 9000 ps 70E291
440
426
Toluene (293 K) FpP 515° {Phosphorescence decay in EPA at 77 K, oxygen 80E778
430° quenching
Water FP 506° Shoulder at 416* nm; 445 nm was the more intense 707337
45° peak; pH ~6
867. Phenazine, conjugate monoacid .
MeOH FP 460 Solution was 0.1 mol L~! acetic acid and 0.1 mol L~! 687213
sodium acetate; delay 60 pus; pK, 3.8; 71 = 340 = 40 ps
868. Phenol
Water (298 X) LP ~250 Lifetime was measured at pH 7.5; spectrum is the dif- 757161
ference between spectra at 20 ns and 15 ps; 77 — 3.3
us; pH 7.7
869. Phenosafranin
Water FP 664° Any maxima in the range of 400 - 600 nm were masked 697061
by SD; pH 3-5
870. Phenothiazine
3-MP (77 K) PS 465 67E106
EPA (77 K) PS 467 67E106
MeOH LP/ELT 460, 27000 € relative to phenothiazine radical cations in MeOH 757353
(€s20 = 9300 L mol~! cm~"); ELT measurement used
Eu*® ions as electron acceptors; 2nd-order rate con-
stant in ELT = 4.7 X 10° L mol~'s~!
871. Phenoxazine
3-MP (77 K) PS 460 7r = (2.7 £ 0.3) X 105 ps 67E106
Benzene FP 465 {Phosphorescence decay in PMMA at 90 K; 77 = 26 707186
us
EPA (77 K) PS 458 {Phosphorescence decay; 7t = (2.7 + 0.2) X 10° us  67E106
EtOH FP 465 {Phosphorescence decay in PMMA at 90 K; 7 = 44 707186
us
Hexane FP 465 }Phosphorescence decay in PMMA at 90 K; 7+ = 26 707186
us
MCH FP 465 {Phosphorescence decay in PMMA at 90 K; 7r = 32 707186
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €max Comment Ref.
/nm /L mol™'cm™!
872. 3-Phenylacetylacetone
EtOH/MeOH (118 K) FP 490 Solvent was 3:1 EtOH to MeOH 68B005
873. Phenviacetylene -
Isopentane/2-PrOH PS 2552 {ESR; glass was 7:3 isopentane to 2-propanol by vol- 63B007
(77 K) ume; by assuming that radical formation occurs only
from T and that it is wavelength-independent, the
author devise an ESR method that determines the
shape of TTA even in the SD region
874. 9-Phenylacridan
EtOH (97 K) FP/? 520, 10000° Shoulder at 625 nm 697225
875. N-Phenylacridan
EtOH (93 K) PS 525° 69E214
876. Phenylalanine
Water (298 K) LP 316 Spectrum is the difference between spectra at 10 us 757162
' 244* and 20 ns; 7r = 2.4 = 0.2 ps; pH 0.3 )
Water (298 K) Lp ~310 1Oxygen quenching; spectrum is the difference be- 757162
~240 tween spectra at 10 us and 20 ns; 71 = 3.1 = 0.3 ps; pH
7.5
877. 4-(Phenylamino)-7H-benz[de]anthracen-7-one
Benzene LP 638* {Oxygen quenching (1.7 X 10° L mol~' s~); haif-life 757427
590° = ~0.28 ps
878. 9-Phenylanthracene
2-PrOH FP 428* 65F031
EtOH Fp 430 {Qucnching by hcavy atom containing moleculcs 67E109
EtOH FP/ET 440° 9100 Triplet ET from eosin and proflavine; € relative to 716235
428, 13500 eosin in EtOH (€550 = 9400 L mol~' cm~") and pro-
424°, 12500 flavine in EtOH (essp = 11000 L mol~' cm™?)
EtOH FP-ET/RA 694°, 28 € relative to 9-phenylanthracene in EtOH (e = 78E019
14000 L mol~! cm~")
Ethylene glycol FP 432 {Quenching by heavy atom containing molecules 67E109
Liquid paraffin FP 434 65F031
879. 4-Phenyibenzophenone
Alcohol/Ether (77 K) MOD 540 Glass was 2:1 alcohol to ether T6E682
880. 9-Phenyl-9H-9-bismafluorene
MCH/Isopentane (77 K) FP 387 }Phosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
pentane; shoulder at 369° nm; v+ = 1000 us
881. 1-Phenylcyclohexene
Cyclohexane LP-ET/RA 325% 4400 € relative to naphthalene in cyclohexane (€43 = 24000 82E181
L mol~! cm™"), but in ref. cited (€45 = 24500 L. mol-'
cm™"); triplet ET from thioxanthone; 71 = ~0.065 us
882. 1-Phenyldeoxybenzoin
Benzene LP 425 1Oxygen quenching ( >10° L mol~' s~), piperylene 79A028
338 quenching; relative intensities (1:3); 7r = 0.27 ps
883. 2,2'-(1,4-Phenylene)bisbenzoxazole
Toluene LP/TD 480, 18600 X+ 250 Shoulders at 562, 528, 451°, and 405° nm; 71 = 0.48 = 82E632
420 0.05 ps
884. 2,2'-(1,4-Phenylene)bis[5-(4-butoxyphenyl)oxazole]
2-MTHF (77 K) CWL 590 “DibutoxyPOPOP” 74B003
885. 2,2'-(1,4-Phenylene)bis[5-phenyloxazole]
2-MTHF (77 K) CwL ~ 500 “POPOP” 74B003
Dioxane Lp 550° Weak very broad bands 80E438
360°
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/om /L mol~! cm™!
886. O-(2-Phenylethyl) 4-(dimethylamino)b bothioat
Cyclohexane LP/SD 450, 20000 + 10000 1Oxygen quenching and triplet ET to tetracene; rr = 737318
0.5 ps
887. O-(2-Phenylethyl) 4-methoxybenzenecarbothioate
Cyclohexane LP 430 {Oxygen quenching; 71 = 0.3 ps 737318
888. 0O-(2-Phenylethyl) 1-naphthal bothi
Cyclohexane LP 480 }Oxygen quenching and triplet ET to tetracene; 7+ = 737318
1 ps
889. 0-(2-Phen§lethyl) 2-naphthalenecarbothioate
Cyclohexane LP 440 {Oxygen quenching 737318
890. 2-Phenylindene
Benzene (298 K) LP-ET ~390 }Triplet ET from benzophenone, oxygen quenching (4 81E214
X 10°Lmol~'s ), 7r = > 3 us; ke = 6 X 10°L
mol ! s!
Benzene (298 K) FP 392 Tr = > 100 ps 81E214
Benzene (298 K) LP-ET 392 {Triplet ET from xanthone, oxygen quenching (3.8 X 81E214
. 10°L mol~'s™"); 71 = > 5 us; kg = 6 X 10° L mol "
s—1
EPA (77 K) FP 390 Most intense peak at 390 nm; 71 = 40 us 737069
368
352
EPA (298 K) LpP 380 81E214
360
891. - B-Phenyl-4'-methoxypropiophenone
Benzene LP 381 84E018
892. 1-[[(PhenylmethyDsulfonylmethyllnaphthalene
Acetonitrile LP 430° 84B022
893. 1-Phenyinaphthalene
3-MP (77 K) PS/ESR 495, 18400 {ESR; shoulder at 418° nm; oscillator strength = 0.16 69B002
462°, 10300*
441°, 5700°
Cyclohexane LP/ET 480, 17600 + 1000 {Triplet ET from TMPD; € relative to TMPD in cy- 757282
clohexane (es;p = 11900 L mol~! cm™')
894. 2-Phenylnaphthalene
3-MP (77 K) PS/ESR 476, 2400* FESK; oscillator strength = 0.31 698002
433, 34600
410, 19300°
382%, 12400°
Cyclohexane LP/ET 425, 48300 == 5000 {Triplet ET from phenanthrene; ¢ relative to phen- 757282
anthrene in cyclohexane (€425 = 25200 L mol~' cm™"}
895. N-Phenyl-2-naphthylamine
FtOH (77 K) MOD/KM 520, 9000 + 2300 737055
331, 7000 = 1700
292, 21500 + 5400
896. 2-Phenyl-2-norbornene
Cyclohexane LP-ET/RA 325% 17900 € relative to naphthalene in cycloh (€413 = 24000 82E181
L mol~! cm™'), but in ref. cited (€415 = 24500 L mol~!
cm™Y); triplet ET from thioxanthone; 71 = »2.0 ps
897. 9-Phenyl-9H-9-phosphafluorene
MCH/Isopentane (77 K) FP 387 {Phosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in-condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/nm /L mol~! em™!

898. 9-Phenylproflavine, conjugate monoacid
EtOH/Et;O0 (90 K) PS/SD 1190, 41000° Solvent was 2:1 EtOH to Et,0 57B0C1
690, 8000°
575, 15000*
395, 12000°
280, 47500°
240, 18000*

899. 9-Phenyl-9H-9-stibafluorene
MCH/Isopentane (77 K) FP 3782 {Phosphorescene lifetime; glass was 3:1 MCH to iso- 81E648
pentane; 7t = 1.2 X 10* us

900. 1-Phenylthio-3,4-dihydronaphthalene

MCH FP . 5507 {Oxygen quenching; 71+ = 0.46 ps 78A237
430°

MCH (110 K) FP 560° {Oxygen quenching; 71 = 2.0 X 10° ps 78A237

901. Pheophytin @

Benzene -FP 480 55E003

Benzene FP 500 430 nm band was judged to be of “doubtful signifi- S8R002
430 cance” by the experimenters; benzene was wet

EtOH (298 K) FP/SD 687°, 4700° 7r = 750 = 100 ps T0E296
667°, 4700 =+ 500
5282, 18100°
407%, 62800*
3322 47100°

Pyridine FP 430 Maximum was judged to be of “doubtful significance” 58R002

by the experimenters

902. Pheophytin b

Benzene FP 510 430 nm maximum was judged to be of “doubtful sig- 58R002
: 460 nificance” by the experimenters; 460 nm was the most
430 intense peak; benzene was wet
EtOH (298 K) FP/SD 667", 4700 + 500 Shoulders at 508 nm and 662 nm; 71 = 1050 % 100 us  70E296
481%, 31400°
423%, 71200
Pyridine FP 520 Maxima at 410 and 520 nm were judged to be of 58R002
460 “doubtful significance” by the experimenters
410
903. Photoprotoporphyrin isomer “A”, dimethyl ester
Benzene LP/TD 475%, 35500 1Oxygen quenching (2.3 X 10° L mol~! s~); relative 80E200
471 intensities (3:4:5); 71 = 83 uy .
420°
349
Benzene PR/ET 475, 39200 {Oxygen quenching (2.6 X 10° L mol~'s~'"); e relative 80E200
4712 to biphenyl in benzene (€10 = 27100 L mol-! cm~1);
420° relative intensities (8:4:5); 7+ = 83 us
349
904. Photoprotoporphyrin isomer “B”, dimethyl ester
Benzene PR/ET 477" 1Oxygen quenching (2.1 X 10° L mol~!s™'); e relative 80E200
475°, 37000 to biphenyl in benzene (€10 = 27100 L mol~! cm~");
4112 peaks roughly of equal intensity; 71 = 89 ps
349°
905. Phthalazine
1-BuOH/Isopentane FP/SD 420.5, 4450 % 200 Glass was 3:7 1-BuOH to isopentane; oscillator 726177
(77 X) strength = 0.11
Benzene FP 396° 747093
EPA (77 K) FP 4032 tPhosphorescence decay 747093
Et,0 FP 387 Shoulder at 423* nm 747093
EtOH FP 385° Shoulder at 425" nm 747093
EtOIl/Acctic acid Fp 387 747093
Hexane FP 3892 Shoulder at 427° nm 747093
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax 5 €max Comment Ret.
/am /L mol~! em™!
906. Phthalocyaninatabis(pyridine)rutheninm(IT)
Methylene chloride LP ~500 82C018
907. Phthalocyanine
1-Chloronaphthalene LP/TD 480, 28500 + 2000 {Triplet ET to B-carotene; authors prefer this value to  78A378
those obtained by either SD or E1' methods; T+ = 130
+ 10 ps; Er = 120 = 10kJ mol™%; ky = 1.25 X 10°
L mol-'s!
1-Chloronaphthalene PR/ET 480, 36000 78A378
I-Chloronaphthalene LP/SD 4380, 38300 }Authors reject this € value since residual triplet and  78A378
excited singlet absorptions are neglected
1-Chloronaphthalene LpP/TD 480, 37000 =+ 4000 € method inferred from text 81E457
1-Chloronaphthalene LP/SM 480, 18000 = 2000 {Triplet ET to B-carotene; 71 = 125 ps 81EAST
908. 15-cis-Phytoene
Cyclohexane LP-ET/ET 320, ~20000 {Triplet ET from fluorenone; € relative to fluorenone 761035
(es1s = 5500 L mol~' cm™'), no solvent specified for
this unpublished relative reference; 71 = ~1 ps; Ey =
176-201 kJ mol'; kg = ~1 X 10" L mol~'s~!
909. all-trans-Phytoene
Cyclohexane LP-ET/ET 320, ~20000 {Triplet ET from naphthalene; € relative to naph- 761035
thalene in cyclohexane (e45 = 24500 L mol~! cm™");
77 = ~1 ps; Er = 176-201 kY mol~'; ko = ~1 X 10
L mol~!s~!
910. Picene .
2-MTHF (77 X) PS/ESR 636, 75500 {ESR; the band was assigned as A, « 3B,; oscillator 63D211
5752, 20100° strength = 0.40
535%, 11000*
467, 5300°
Benzene MOD 560 7r = 160 ps 71E361
Benzene LP 685 Delay 370 ns 737463
667
654
629
571
552
535
515
493
452
EPA (77 K) PS/SD 630, 62000 + 6200 68E105
EPA (77 K) PS/KM 6232, 21300° Solvent, temperature and extinction method assumed = 69E213
5754, 7200° from earlier work; polarization also measured
5332, 3700°
EPA (77 K) PS/IV 620, 23000 Amax assumed from previous work; € estimated by ex- 69E212
trapolation to infinite excitation rate
EtOH (77 K) MOD 622 Halfwidth 570 cm™! 777538
Toluene (77 K) MOD 631 Halfwidth 570 cm™! 777538
911. 2-Piperidinoanthraquinone
Benzene PR/ET 5812, 14400° {Triplet ET from triplet donors and triplet ET to trip- 720392
let acceptors; € relative to naphthalene in benzene (€ss
= 13200 L mol~! em™'); 70 = ~20 ps
912. Pivalophenone
2-PrOH LP 500° {Triplet ET to naphthalene; relative intensities 79P066
450° (1:2:3:5); maxima inferred from text; v = 0.5 ps
4mﬁ
360
Benzene LpP 500° {Triplet ET to naphthalene; relative intensities 79P066
450° (1:2:3:5); 71 = 0.37 = 0.03 ps; ket = (2.0 £ 0.4) X 10°
400° L mol~!s~!
335
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax €max Comment Ref.
/mm /L mol~'cm™!

913. Poly[oxy[2-(1-pyrenylmethyl)-1,3-propanediyljoxy(1,4-dioxo-1,4-butanediyl))

DMF LP 425* {Rises with fluorescence decay, oxygen quenching 80B076
914. Poly[oxy[2-(1-pyrenylmethy])-1,3-propanediyljoxy(1,4-dioxo-1,4-butanediyl)]/1,4-Dicyanobenzene
DMF LpP 425° {Rises with fluorescence decay, oxygen quenching 80B076
915. Poly[oxy[2-(1-pyrenylmethy])-1,3-propanediyl]oxy(1,4-dioxo-1,6-hexanediyl)]
DMF Lp 430° {Rises with fluorescence decay, oxygen quenching 80B076
916. Polyloxy[2-(1-pyrenylmethyl)-1,3-propanediyl]oxy(1,4-dioxo-1,6-hexanediyl)}/1,4-Dicyanobenzene
DMF LP 435° {Rises with fluorescence decay, oxygen quenching 80B076
917. Poly(phenylisopropenyl ketone)
Benzene LP 450 {Triplet ET to naphthalene, oxygen quenching (6 X 79P066
108 Lmol™" s™"); 7 = 0.1 ps; ke = (1.5 % 1) X 10°L
mot~'s~!

918. Poly(d-vinylbenzophenone)
Benzene LP 535 Tr = 2.27 ps T9A1T1

919. Poly(2-vinylnaphthalene)

Benzene PR/ET 426°, 12000 §Triplet ET from biphenyl; ¢ relative to biphenyl in - 79E666

: benzene (€357 = 27100 L mol~! cm™"); degree of poly-
merization = 318 (monomer units); 71 = 13.2 ps; ko =
1.8 X 10* L mol~'s~!

Benzene PR/ET 426°, 14000 {Triplet ET from biphenyl; € relative to biphenyl in 79E666
benzene (€357 = 27100 L mol~! cm~'); degree of poly-
merization = 2690 (monomer units); 7+ = 10.6 us; ke
= 0.8 X 10° L mol~'s~!

Benzene PR/ET 426°, 11000 {Triplet ET from biphenyl; € relative to biphenyl in  79E666
benzene (€3e; = 27100 L mol~! cm~'); degree of poly-
merization = 688 (monomer units); 7r = 12.2 ps; k., =
1.4 X 10° L mol—!s~!

Benzene PR/ET 426° 11000 {Triplet ET from biphenyl; € relative to biphenyl in 79E666
benzene (€35; = 27100 L mol~! cm~!); degree of poly-
merization = 109 (monomer units); 7t = 9.7 us; kg =
34 X 10°L mol~'s~!

920. 21H,23H-Porphine

Dimethyl phthalate FP/SD 7522, 4890* . Shoulders at 795 nm and 440 nm 74B007
4197, 98600°
3842, 35400°
921. Proflavine
EtOH FP/SD 550, 11000 716235
Water (296 K) FP/TD 549, 8000 + 800 pH Basic 81E147
922. Proflavine, conjugate diacid
SDS LpP 1160 }Oxygen quenching; 1 ps delay; aqueous micelle; pK, 80N112
560 = 4.0; cation radical (A 820 nm) also formed; 1 =
7us:pH3
923. Proflavine, conjugate monoacid
EtOH FP/TD 455, 6000 pH Acidic 727073
EtOH/Et,0 (90 K) PS/SD 1100, 63000° Solvent was 2:1 EtOH to Et,0 57B001
9177, 12500°
675, 10000*
550, 12500*
400, 4000*
350, 6500°
280, 47000°
235, 11000*
210, 10000*
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TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued

No. Solvent Method Amax » €max Comment Ref.
/mm /L mol~ cm™!
Glycerol (293 K) FP 650* Solvent has added glucose 776171
600*
5400
SDS LP 1080 1 us delay; aqueous micelle; 7r = ~35 ps; pH 8.1 80N112
Water FP/SD 560 1Oxygen quenching; decay was second order with 2k 677029
445°, < 10000 ~ 10° L mol~'s~% pH 4
350 ]
Water (296 K) FP/TD 549, 5700 Light saturation; pH 4.1 80B057
Water LP 1160 }Oxygen quenching; radical dication (A, = 810 nm) 80F373
930 also observed; Tt = 20 ps; pH 3.0
670
550
924. Promazine
2-PrOH LP 465 {Triplet ET to B-carotene, oxygen quenching; 77 = 767023
: 22.8 ps
925. 9-Propionylanthracene
EPA (77 K) FP 430 T = 3.21 X 10* ps 82E338
926. Propiophenone
2-PrOH LP 325 84E018
Acetonitrile/Water LP 325 Solvent was 9:1 acetonitrile to water 84E018
Benzene LP 4182 Much more intense peak below 300 nm; shoulder at 84E018
457° nm
927. N-Propylphthalimide
EtOH FP 590° {Oxygen quenching (3.5 X 10° L mol~' s!), diene 79A147
3507 quenching; 100 ns delay; relative intensities (1:5); 71+ =
40 ps
928. 1-Propynylbenzene
Isopentane/2-PrOH PS 255 {ESR; glass was 7:3 isopentane to 2-propanol by vol- 68B007
(77 K) ume; by assuming that radical formation occurs only
from T° and that it is wavelength-independent, the
author devises an ESR method that determines the
shape of TTA even in the SD region
929. Protoporphyrin
MeOH FP 530 Maximum at 530 nm was judged to be of “doubtful 58R002
440 significance” by the experimenters :
Pyridine FP 420 58R002
350
930. Protoporphyrin IX
Dioxane LP 742° {Triplet quenching by cis-piperylene; oxygen quench- 747630
ing (1.6 X 10° L mol's '); TTA of globin complexcs
also studied
Water LP 500° 1Oxygen quenching (1.6 X 10° L mol~! s~'); differ- 78E011
450° ence spectrum only reported; 70 = ~150 us; pH O
931. Protoporphyrin IX, dimethyl ester .
Benzene PR/ET 7107, 9000* {Triplet ET from biphenyl and to 8-carotene, oxygen 771078
quenching (2.7 X 10° L mol~! s~'); € relative to bi-
phenyl in benzene (€6 = 27100 L mol~! em~!); mare
intense peak below 450 nm; Ey = 150 kJ mol~!
Benzene LP/TD 450°, 35000 =+ 1500 {First order decay, oxygen quenching (1.5 X 10° L 80B017
425 mol~' s~1); 77 == 550 us
320 :
932. Protoporphyrin IX, dimethyl ester, conjugate diacid
Benzene/Trifluoroacetic  LP/TD 560 {Triplet ET to B-carotene, oxygen quenching (4 X 10° 80B017
acid 470% 32000 + 1500 Lmol~'s™"; 7p = 71 pus; kg = 1.3 X 10° L mol~'s™"
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TRIPLET-TRIPLET ABSORPTION SPECTRA OF ORGANIC MOLECULES 155
TABLE 6. Spectral parameters for triplet-triplet absorption of organic molecules in condensed phases — Continued
No. Solvent Method Amax » €mar Comment Ref.
/nm /L mol~! cm™!
933. Protoporphyrin IX, dimethyl ester, conjugate monoacid
MeOH/Acetic acid FP/TD 450° 27500 £ 1500 {First order decay, oxygen quenching; solvent was 1:1 80B017
MeOH to acetic acid by volume; 7+ = 110 us
934. [D'soralen
Benzene PR/ET 450°, 8100 {Triplet ET to B-carotene; ¢ relative to biphenyl in 78E157
benzene (€37 = 27100 L mol~' cm~"); k., = 5.0 X 10°
L mol~!s™!
Benzene LP 450° 78E157
EtOH LP/ET 440, 30100 {Triplet ET to retinol; € relative to retinol in hexane 7IE678
(€405 = 80000 L mol~! c