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ABSTRACT

The rate éonstants for triplet energy transfer from a series

of photosensitizers to the cis and trans isomers of stilbene and

1, 2-diphenylpropene in benzence solution at room temperature have
beén measured by kinetic specirophotometry. A plot of rate
constants vs, triplet excitation energies of the sensitizers shows
that there is a smooih transition from diffusion controlled to
immeasurably small rates. Even when the triplet of the sensitizer
is appreciably less energetic than the spectroscopic triplet of the
acceptor, energy transfer takes place, In accord with previous work
in these laboratories, this observation is interpreted in terms of
non-vertical excitation in which the acceptor is excited to a triplet

having lower energy and diffcrent geometry than the spectroscopic
triplet, By contrast, dibenzcycloheptenol selected as an
1soenergetlc and rigid model for cis- stllbene accepts triplet energy
less eificiently than cis-stilbene from a sensitizer having less than
the spectroscoplc triplet energy of these molecules. Evidence that
2,4, 6-triisopropyl-4- methoxybenzophenone transfers triplet energy
to cis- and trans-stilbene at a reduced rate because of steric
hindrance indicates that factors other than the relative triplet
energies of sensitizer and acceptor can be important in the process

of energy transfer.
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INTRODUCTION

Methods for Direct Study of ‘Triplet States:

The spectroscopist has long applied the term triplet to
atoms and molecules having two unpaired electrons with parallel
spins. The chemist has been equally familiar with diradicals, or
molecules having two distinct unsatisfied valehcies. Spectroscopic
observations of triplet states originally were confined to atoms and
simple molecules whereas complex organic molecules provided the
most representative examples of diradicals; only recently have
many diradicals been identified as triplets. The observation of
tripiet states in a wide variety of organic molecules and the determi-
nation of the corresponding energy levels have been important
advances in the field of molecular spectroscopy. Of primary
significance and interest in chemistry has been the development of
methods that permit study of the physmal stability and chemical
reactivity of tr1plet states.

Present methods for studying triplet states are conveniently
discussed in terms of the Jablonski diagram (1) shown in Figure 1.
In polyatomic organic molecules, radiative transitions between siates
of different multiplicity such as singlets and iriplets are highly
forbidden. Since mogt molecules have singlet ground states in
which all electrons are paired, special methods are required for
direct observation and study of triplet states.

Absorption of light by the singlet ground state, depicied
by path 1 in Figure 1, produces a molecule in an excited singlet
state where electron spiﬁs remain pairéd. As shown by path 2,

- the molecule relaxes within approximately 10~ 12 sec, to the {first



Jablonski Diagram B

S0 is the ground (singlet) state
S5,,55...,S, are excited singlet states
T, To. .., T, are excited triplet states

Straight arrows represent radiative transitions
‘Wavy arrows represent radiationless transitions.

Figure 1



excited singlet by the process of internal conversion, defined as
rapid radiationless combination of electronic states of like
multiplicity (2). Fluorescence (path 3), or radiative return to the
ground state from the first excited singlet, competes with internal
conversion to the ground state (path 4) and typically has a lifetime

of 10_6 to ‘.lO'9 sec. This behavior has been summarized in Kasha's
rule (2): ""The emitting level of a multiplicity is the lowest excited
level of that multiplicity. " The rationale is that the spacing between
excited states is almost always small as is required for effective
internal conversion, whereas the spacing between the first excited
state and the ground state is large by comparison.

A third process for depopulating the first excited singlet
state is intersystem crossing (path 5), defined as internal conversion
to the triplet manifold (2). This process involves spin inversion of
one electron {0 produce an excited state in which two unpaired
electrons have parallel spins, The triplet state generally has a
lower energy than the corresponding singlet because, unlike the
singlet, the spacial distribution of unpaired electrons in the triplet
state is such as to keep electron-electron repulsion at a minimum (3).
The lifetime of the first triplet state is limited by the sum of
radiative (path 6) and non-radiative (path 7) decay process to the
ground state, The former process, termed phosphorescence,
typically has lifctimes from 10-4 to more than 10 seconds, The
first triplet state has a long lifetime because the highly forbidden
nature of the T1 « SD absorption also apyplies to the reverse

emission,
| Although it had been known for half a century that aromatic
- molecules and dyes phosphoresce, it was not until 1944 that Lewis
and Kasha (4) clearly and convineingly interpreted phosphorescence
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in terms of emission from triplet states. Since this time,
extensive work has established the triplet energy levels and
radjative lifetimes of a large number of molecules. It is to
be noted, however, 'that phosphorescence is associated almost
exclusively with solids and very viscous liquids and is only
rarely detected in fluid media.

Two more recently developed methods are now used in
the direct observation of triplet states in fluid media. In the
first of these, "heavy atom" solvents or environments such as
ethyl iodide or high oxygen pressurés are employed to enhance
the probability of T, - S, transitions to the point where they can
be detected in triplet-triplet absorptio..n spectra*, By a process
called spin-orbital coupling, the heavy atoms induce some
mixing between the singlet and triplet states to make the transition
less forbidden..

Flash excitation (flash photolysis) techniques have come to
be of more use in the study of triplet states. This method utilizes
a high intensity burst of light to provide excitation-’energy for the
transition from the ground state to upper singlet states. Triplets
are formed after internal conversion and intersystem crossing.

- Before the molecules decay to the ground state, a second light
source is used to detect the triplets by means of their absorption
spectra. 'Ab_sorption .from the first excited triplet to higher triplets,
path 1 in tﬁe triplet manifold in Figure‘ 1, is not forbidden by spin -
cbnservation rules and ié usually of intensity -comparable with

L
For recent results see reference 5.



singlet-singlet absorption spectra. Internal conversion (path 2) in
the triplet manifold rapidly returns the molecules to the first
triplet state. The time resolution of typical flash apparatus is
such that the first triplet is the only excited state with sufficient
lifetime to be detected. .

Two sub-classifications of flash excitation depend upon the
nature-of the second light source. If a second flash source is used
in conjunction with a spectrograph, the entire triplet-friplet
absorption spectrum can be recorded after the first flash. This
variation is termed flash spectroscopy. Kinetic spectrophotometry,
by contrast, employs a steady-state monitoring source as the second
lamp a,nd,' with a monochromator to isolate a partiéular triplet-
triplet absorption band, records with a photoelectric detector the
change in absorption intensity as a function of time, This latter
method is illustrated schematically in Figure 2.

One may question the authority wilth which absorption
spectra are assigned to triplets; other spectra obtained under similar
experimental conditions are frequently assigned to sources other
than triplets. The triplet assignments are supported by several
types of evidence. First, the study of a series of related molecules
usually makes possible the identification of spectra which arise from
free radicals and other transient products (6). Second, the spectra
agssigned to triplet states are also observed in rigid solvents where
they decay with the same rate as phosphorescence (7); free radicals,
if formed at all in rigid solvents, arc usually trapped indefinitcly (8).
More recenfly, theoretical calculations and absolute measurements
ol extinction coefficients have provided a third type of evidence, In
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some flash experiments, the fraction of molecules converted to the
triplet state is sufficiently high to permit-measurement of the degree
of singlet state depopulation; from this information triplet concen-
trations and extinction coefficients of triplet-triplet transitions can
be determined (7). When these latter values are compared with the
results of semi-empirical rholecular orbital calculations such as
thpSe of Pariser (9), the general picture, although not very precise,
leaves little doubt as to the identity of theoretically predicted friplet
levels and those measured by flash excitation (7). In many cases,
however, comparison of absorption spectira and transient decay
kinetics with those of more firmly established examples of triplet
transients is the only basis for assignment of transient spectra to
triplet states.

The advantages of flash excitation over othei' methods, both
direct and indirect, in the study of triplet states are manifold. To
begin with, triplets ca.h be observed in fluid media by flash excitation
techniques even though phosphorescence is only rarely detected under
such conditions (10)., In fact, flash excitation investigations are
applicable over wide ranges of physical conditions and in the
presence of a variety of chemical reagents. The light intensity
available from a flash source is several orders of magnitude greater
- than from any presently available steady-state lamp (11). Therefore,
friplets can be produced in higher concentration and more uniform
distribution than would otherwise be possible. Furthermore, it is

not necessary that the intersystem crossing efficiency be high, The
| time required for absorption and return to the ground state within
~ the singlet manifold is very short compared with typical flash duration
times so that molecules can be excited repeatedly with a single flash



until intersystem crossing is effected, Because of the high
fractional yield of triplets, thé initial concentration of ground
state molecules need not be'high.

Many aromatic ketones, heterocycles, and hydrocarbons
are amenable to flash excitation investigations of triplet states.
Extensive measurements of triplet-triplet absorption spectra
together with the corresponding extinction coefficients have been
reported by Porter and co-workers (6,12), In most compounds
studied, the triplet-triplet absorption bands can readily be
distinguished from the singlet-singlet spectra because the former
lie at Ionger wavelengths, These measurements were made in
solution where, in spite of the fact that phosphorescence is rarely
observed, triplets are produced in measurable quantity. Kinetic
investigations have shown that deactivation processes compete
very effectively with phosphorescence to make the overall rate of
triplet depopulation in fluid media several orders of magnitude
greater than in rigid media, Béfore the kinetics of triplet decay
can be discussed, the concept of energy transfer from the triplet
state must be introduced.

Triplet Energy Transfer:

Terenin and Ermolaev (13} were the first to demonstrate
unambiguously transfer of electronic energy from donor to acceptor
molecules. These authors studied the sensitized phosphorescence
of naphthalene and its derivatives (acceptors) with benzophenone and
- similar molecules as donors in rigid ethanol-ether glasSes at
-19500, using light absorbed only by the donors, They detected

sengitized ~a.cceptor phosphorescence concomitant with'quenching



of donor phosphorescence and determined rate constants for the
t_ra.nsfer'process. In all the donor acceptor pairs for which
sensitized phosphorescence was abserved, the donor triplet levels
were higher than the acceptor triplet levels. Furthermore, the
first excited singlet level of the acceptor was higher than that of
the donor, making transfer involving excited singlet states
improbable. The data are consistent with the mechanism depicted
in equation 1, where D and A represent donor and acceptor,
respectively, and SO and T1 correspond to the electronic states
involved.

These studies by Terenin and Ermolaev (13) also first
demonstrated the requirement of close approach of donor and
acceptor in triplet energy transfer. The distance between centers
of donor and acceptor molecules within which {ransfer takes place
* was determined to be 10 - 15 A for 23 donor-acceptor pairs. This
information is consistent with an exchange mechanism requiring
overlap of the electron clouds of the participating molecules. This
would imply that energy transfer may be possible over distances
somewhat larger than those of molecular contact. In fluid solution,
however, a molecular encounter (involving repeated collisions) would
nevertheless be necessary for the transfer to take place (14).

Porter and Wilkinson (15) employed flash spectroscopy and
kinetic spectrophotometry in the investigation of triplet energy
transfer in fluid solution, The results, which are listed in Table 1,
were much as antiéipated. The first 9 pairs of donor énd acceptor
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TABLE 1

Rate Constants for Energy Transfer in Fiuid Solutions

Rate Constagt

Donor? Acceptor® Solvent k (M leee.
phenanthrene  naphthalene hexane 2.9+ .7Tx 106
phenanthrene  naphthalene ethylene glycol 2,3 + .8 x 106
triphenylene naphthalene - hexane 1.3+ .8x10
phenanthrene  1-bromonaphthalene hcxanc 1.5+ .8 x 108
phenanthrene  1-bromonaphthalene ethylene glycol 1.5+ .8 x 108
phenanthrene  1-iodonaphthalene hexane T+ 2x 109
phenanthrene  1-iodonaphthalene ethylene glycol 2,1+.2 X 108
benzophenone naphthalene benzene 1.2x 109
biacetyl 1, 2-benzonthracene benzene 3+ 2x 109
naphthalene 1-iodonaphthalene  ethylene glycol 2,8 + .3 x 108
1-bromo- 1-iodonaphthalene  ethylene glycol 8+ 4x 107

naphthalene

Systems showing no quenching for which upper limits were obtained

naphthalene phenanthrene hexane <2x 104

naphthalene phenanthrene ethylene glycol < 1 x 10°

naphthalene triphenylene hexane <5x10

1-bromo- phenanthrene ethylene glycol <5 x 10
naphthalene

naphthalene benzophenone benzene <1x10%

1, 2-henz- biacetyl benzene < 5 x 104
anthracene

anthracene phenanthrene ethylene glycol <5 x 103

anthracene naphthalene hexane =4 x10

anthracene 1-iodonaphthalene  ethylene glycol < 2 x 104

a. Reference to the sources of triplet energies of donors
and acceptors is given in reference 14 and the Appendix,
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compounds have energy levels such that only the donor molecules
. absorbed incident ligilt. Both quenching of the donor triplet and
formation of the acceptor triplet by energy transfer were observed |
directly ,. thus providing proof for the process characterized in
equation 1. 'The only energetically feasible altefnative, ‘

DSn + ASO -—¥DSO + AT1 , A (2)
would not lead to quenching of the triplet donor but rather to quench-
ing 'of the fluorescent state. This process is experimentally excluded
by the fact that in ail cases where fluorescence was observed the
fluorescence yield was unaffected by added quencher. Finally, the
"trival process' of light emission and reabsorption can be excluded
since, with the exception of biacetyl, the fraction of molecules that
decay by a radiative process in fluid solution is negligible (16).

The rate constants listed in Table 1 fall broadly into 3
groups depending upon the relative spacing between donor and
acceptor triplet levels. When the triplet level of the donor is
3 or 4 kecal. greater than that of the acceptor, the rate approaches
that expected for a reaction determined by the rate of diffusion of
reactants together. There is no indication that the quenching
efficiency decreases as this separation increases. The rate
constant for encounter, kQ,_ may be calculated from the following
equation of Debye (17)

kQ'= 8RT 1 gec.”! - (3)

3000
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where T represents solvent viscosity. At'20°C'_, the calculated
values are 2.0 x 10*%, 1.0 x 101°, and 3. 3 x 10% for hexane,
benzene and ethylene giycol, respectively, and are in fair
-agréement with the rate constants in Table 1. As the spacing
between triplet levels in donor and acceptor molecules decreases,
quenching occurs at a rate considerably less than the encounter
rate. When the triplet level of the donor is below that of the
acceptor, no quenching is observed.

A more detailed study of triplet energy transfer in fluid
solution has been carried out by Sandros and Bickstrtom (14, 18).
They measured rates of energy exchange between biacetyl and a
variety of acceptors, several of which phosphoresce detectably in
benzene solution. The experimental procedure involved exciting
biacetyl with a flash source and measuring the decay of biacetyl
phosphorescence as a function of added acceptor concentration.
Likewise, the decay of acceptor phosphorescence was recorded as
a function of biacetyl concentration. Using this technique, Sandros
and Bickstrm discovered reversible triplet energy transfer between
biacetyl and various acceptors. Reversible energy {ransfer is
depicted in equation 4 where k. and k. represent the rate constants

F R
for the forward and reverse processes,' respectively.

. kF
+ A iD + A . 4)

With reversible energy transfer, of course, the distinction between
‘donor and acceptor is lost., For convenience, however, biacelyl is

referred to here as the donor and the other substances as acceptors,
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Biacetyl has a measured triplet energy of 56. 3 kcal. /mole

| in benzene solution at room temperature (14, 18), Those acceptors
with triplet energies less than 49 keal. /mole have practically the
same value of kF‘ This value is close to the limit set by the rate

of diffusion as estimated by the Debye equation (17). As given
above, the calculated limiting value in benzene at 20°C is

1.0 x 1010 M, 1 sec. -1. For acceptors with triplet levels higher
than 49 kcal. /mole, the general trend is a lowering of the quenching
constant in a smooth progression with increasing triplet state energy.
Quenching efficiency is still measurable even when the {riplet
transition energy of the acceptor is greater than that of the donor.
Similar considerations apply to the reverse energy transfer process
of equation 4. Diffusion controlled rate constants, k,, are achieved
for those acceptors having a triplet energy 5 keal. /mole above that
‘of biacetyl, The magnitude of the rate constants decreases in a
smooth progression with acceptors having lower triplet energies.
These results are summarized below in Table 2,

The fact that "endothermic" energy transier takes place is
explained by Sandros and Béckstr8m (14, 18) in terms of a Boltzmann
distribution of vibrational energies in the electronic states involved.
The additional energy required by the "endothermic' transfer can be
~supplied by vibrational energy in the donor triplet and acceptor
ground state and vice versa for the reverse reaction. When the
triplet energy of the acceptor is higher than that of the donor by a
quantity AE,, Sandros (18) has shown that the rate constants kg
and kR are related by the expression in equation 5, where kis.

" Boltzmann's constant.

kp = kp exp (-AE/KT) . | (5)
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When the donor has a higher triplet energy, the expression in
equation 6 is valid in the reverse direction,

kR = kg exp (-4 ET/kT) . | (6)

With a triplet energy difference of zero between donor and acceptor,
kp and kp are equal Lo 1/2 the diffusion conlrolled raie conslant.
The good agreement between the values predicted by these equations
and those measured experimentally is shown in Table 2,

As had been pointed out earlier (13b), the 1-halo naphthalenes
are well suited for testing whether the rate constant for triplet
energy ti-ansfer depends upon the osecillator strength of the Tlf— S0
transition in the acceptor. Whereas these substances have
approximately the same triplet energies, the oscillator strengths
for their Tlf-' SO transitions differ markedly., From Ermolaev and
Svitashev's (19) measurements, the oscillator strengths for 1-chloro-,
1-bromo-, and l-iodonaphthalene are in the ratio 1:14:170. Ermolaev
and Terenin (13b) found that naphthalene and its 1-halo derivatives
were equally effective within experimental error as quenchers of
- benzophenone phosphorescence. As shown in Table 2, Sandros (18)
Iikewise found the rate of energy transfer from biacetyl to the 1-halo
naphthalenes was independent of the above oscillator strengths in the
acceptors. It should be noted that Sandros' system was expected to
- be sensitive fo small effects since the acceptors had higher triplet
energies than the donor and the rate of énergy transfer was less than

diffusion controlled by two orders of magnitude.
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Kinetics of Triplet State Decay in Fluid Media:

The decay of triplet states of polyatomic molecules in
solution conforms to the following empirical equation:

d[‘I‘I]

2

In this equation kl is the sum of all rate constants for first order
and pseudo first-order terms in Tl’ and l«:2 has a similar
designation for the second-order terms.

Because primary interest is in the first-order decay terms,
only a limited number of second-order rate constants have been
reported (20-22) and most of them have been for anthracene triplets.

- These rate constants, measured in a number of solvents over a

100° range of temperature, arc close to those expected of diffusion
controlled reactions. The measured values of k2 are easily
reproducible; similar results have been obtained with different

~ samples of solvent and in different laboratories. A probable
mechanism for this second-order interaction has been suggested by
Robi_nson and co-workers (23) and also by Parker (24). This process,
termed triplet-triplet annihilation, involves energy transfer from one
triplet to another to produce an excited singlet in one molecule and

k the ground state in the other. The excited singlet may then return
by conventional means to the ground state.

S SO

1 .pn,po, (8)
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In contrast to the second-order kinetic terms, widely
discordant values have been.reported for kl’ depending upon the
experimenter and even upon the sample of solvent used by the
same experimenter, Exhaustive purification of the system being
studied usually reduces the measured value of kl’ Some examples
of widely divergent firsi-order rate constants that have been
medsured for naphthalene and anthracene triplets are listed in
Table 3, |

TABLE 3

Measured First-Order Terms in Hexane Solution at Room

Temperature
kl
Substance (sec” 1) Reference
naphthalene (in benzene) 4.1 x 10? 18
naphthalene 9.6 x 10° 25
naphthalene . 2.8x10° 15
naphthalene ' l2x 104 20
anthracene 5.6 x 101 26
anthracene 1.3 x 104 20

Livingston and co-workers (25, 27) have presented strong
evidence that the rate constant for first-order triplet decay in
solution is the sum of two terms, The first oi these is independent
~ or practically independent of temperalure and viscosily over a wide
- range and corresponds to the true unimolecular, radiative and non-
radiative, disappearance of the triplet state. The second term
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varies with temperature and viscosity and appears to be the result

of bimolecular quenching by adventitious quenchers present in trace -
~amounts, One of the most likely candidates is oxygen, because it

is known to be an efficient acceptor of {riplet excitation energy (21,28)
and is an almost universal impurity., Livingston contends that in
viscous or moderately viscous solutions quenching by oxygen or any
other quencher should be a process limited by rates of diffusion.
Under these circumstances, the first-order rate constants fit the

equation

ki = k10 + k3 exp -+t /RTY[Q]T , (9)

Q

where k10 is the true unimolecular rate constant. The energy of

activation equals

I.‘:EI

Il

AEn = [RTT'/(T' - T)JIn{(n/7) , (10)

- where M is solvent viscosity. Of course, the rate of quenching
cannot increase indefinitely as the viscosity is decreased. At
sufficiently high temperatures, quenching must change from a
process limited by the frequency of encounters to an ordinary
‘collisional reaction with an activation energy less than that given
in equation 10. This explanation is substantiated by reported
decreases in activation energies for measured first-order terms
as determined from Arrhenius plots (log k; vs. 1/T) (21, 29).
Livingston's overall inferpretation is believed to be compatible with

“all published data. |
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Rate constants for energy transfer to added acceptors can
readily be e-val_ua.ted- by measuring the rate of donor triplet decay
as a function of acceptor concentration. This que'nching process
is, of course, subject to the same considerations as adventitious
quenching. |

Another possible quenching mechanism involves interaction
between a triplet and a ground state molecule of the same substance
as shown in reaction 11,

T S S
D1+'D0-"2D0.

(11)
This mechanism, termed self-quenching, has been established

for chlorophyll (30) and trans-stilbene (31, 32). The magnitude of
seli-quenching is frequently small and is difficult to distinguish
from quenching by impurities added with the solute,

The Photosensitized cis-trang Isomerization of Stilbene and

1, 2-Diphenylpropene:

Transfer of triplet excitation energy has been applied

extensively in photochemigtry*, In usual practice, a donor

molecule transfers energy to an acceptor, which then undergoes
reaction in the triplet state, When applied to this process, donor
molecules are called photosensitizers or simply sensitizers and

the overall process is termed photosensitization, The properties

of a good sensitizer are that it be photochemically stable, that it

have a smaller splitting than the acceptor between S1 and T1 states,

* See, for example, reference 33 and references therein,
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and that it form triplets efficiently (33). The success of sensitized
reactions in photochemistry is due in large measure to the fact that -
the energy gap between S'1 and T1 states varies widely in organic
molecules. It is feasible, therefore, to excite a sensitizer using
light of wave length longer than any absorbed by the acceptor and
thus effect selective and efficient population of acceptor triplet states.

The study by Hammond and Saltiel (31, 32, 34) of the cis-trans
isomerization of stilbene, an application of the method of photo-
sensitization, has been thorough and rewarding. Attempts to detect
long-lived triplet state intermediates of stilbene by phosphorescence
and flash spectroscopy have been unsuccessful, and study of stilbene
triplet states has been accomplished only by means of triplet
excitation energy transfer. The behavior of the stilbene isomers in
these energy transfer studies has led to certain postulates regarding
the nature of triplet excitation transfer processes and the factors
that determine their efficiency. Only the highlights of this étudy are
summarized here,

An important consideration is the relative energy levels of
the ground state and lowest excited states of cis- and trans-stilbene,
as shown in Figure 3. The singlet excitation energies refer to the
0'-0 bands in the absorption and fluorescence spectra of trans-
stilbene and in the absorption spectrum of cis-stilbene (35). Since
all attempts to detect phosphorescence from stilbene have failed,
the assignments of triplet energy values are based upon absorption
spectra taken in ethyl iodide solvent (35)' and in an cnvironment of
high oxygen pressure (36), The difference in the ground state
energies of the two isomers is estimated from the respective heats
of hydrogenation (37).
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Lowest Electronic States of the Stilbene Isomers
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In the studay by I waoond and Saltiel (31, 32, 34), solutions
conta_ining cis- or trans-stilbene and an appropriate sensitizer

were irradiated under conditions such that virtually all incident
light was absorbed by the sensitizer. The only energetically
feasible process was transfer of triplet energy from sensitizer to
stilbene, Repardless of the initial isomeric composition, stilbene

- isomerization could be effected to a photostationary state charac-
teristic of each particular sensitizer. A photostationary state is
defined as the isomeric composition achieved when the rate of
conversion from cis- to {rans-stilbene is equal to the rate of the
reverse process. Resulls are consistent with the following
mechanism, where S represents the sensitizer, t the trans isomer,
c the cis isomer, and the superscripts refer to the electronic states

involved.

8. .. 8 T

SO nysl__,sl (12)

T 8. k S T

s lop® 13 g0, 41 (13)
k
-13

T 5. k 3 T
1

Sl+co~"-¥430+cl

T Rn o K, 8 T, .

.;’*1*50 3;5 304-1;1' (15)

(16)
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¢ 1717 0 (17
T, k.. 8
t 1 .}8 c 0 . (18)

As illustrated in Figure 4, the stilbene photostationary
stafes have been correlated with the triplet excitation energies of
the various sensitizers (31, 32). The structure of the curve in
Figure 4 has been attributed entirely to variation in the rates of
excitation transfer, The mechanism given above predicts the
following relationship at the photostationary state,

el 7 Ky "1 (19)
ITl, = (K, + Kyp ) & 7K. 515

When the reverse transfer between trans-stilbene and the sengitizer
is negligible, equation 19 reduces to equation 20.

fe] K C{ >
8 13 18
= . (20)
(2] Q‘14+k15> Kin

Since the triplet energies of cis- and trans-stilbene are

57 and 50 keal. /mole, respectively, it was expected that sensitizers
with triplet energy greater than 62 kcal, /mole would not differentiate
_between the two isomers and would transfer to both at a diffusion
controlled rate (31, 32, 34a). This appears to be in accord with

* Figure 4 where all "'high-energy" sensitizers are shown to yield
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the same photostationary state. In the "high-energy” region, the
photostationary compositions were believed to be determined by
the relative rates of decay from the intermediate (equations 17 and
18).

The general rise over the region 62-54 keal. /mole on the
horizontal axis was assigned to a decrease in the magnitude of k1 4
while k13 remains constant (31, 32, 34bc). In order to account for
the maximum and minimum near 58 and 57 kcal. /mole, respectively,
it was proposed that, although the efficiency of energy transfer to
cis-stilbene drops when the excitation energy of the sensitizer falls
below 62 kcal. /mole, it again achieves the diffusion controlled rate
when donor and acceptor are in resonance (exactly matched in
triplet energy). With sensitizers baving excitation energies less
than 54 keal. /mole, it wag believed that reaction 13 is not sufficiently
exothermic to be diffusion controlled and its rate must decrease,

The maximum al 48 kcal. /mmole was again believed to reflect a
perfectly coupled transfer, this time between sensitizer and frans- -
stilbene, This interpretation, however, requires that the reported
triplet energy value of trans-stilbene '(35, 36) be in error by 2

kecal, /mole.

In order to account for the decrease and minimum in
Figure 4 between 54 and 48 kcal. /mole as well as the decrease below
48 kcal, /mole, it was postulated that the rate of transfer to cis-
stilbene must again become efficient with respect to the rate of
~ transfer to trans-stilbene. Since the cis isomer has a triplet energy
at least 7 kcal. /mole higher in energy than the trans isomer, it
hardly seemed possible that, in the "low-energy" region, classical
transfer to cis-stilbene (equation 14) could effectively compete with
classical transfer to trans-stilbene (equation 13). A new step, in
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which cis-stilbene is converted directly to the trans triplet in the
process of energy transfer (equation 15), was introduced to explain
the observed behavior., This type of process, named non-vertical

energy transfer, is not in accord with the Franck-Condon principle

because it requires'a change in the geometry of the acceptor in the
process of energy transfer. Examples of non-vertical energy
transfer are not confined to the study of the photosensitized
isomerization of stilbene, but have been demonstrated in other
systems where the acceptor has a low-lying triplet of different
configuration than the ground state (38). -

The existence of trans-stilbene triplets in solution was
demonstrated by including azulene in the reaction mixture (31, 32,35b).
. The low energy of the azulene triplet (39) limits its involvement in
the reaction scheme to equation 21. Inclusion of this step in the

tTl + a.zuleneSO - 1:S0 + a.zuleneT1 | (21)

mechanism leads to the prediction that the [trans]/[cis] ratios at

the photostationary state be linearly dependent upon the concentration
of azulene, This prediction was substantiated experimentally for
sensitizers over the friplet energy range of 45- 68 keal. /mole. By

- assuming that reaction 21 is diffusion controlled, it was possible to
estimate the effective lifetime of stilbene triplets to be of the order

of 1078 sec, The fact that cis triplets failed to show either reversible
energy lransler with appropriate sensiﬁzers or an azulene effect
requires rapid isomerization of the cis triplet to the trans
configuration as in reaction 16,
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It also was observed that measurements of stilbene photo-
stationary states and quantum yields for the conversion of trans-

to cis-stilbene are a function of trans-stilbene concentration (31, 32).
This dependence is in accord with the process of self-quenching of

trans triplets as givén in equation 22.

S
- gt 0

(22)
By comparison with the quenching of {rans triplets by azulene,
which is taken to he a diffusion controlled process, self-quenching
of trans triplets was found to be less efficient by two orders of
magnitude,

There is an important variation of the proposed mechanism
that is equally consistent with presently available data (32, 33, 35).
. This variation includes in the mechanistic scheme a stilbene triplet
with geometry intermediate between the cis and trans configurations.

This phantom triplet'state may well be formed initially upon non-

- vertical excitation of cig-stilbene. Inclusion of the phantom triplet
in the reaction scheme requires that it be in dynamic equilibrium
with the trans-triplet or that it participate in the reverse transfer
with sengitizer. .This last condition ise demanded by the facts that -
'reactioﬁ 13 is reversible for sensitizers of triplet energy less than
52 kcal. /mole and that the [trans]/[cis] ratios at the photostationary
state are linearly dependent upon sensitizer concentration as
required by equﬁtion 19,
| Another process investigated by Hammond and co-workers(32),

| although less completely'tha.n in the case of stilbene, was the photo-
sensitized isomerization of 1, 2-diphenylpropene. In the ground state
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the cis isomer has 0.3 kcal. /mole more energy than the trans
isomer (40). Unfortunately, all attempts to measure triplet energies
of the diphenylpropene isomers by either phosphorescence or
absorption spectroscopy have been unsuccessful. Assignment of
these triplet energies was based upon interpretation of Figure 5,

a plot of photostationary compositions vs, sensitizer triplet energies
that is quite similar in appearance to the corresponding stilbene plot
of Figure 4, Presumably, the plot shows no minimum corresponding
to resonance energy transfer between cis-1, 2-diphenylpropene and
sensitizer because no sensitizer of appropriate energy was used.
That there is an inflection near 58 kcal. /mole made it appear that
the cis isomer has a triplet energy approximating this value. The
maximum near 48 keal. /mole was believed to represent resonance
transfer to trans-1, 2-diphenylpropene. This interpretation, of
course, requires that the trans isomers of stilbene and 1, 2-diphenyl-
propene have nearly the same triplet energies.

The basic mechanism of equations 12-18 was also believed
to apply to the photosensitized isomerization of 1, 2-diphenylpropene.
The only important difference between this system and stilbene is
the absence of an azulene effect, self-quenching, and reverse energy
transfer from trans triplets to sensitizer. This has prompted the
conclusion that the configuration of the least energetic 1, 2-diphenyl-
propene triplet is neither cisoid nor transoid.

The information about the stilbene and 1, 2-diphenylpropene
systems that has been gained from studies of the photosensitized
isomerization of these substances is an application of chemical
spectroscopy, a term coined in these laboratories, Chemical

spectroscopy is defined as the use of energy transfer as a tool in
determining the electronic structure and geometry of molecules in
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electronically excited states, in elucidating deactivation paths for
excited molecules, and in resolving details of energy transfer
processes. The coupling of optical and chemical spectroscopy can
thus lead to detailed information concerning both spectroscopic and
non-spectroscopic molecular electronic states and interconversions

between themn.

Subject of the Experimental Investigation:

The subject of the investigation presented here is the direct
measurement by means of flash kinetic spectrophotometry of the
rates of triplet energy transfer from selected photosensitizers to
the individual isomers of stilbene and 1, 2-diphenylpropene. The
basic reasons for this study are to measure the efficiency of non-
vertical energy transier and to test the credibility of the proposal

that the efficiency of energy exchange between donor and acceptor
pairs is sensitive to vibronic factors when their excitation energies
are close fo the resonance condition. The only other really
systematic studies of rates of triplet energy transfer, those of
Sandros and BickstrUm (14, 18) differ in two important aspects
irom that presented here. First, there was no indication that the
investigations of Sandros and Bickstrtm were complicated by non-
vertical energy transfer. Second, both donor and acceptor had
triplets with measurable lifetimes and the energy transfer process
was reversible, With the stilbene and 1, 2-diphenylpropene systems,
only irang-stilbene among the 4 isomers appears to have a triplet

state sufficiently long-lived to undergo reverse energy transfer.
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EXPERIMENTAL

Materials:

In those cases where two or more samples of the same
substance are listed, numbers are used to facilitate later reference.

Substrates:

cis-Stilbene was prepared and purified by Dr, K. R. Kopecky.
Dr, J. Saltiel has shown by vapor phase chromatography that it
contains less than 1% trans-stilbene,

(1) trans-Stilbene (Matheson, Coleman, and Bell, Scintillation

Grade) was recrystallized under nitrogen at dry ice temperatures
first from methanol and then from ether, & was shown by vapor
phase chromatography to contain less than 0, 70% cig-stilbene,

(2) trans-Stilbene (Matheson, Coleman, and Bell, Scintillation
Grade) was sublimed under vacuum by Dr. J, Saltiel. It was shown
by vapor phase chromatography to contain less than 0. 64% cig-stilbene.

(3) frans-Stilbene (Matheson, Coleman, and Bell, Scintillation
Grade) was recrystallized from ethanol and sublimed under vacuum by
Dr. J. Saltiel. I was then zone refined in a sealed tube under a
partial atmosphere of nitrogen. It was shown by vapor phase
chromatography to contain less than 0. 32% cis- stilbene.

(4) trans-Stilbene (Hinton, Zone Refined) was used as
received. It was stated that the starting material was Eastman,

White Label. It was shown by vapor phase chromatography to
contain less than 0. 09% cis-stilbene.
¢is-1, 2-Diphenylpropene, supplied by Dr. D. J. Cram and

Mr, D. H. Hunter, was used as received,
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frans-1, 2-Diphenylpropene, supplied by Dr. D, J, Cram and
Mr, D. H, Hunter, was used as received. Dr, A. A, Lamola has

shown by vapor phase chromatography that it contains 0. 35% of the
cis isomer,

5H-Dibenzo(a, d)cyclohepten-5-0l (Dibenzeyeloheptenol,

Aldrich, Research Grade) was recrystallized several times from
petroleum cther {60- 70° b, p. range).

Solvents:

(1) Denzene (Mallinckrodt, Analytical Reagent) was extracted
with concentrated sulfuric acid until the acid layer no longer became
colored, and then neutralized, dried, and distilled.

(2) Benzene (Phillips, Research Grade) was specified to be
99, 93% pure and was used as received.

(3) Benzene (Mallinckrodt, Analytical Reagent) was purified
by a procedure recommended by Dr. R. Steinmetz (41). Chloranil
was dissolved in benzene to the extent of 2 g. /1. The solution was
contained in a well surrounding a quartz Hanovia immersion reactor
with a 450 watt Hanovia medium pressure mercury lamp, The
solution was irradiated for at least one week. A brown substance
that deposited on the walls of the reactor was removed daily and the
supply of chloranil was replenished at the same time. The solution
was passed through an alumina chromatography column to remove all
colored substances and finally distilled from phosphorous pentoxide.
Analysis of this benzene by vapor phase chromatography showed fewer

-impurities than the other samples listed here.

Tetrahydrofuran (Matheson, Coleman, and Bell) was refluxed

over sodium for two days and then distilled, The distillate was then
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refluxed over a mixture of lithium aluminum hydride and sodium and
finally distilled under nitrogen atmosphere onto small chunks of
sodium,

Sensitizers:

2-Acetonaphthone {Matheson, Coleman, and Bell) was re-

crystallized several times from petroleum ether (60-70° b. p.
range) and zonc refined in a sealed tube under a partial atmosphere
of nitrogen.

3-Acetylpyrene was prepared by Dr. H. P, Waits and

purified by Dr, J. Saltiel, Purification procedures included
chromatography, treatment with Norite, recrystallization from
n-heptane, and short path distillation,
Acridine (Eastman, Practical Grade) was chromatographed
by Dr. J. Saltiel on Rosite, a 3:1 mixture of Celite and Norite.
Anthracene (Matheson, Coleman, and Bell, Fluorescent
Grade) was used asg received.

1, 2- Benzanthracene (Eastman, White Label) was chroma-

tographed on Rosite, recrystallized from ethanol, and chroma-
tographed on alumina, This purification was carried out by
Dr, J. Saltiel.

Benzanthrone (Calbiochem, Practical Grade) was chroma-

tographed on alumina and recrystallized from methanol by
Dr, J, Saltiel.

Benzil (Matheson, Coleman, and Bell) was recrystallized
from a mixture of methanol and water and zone refined in a sealed
tube under a partial atmosphere of nitrogen.

1, 12-Benzperylene (K and K) was used as received.
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3, 4- Benzpyrene (Eastman, White Label) was recrystallized

from a mixture of benzene and methanol by Mr. G. F. Vesley.

Camphorquinone (Aldrich, Research Grade) was used as

received,

Chrysene (Matheson, Coleman, and Bell) was recrystallized
from benzene and sublimed under vacuum by Dr. J. R, Fox,

1,2, 3, 4-Dibenzanthracene (Aldrich, Research Grade) was

used as received,
1,2, 5, 6-Dibenzanthracene (Eastman, White Label) was
obtained from Dr, H., P. Waits following purification by re-

crystallization from acetic acid and sublimation under vacuum.,
9, 10-Dibromoanthracene was prepared by Dr. K, R, Kopecky

and recrystallized from carbon tetrachloride by Dr. F. G. Moses.
9, 10~Dimethyl- 1, 2-benzanthracene (Eastman, White Label)
was used as received,

Duroquinone (Calbiochem, Reagent Grade) was used as

received,
Fluoranthene (Matheson, Coleman, and Bell) was obtained

from Dr. D. H. Valentine following purification that included
treatment with Norite, recrystallization from ethanol, and
sublimation under vacuum,

Fluorenone (Matheson, Coleman, and Bell) was subjected
to extensive purification, Those steps performed by Dr. J. Saltiel
include preparation of the phenyl hydrazone derivative, which was
then chromatographed on alumina and recrystallized from a mixture
of ethanol and water, regeneration of fluorenone, recrystallization
from n-heptane and ligroin (85- 100° b, p. range), and vacuum
sublimation. The fluorenone was then zone refined in a sealed

tube under a partial atmosphere of nitrogen.
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Naphthalene (Matheson, Coleman, and Bell) was re-
crystallized under nitrogen at dry ice temperatures from methanol,

It was zone refined in a sealed fube under a partial atmosphere of
nitrogen,

Naphthalene-dg (Merck) was used as received.

1-Naphthyl phenyl ketone (K and K) was obtained from
Dr. A. J. Fry after recrystalllzation from n-heptane,

Phenanthrene (Matheson, Coleman, and Bell) was treated
with maleic anhydride to remove anthracene and then recrystallized
from ethanol. The purification was performed by Dr, W. M, Hardham.

(1) Triphenylene (Aldrich, Research Grade) was used as
received.

(2) Triphenylene {Hinton, Zone Refined) was used as
rcecived.

Thioxanthone (Aldrich, Research Grade) was obtained from
Dr. D. H. Valentine after treatment with Norite, recrystallization

from methanol, and vacuum sublimation.

2, 4, 6-Triisopropyl-4'-methoxybenzophenone, supplied by
the organic research stockroom of the University of Ilinois® was
used as received.

2,4, 6-Trimethyl-4'-methoxybenzophenone, supplied by the
organic research stockroom of the University of ]llinois": was used

as received,

* Dr,'R. C. Fuson, Dr, S. Smith, and unspecified research
students are gratefully acknowledged for donation of this = -
compound, . o : ' -
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Solutes in Filter Solutions:

trans-Stilbene (Matheson, Coleman, and Bell, Scintillation
Grade} was used as received.

Carbazole (Matheson, Coleman, and Bell) was used as
received,

1, 4-Diphenyl-1, 3- Butadiene (Eastman, White Label) was
used as received, A comparison of its absorption spectrum with

those of the three geometric isomers of this substance (42) indicates
that it is primarily the trans-trans isomer,

Bases:

Triethylamine (Matheson, Coleman, and Bell) was twice

distilled prior to use,
1, 4-Diazabicyclo-(2, 2, 2)-octane (X and X) was usead as
received,

Pyridine (Matheson, Coleman, and Bell) was used as
received,

Apparatus and Procedures:

Unless otherwise specified, solutions were prepared with
benzene solvent and kinetic measurements were made at room
temperature using the apparatus and procedures described here.

Solutions were contained in cylindrical pyrex cells measuring
21 cm. in length and 15 mm. in outer diameter with flat windows
fused on the ends. Many cells also included an outer jacket with a
6 mm, path length for filter solutions, The cells extended on
sidearms from round-bottom bulbs where solutions were contained
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during the degassing procedure. Connections to the vacuum line
were made with standard taper joints. Befween the joints and the
constrictions for vacuum sealing were traps to prevent contamination
of the cells with stopcock grease. The cells were cleaned with soap
solution and rinsed repeatedly with distilled water prior to each
usage.

The vacuum system employed in degassing solutions had a
Welch Model 1402-B forepump and a Consolidated Vacuum
Corporation Model PMC-115A oil diffusion pump. Cold traps cooled
with liquid nitrogen were on each side of the diffusion pump,
Pressure readings were made with a Consolidated Vacuum
Corporation Model PHG-09 Philips gage. The ultimate pressure
with forepump alone approached 10"* mm. whereas 107 to 107" mm.
was reached with both pumps in operation. Dow-Corning high vacuum
silicone grease was used on all joints and stopcocks.

The degassing procedure involved freezing the solutions to
liguid nitrogen temperatures, opening the space above the frozen
solutions to the vacuum system, and thawing the solutions to re-
establish equilibrium between liquid and vapor phases. This freeze-
pump-thaw cycle was repeated 5 times before sealing the cells.

The flash- photoelectric apparatus used in these experiments
is depicted schematically in Figure 2, A more complete presentation
of the ecircuitry, construction, and operation of flash apparatus is
given elsewhere (11),

The energy for flash discharge was provided by a Shapiro
and Edwards Model 118 flash lamp pulser. Energy output was
variable between 8 and 800 joules by choice of capacitance (1/8 to
4uF in discrete levels) and voltage (12 to 20 kV), Two flash lamps
were connected in series to the output terminal of the flash lamp
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pulser. Xenon flash lamps type FX-1 and FX-45 from Edgerton,
Germeshausen, and Grier were satisfactory for this purpose.
Flash excitation energies of 100 to 200 joules were adequate for
most experiments; higher energy discharges usually proved
unnecessary and led to more rapid deterioration of the lamps.
Return to 1/3 peak flash intensity occurred within 15 to 20 4 sec,
although the flash output had a perceptible tail for 100 usce. or
more. The resolution time of the apparatus was such that it was
difficult to detect an intermediate with a lifetime much less than
10 usec, A transient lifetime greater than 201 sec, was desirable
for kinetic measurements.

The flash lamps, cylindrical in shape, were positioned on
each side of a sample cell inside a cylindrical bakelite housing.
Magnesium oxide, which reflects visible and near-ultraviolet light
with more than 98% efficiency (43), coated the inner surfaces of
the housing. The monitoring sourcc was a PEK 756 watt mcreury-
xenon lamp type 1621 and was powered by storage batteries. This
lamp was mounted on an optical bench in series with a collimating
lens, the flash lamp and sample cell housing, a light baffle, and
focusing lens. The light beam from the monitoring source passed
through the sample cell and was focused on the entrance slit of a
Jarrell-Ash 500 mm. Ebert spectrometer, The output from a
Sylvania 931-A photomuliiplier tube, mounted on the exit slit of the
spectrometer, was fed into a cathode-follower amplifier and then
into a Tektronix 531 wide-band oscilloscope. Oscillographs of
changes in light intensity as a function of time were photographed
wilh a DuMoni Model 302 osciilograph record camera that was
mounted directly on the oscilloscope screen. Photographs were
taken with Polaroid Type 46-L transparency film. A Rutherford
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Model A-4 time delay generator, included with the flash lamp
pulser, could be used to trigger the oscilloscope sweep prior to
the flash lamp discharge.

Even though the assembly included a light baffle, stray light
from the flash source sometimes was a problem with short lived
intermediates. In this respect, it was advantageous, whenever
practical, to monitor the experimenial solution at the wave lengih
of a mercury resonance line. At these wave lengths the emission
irom the monitoring source was considerably more intense so that
the signal to stray light ratio was greater. Stray light was rarely
a problem with transients having lifetimes longer than 100 4 sec.

A typical oscillograph is reproduced in Figure 6. Light
intensity reaching the photoelectric detector is plotted on the
vertical axis and time is on the horizontal axis. The lower line is
the kinetic tracing and the upper is the reference line that corre-
sponds to zero light intensity., The oscilloscope was triggered prior
to the flash to provide a reference in the absence of transients, The
dip in both lines is stray light interference from the flash source and
photographs were taken so that the photoelectric detector saw the
same quantity twice, The arbitrary zero time in the decay was
chosen at a level where stray light no longer significantly interferes
with the shape of the curve,

The oscillograph transparencies were enlarged with a slide
projector and the images were fraced and measured. The parameters
rccorded in each case were X, and a series of x points with the
corresponding units of time, An explanation of the kinetic analysis
follows in the next section,

Filter solutions were employed whenever absorption charac-
teristics of sensitizers permitted in order to inhibit direct absorption
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of flash light by acceptor molecules. In addition, a Corning 3060
glass color filter, mounted on the optical bench, effected a similar
barrier to light from the monitoring lamp, Two of the filter
solution solutes, trans-stilbene and trans-trans-1, 4-diphenyl-1, 3-

butadiene, isomerize on absorption of light to give the respective
geometric isomers, Since this isomerization leads to reduced light
absorplion in the near ultraviolet, the filter solutions could be used
only a limited number of times. Table 4 lists the filter solutions
and the wave length below which 1 cm, of solution absorbs more

than 99% of the light. To facilitate later reference, the solutions
are numbered.

TABLE 4

Filter Solutions

Wave length below
which A > 2 for

Solution Concentration 1 ecm. of solution
Number Solute Solvent (M) (m W)
1 t-stilbene ' benzene 1.4 x 10"'4 330
2 t-stilbene bemzene  2.1x107° 338
3 1,4-diphenyl- benzene 1,2 x 107% 361
1,3 -butadiene
4 carbazole  ethanol 1.9 x 107° 342

For purposes of comparison, the extinction coefficients
at 360 m U of the isomeric stilbenes and 1, 2-diphenylpropenes are
listed in Table 2. At shorter wave lengths in the near ultraviolet,
trans~stilbene has stronger absorption than any of the three other
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substances (44). The extinction coefficients of trans-stilbene at

arbitrarily chosen wave lengths in this region are listed in Table 6.

TABLE §

Extinction Coefficients al 360 m o of Stilbene and 1, 2-Diphenyl-
Propene Isomers in Benzene Solution

Substance €
trang-stilbene 0.3
cis-stilbene 2
trans-1, 2-diphenylpropene ~0
cis-1, 2-diphenylpropene 1

TABLE 6

Extinction Coefficients of trans-Stilbene in Benzene Solution

Wave length €
(m H)
355 2
350 9
345 4.4 %10
340 3.0 x 102
335 2,9 x 10°

330 1.1 x 10%
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All solutions were prepared originally with pure isomers
of the acceptors. With repeated flashing, isomerization took place
until the photostationary state was reached. Whenever practical,
kinetic measurements were made twice, first with pure isomers
and then again at the phofostationary state., The concentrations of
acceptors frequently were such that it would have been impractical
to reach the photostationary state with repca.ted'ﬂashing. These
solutions were irradiated with the monitoring lamp for several hours
to reach photostationary conditions, In order to check the isomeric
distribution after repeated flashing or irradiation, the cells were
opened and the solutions were concentrated under a stream of
nitrogen fo the point where measurement by vapor phase chro-
matography was possible, A Loenco Model 70 B dual flame gas
chromatograph was employed for this purpose. A 5-6 ft. by 0. 25 in.
column was packed with Apiezon L on Chromosorb W and operated
at 230°¢C . The gas chromatograph did not effect isomerization of
stilbene or 1, 2-diphenylpropene and gave a 1:1 response to the
respective isomers of these substances.

Analysis of Triplet Decay Data:

The method developed by Linschitz and Sarkanen (30) for
kinetic analysis of {riplef decay data is adopted here.

The basic requirement of this method is that the response
of the photoelectric detector vary linearly with respect to incident
light intensity. Since this was shown to be true over the range of
operation of the photoelectric detector, the ratio xo/ X, of measured
distances in Figure 6 is proportional to the ratio Io/It of light
intensities., The former ratio may then be substituted in the
equation for Beer's law.
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log(Io/It) = log(xo/xt) = ekexl= A, . (23)

In this expression ¢* is the extinction coefficient of triplet-triplet
absorption, c* is the concentration of triplets, ¢ is the path length
of the solution, and At is the absorbance at a particular time.

When the decay is first-order with respect o triplet concen-
tration, the following equation is applicable, where kf represents
the sum of all first-order and pseudo first-order rate constants.

-(de*/dt) = ke* . (24)

Integration and substitution iead to an equation in terms of

absorbance,

x _ X = -
in ¢y in cq kf(tz tl) {25)

Inc * - In ¢,* = In e*c %t - In e¥c *e (26)

InAy-1nA, = kf(t2 -t (27)

9
A plot of 1In At versus time has a slope equal to —kf.

When the decay is second-order with respect to triplet
concentration, integration and substitution are utilized again in
the following derivation. Here kS represents the sum of all second-
order and pseudo second-order rate constants,

-(dc*/at) = ks(c*)z (29)
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(1/c¥) - (1/cy¥) = K (¢, - t,) (29)

(1/A) - (1/A,) = (k /e¥)(t, - t,) (30)

In this case, a plot of I/At versus time has a slope equal to

—(ks/ e*1). The second-order rate contribution is determined in
terms of the extinction coefficient.

In the more general case, triplet decay includes both
first- and second-order contributions.

-(de*x/dt) = kfc* + ks(c"‘)2 (31)
Substitution of (At/ e*2) for c* gives this equation.

dAt k

= 8 2
il kat + =y (At) . (32)

For purposes of later reference, k. is represented by o and

f
(/%) by E.
I W SN (33)
At t t
1 Yy
A plot of - 'A_('Ei'f”) versus At has intercept o and slope 8. In
t

practice, this operation has been performed by computer analysis*
because of the considerable time required in the manual
determination of « and B,

* The computer program was written by Dr. K, W, Jacob of the
California Institute of Technology Computing Center and the
analysis has been performed with an IBM 7090 computer.
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RESULTS AND DISCUSSION

General Congiderations in the Experimental Investigation of Triplet
State Decay in Solution:

Early experiments were directed toward gaining an under-
standing of the process of triplet state decay in solution and the
optimum conditions for its study.

The mechanism for triplet state decay proposed by Linschitz
and co-workers (22, 30) has been adopted here and, as will be
demonstrated, is consistent with all experimental observations.

In the following equations, sensitizer (donor) is represented by S,
added quencher (acceptor) by Q, and triplet states are denoted by
asterisks,

ky

s 4+ 8 (34)
kg

S* + 8% ~ g4 8 (35)
ks

S*+8 = 28 (36)
kq

S¥+Q - S+, (37

Equation 34 denotes the sum of radiative and non-radiative
unimolecular decay, equation 35 triplet-triplet annihilation,
equation 36 seli-quenching, and equation 37 transfer of triplet
excitation energy to an added quencher (non-reversible), The
rate of sensitizer triplet decay as a function of time is given
by the following equation:
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_ dls]

2 s kg [5%] + kZES*]z + e[S 1081 + K [5¥10Q1 . (38)

Q

The triplet concentration [8*] is conveniently replaced by At/ et
in accord with Beer's law, where At is the absorbance of the
triplets in solution, €¥ is the extinction coefficient of triplet-triplet
absorption, and 4 is the path length of the experimental cell. Also,
[8,] is substituted for the sum of [8*] and [S1.
dAt 1 9
- g = Gy kQ[Q] + B L8 D(A) + iy G5y - )(A)7 . (39)

The sum of the coefficients, k, + kQEQ] + k3[80]’ is represented

by o and the difference of the coefficients, -e—iz (k2 - k3), by
B to give an expression identical with equation 33 of the previous
section. '
day .2
- —d_'E_ = G‘At + B (_At) . (4.0)

With any particular sensitizer, the term o is expected to be
dependent upon the concentration of sensitizer as well as added
quencher, whereas 8, by contrast, is expected to be dependent
6n1y upon the choice of wave length for analysis.

The kinetic scheme was tested by measuring o« and f values
by flash kinetic spectrophotometry for a number of selected
sengitizers. Results listed in Table 7, as an example, demonstrate
the concentration dependence of a and the wave length dependence

of' # for fluorenone triplets in benzene solution,
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TABLE 7

Decay of Fluorenone Triplets in Benzene Solution® at Room

Temperature
Fluorenone Analysis
Concentration Wave, Length 3 % 4 47
(M.} (A) (10 " x sec. ) (10" "x sec. ™)
4,0 x 107° 6600 3.9 18
4,0 x 10-5 6200 3.4 18
4,0 x 10~ 5800 5,3 17
4.0 x 109 5400 6.3 25
4,0 x 1079 5100 5, 2 19
4,0 x 107 4800 4.0 9.5
4,0 x 1072 4600 3.6 5.3
4,0 x 10-9 4465 4.5 5.0
4,0 x 10-° 4400 3.1 4.7
4,0 x 1079 4300 4.6 4, 4
4,0 x 10-9 4200 4.6 4.9
4.0 x 1079 4100 4.8 4.9
4.0 x 10”0 4050 4.1 5.7
1.0 x 10~3 5800 10 15
1,0 x 10-3 4800 6.4 8.7
1.0 x 10-3 4465 8.1 A4
1.0 x 10~3 4400 7.1 3.5
Fluorecnone Kk
Concentration A_v; Tage a—l -6 ?:1 -1
(M,) (10 " xsec. ) (10" x M. “sec. )
4.0x1o'g 4.5+ 0.9 554 26
1,0 x 10” 7.9+ 1.6 y y

a. Benzene sample #1 was used.
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As is readily evident from Table 7, precision in the measure-
ment of o and B values is no better than * 25%. It is advantageous,
however, to confine measurement of « terms to that spectral region
where triplet-triplet absorption intensity is strongest. In the case of
fluorenone triplets, an absorption maximum occurs in the region
4200-4400A4. |

Transfer of triplet excitation energy was tested by measuring
the rate at which azulene quenches anthracene triplets. This reaction
had been shown previously by Ware (45) to occur at a diffusion
controlled rate in hexane solution. Azulene itself shows no triplet-
'triplet absorption and appears to have a triplet sufficiently low in
energy so that the reverse transfer from azulene triplets to
sensitizer is negligible., As shown in Table 8, added quencher
increased the value of the a terms whereas the P terms remained
the same within experimental error. The quenching constant is
close fo that expected of a diffusion controlled reaction in benzene,

TABLE 8

Quenching of Anthracene Triplets by Azulene in Benzene Solution®

Anthracene Azulene a B kQ
Concentration Concentration -1 -1 1 -1
(ML) (ML) (sec. ") (sec. ) (M. “sec. V)
4.0 x 107° - 1,04, 1x10% 71 1x10° - 9
4 g {7. 5+.5x10 }
9+ 3x10

4.0 x10°° 2.0x10°% 1.6, 1x10

‘a. Benzene sample #1 was used.
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Some experiments were run to test Livingston's hypothesis
that the measured values of k, in fluid solution are limited largely
by the presence of adventitious quenchers (25, 27). Since oxygen is
believed to be the most likely quenching impurity, special methods
for removal of oxygen were émployed in addition to the standard
degassing procedure, With 2-acetonaphthone in benzene, nitrogen
" was bubbled through the solution prior to freezing and the standaxrd
freeze~pump-thaw procedure was interrupted several times with
bulb to bulb distillations under vacuum in order to pass the entire
solution through the vapor phase. The effect, as shown in Table 9,
was to reduce the measured values of a. |

TABLE 9

Decay of 2-Acetonaphthone Triplets in Benzene Solutiona'

2—Acetonaphthone Analysis

Concentration Degassing Wave Length @ -1 g -1
(M) Procedure . (&) - (sec. ") (sec.” )
2.0 x 107° Standard 4300  1.2+.2x10° 2.7+ .1x10%
2.0 x107° Special 4300  7T.7+1.8x10% 2,7 .2x10%

a. Benzene sample #3 was used,

In another expcriment, the kinctics of décay of naphthalene
triplets in tetrahydrofuran were measured after an elaborate
degassing procedure that involved using the naphthalene anion as an
oxygen scavenger, A sodium mirror was deposited under vacuum
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in a degassing bulb connected to a samplé cell. Tetrahydrofuran,
which had been refluxed over sodium and distilled from lithium
aluminum hydride under a stream of nitrogen, was collected along
with zone refined naphthalene in the degassing bulb under vacuum

at liquid nitrogen temperatures and the cell was sealed. Upon
thawing, the solution became dark green in color because of
formation of naphthalene anions, known to be highly reactive with
oxygen (46), and the solution was flushed throughout the cell in order
to bring it into contact with all' glass surfaces., With {he solution
contained in the degassing bulb, the solvent was repeatedly distilled
into the cell compartment and poured back to the bulb in order to
return all colored material to the bulb. After a final distillation into
‘the cell, kinetic measurements were made and the cell was opened
in order to determine the concentration of naphthalene. As shown in
Table 10, measurement of triplet decay was made at 3 wave lengths
corresponding to triplet-triplet absorption maxima in naphthalene as
reported by Porter and Windsor (7c). Absorption at 41504 is
strongest and the o value at this wave length, because of poor
precision in the measurements at 3915 A and 3720 ﬁ, is taken to be
most representative of this experiment.

The possibility of self-quenching of naphthalene triplets at
sensitizer concentrations comparable to that used in the previous
experiment was investigated. The same source of naphthalene was
used, but the solvent was benzene. As summarized in Table 11,
there is an increase in the o terms as the naphthalene concentration
is raised. Although self-quenching cannot be readily distinguished

- from the possibility that small quantities of quenching impurities are
added with naphthalene, the measured effect is real and correction
Should be applied.
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TABLE 10

Decay of Naphthalene Triplets in Tetrahydrofuran' Following Special
| Deoxygenation Procedure

Naphthalene Analysis a B
Concentration  Wave Length -1 -1
(M.) (A) (sec. ™) (sec. )
-3 | 2 4
1.5 x 10 4150 8.3+ 1.0x10° 1.5+.1x10
1.5 x 1073 3915 9.5+4.0x10% 3.1:.2x10
1.5 x 1073 3720 2.1+1.0x10% 7.5:.8x10
TABLE 11

Self- Quenching of Naphthalene Triplets in Benzene™

Naphthalene  Analysis a 8 k3
Concentration Wave, Length -1 -1 1 -1
(M. ) (A) (Sec. ) (sec.”™) (M. “sec. )

5.0x10°% 4150 3.2+ 5x103 3, 0:!: 2x104{ 3.622.0 105}
=3 3 rabx
5.0 x 10 4150 48: '?xIO 3.7+.4x10

a. Benzene sample #1 was used,
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In Table 12 are listed first-order rate constants for the decay
of naphthalene triplets in solvents of comparable viscosity. These
rate constants include values from experiments described here as
well as representative examples from the literature. The corrected
k1 value from the experiment with tetrahydrofuran solvent compares
favorably with the other listed values and is within experimental

1 sec. '1, the rate constant for radiative decay of

error of 3.8 x 10~
naphthalene triplets in rigid media (47). This result is, of course,

in agreement with Livingston's hypothesis, It should be noted,
however, that when measuring small first-order rate constants for
triplet decay in fluid media, precision will inevitably be poor when
the decay is predominaied by second-order coniributions.

Included in Table 12 is the k1 value for perdeuteronaphthalene.
The radiative lifetime of this compound in rigid media is approxi-
mately 8 times longer than that of naphthalene (48), In benzene
solulion, however, these two substances have nearly the same first-
order decay constants as would be expected if triplet lifetimes in
solution are limited by adventitious quenchers,

A problem that may arise in application of kinetic spectro-
photometry is that conceniration gradients of triplets may form on
flashing solutions where the sensitizer absorbs a large fraction of
the light. If is reasonable to expect that the yield of triplets be
higher near the surface than at the center of the cell. It was
suspected that this may have taken place with naphthalene at concen-
trations of 5 x 10 M. and higher. To check whether this
phenomenon might affect the measurement of rate constants, benzene
solutions of naphthalene and benzophenone were prepared in cells
equipped with filter jackets. The jackets were filled with a 0,2 M,
solution of naphthalene in benzene in order to keep the naphthalene
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in the cells from absorbing light directly. Benzophenone, which
absorbs light weakly at wave lengths longer than naphthalene and
also has high intersystem crossing efficiency, was used to
sensitize the formation of naphthalene triplets to give what was
believed to be a more uniform distribution than was achieved on
direct absorption of light by naphthalene. Experimental results
are summarized in Table 13,

Comparison of the kinetic terms in Tables 11 and 13 makes
it appear that a non-uniform distribution of naphthalene triplets
resulted in o values that were too large. In both cases the B values
and self-quenching constants are the same within experimental error,
Ii it can be assumed that the concentration gradient problem also
applies to the naphthalene solution in tetrahydrofuran, a correction
would further reduce the mcasured value of kl for that solution,

Another apparent example of concentration gradients in the
solution decay of triplets is provided by 5H-dibenzo(a, d)cyclohepten-
5-ol(dibenzcycloheptenol), With thig substance, in contrast to what
may have been expected from the above results with naphthalene, the
measured & values increased with more uniform triplet distributions
effected by higher flash intensities as shown in Table 14. From these
preliminary investigations, it would appear that the kinetie effects of
triplet concentration gradients depend largely on the absorption
spectrum of the sensitizer involved.

Rates of triplet state decay have been measured for a large
number of sensitizers In benzene solution and results are summarized
in Table 15, The triplet state lifetimes for most sensitizers investi-
gated are of the order of 50 - 500 psec,, well within the time
resolution 1imits of the flash-photoelectric apparatus. Solutions
were scanned at several wave lengths to determine where triplet-
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TABLE 14

Dibenzcycloheptenol Triplet Decay as a Function of Flash Energy&l

Analysis Flash " 3 Number of
Wave Length Energy 1 - Determi-
| (A) (joules) (sec., ) (sec. 7) nations
4358 128 4.6+1.5x10° L5+.1x10% 3
4358 361 1.6 x 10° 1.5 x 10 1
4358 722 2.0:.1x10° 1.5:.2x10% 2

a. The same solution, 3.8 x 10"5M. dibenzcycloheptenol in benzene
sample #3, was used in these determinations,

triplet absorption was strongest. In order to circumvent possible
difficulties from production of non-uniform triplet state distributions
in experimental cells, high flash intensities and dilute solutions of
sensitizer were used whenever practical. A number of sensitizer
solutions listed in Table 15 were used for reference when measuring
rates of energy transfer to stilbene and 1, 2-diphenylpropene, Filter
solutions were employed to make certain that the sensitizer
absorbed the same quantity of light both in the absence and presence
of added quencher, Scrutiny of the data, however, makes it appear
unlikely that the filter solutions had any effect on the measured rate
constants. There was in some cases significant variation in o and

f values among different solutions of the same sensitizer. Although
there may be a more subtle cause, this variation is believed due to
differences in solvent purity and/or extent of oxygen removal, It is
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deemed advisable, when measuring quenching constants, to include
with each experiment a sensitizer reference that has been prepared
with the same samplé of solvent and degassed simultaneously with
the cell containing sensitizer and added quencher.

Figure 7 is a plot of the unimolecular rate constants from
Table 15 against triplet state energies of the sensitizers involved.
The ordinate is ploited on a logarithm scale for convenience. For
a particular sensitizer, a circle denotes the average value and a
straight line includes the range of all measured values. The fact
that rate constants for different sensitizers vary by as much as two
orders of magnitude may, at first, appear to present evidence
against Livingston's hypothesis (25, 27). Substances such as 9, 10-
dibromoanthracene, however, have radiative lifetimes so short that
they are not affected by small quantities of quencher in solution (12).
It is believed that the same argument may apply to thioxanthone,
duroquinone, benzil and possibly fluorenone, fluoranthene, camphor-
quinone, and acridine, although radiative lifetimes for these
substances have not been reported. With the exception of phen-
anthrene, the remaining sensitizers can be divided into two classes.
Those with triplet energy greater than 56 kcal, /mole have rate
constants that cluster about 2 x 10°sec. 1 Below 56 kecal. /mole,
- there is a gradual decrease in measured rate constants to values
below 1 x IOSSec. “1. There are, of course, some variations in this
pattern that may have been caused by differences in solvent purity
and/or extent of oxygen removal from one experiment to another,
The gradual decrease below 56 kcal, /mole may indicate that there
- was some quencher present in the solvent with a triplet energy in
the range 50-55 kcal. /mole, Perhaps the most disturbing feature
of Table 15 and Figure 7 in terms of Livingston's hypothesis is the
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First- order Terms in Sensitizer Trlplet Decay
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unexpectedly high value of kl for phenanthrene, which is known to
have a radiative lifetime of 3. 3 sec. (47). However, only two
independent measuremenis of this rate constant were made and

the possibility that the measured values were limited by impurities
in either phenanthrene or the solvent cannot be dismissed. One
may conclude, therefore, that there is no compelling evidence
against Livingston's hypothesis,

In order to evaluate rate constants for the process of triplet-
triplet annihilation, one must know, in addition to measured values
of B, the extinction coefficient of triplet-triplet absorption and the
path length of the cell, Self quenching consiants, k3, are usually
several orders of magnitude smaller than k2 and can be ignored.
Although triplet absorbance can readily be measured after flashing,
extinction coefficients cannot be evaluated without knowing ¢he
concentration of molecules in the iriplet state. Porter and
Windsor (7c) have estimated extinction coefficients in triplet-
triplet absorption by assigning the observed decrease in singlet-
singlet absorption intensity to conversion to the triplet state. In
thaose cases where Porter and Windsor reported €* values for
sensitizers whose S values were measured here, rate constants
for triplet-triplet annihilation have been calculated and are listed
in Table 16, These values all appear to be within experimental
error of the expected diffusion controlled rate constant.
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TABLE 16

Rate Constants for Triplet-Triplet Annihilation in Benzene

Wave k2

Ba_l b Length  _,° 4
Sensitizer (sce. 7)  (e*) (A) (M. “sec. )
triphenylene a1x10% 41x10® 4280 3.5x10°
naphthalene a2x10% 1Lox10* 4150 s.8x10°
chrysene .5x10% 8.8x10° 5700 2.8 x 10°
1,2, 5, 6-dibenz- 1.5x10% 6.3x10* 5460 2.0x10%°

anthracene '

1,2-benzanthracene 1.2 x 10% 2.3x10% 4850 5.8 x 10°
anthracene 6.9 x 103 7.2 x 104 4240 1.0 x 1010

a. The average of the values from Table 15 is given here.
b, The values of €* are from reference 7c.
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Rate Constants for Triplet Energy Transfer to the Stilbenes and
1, 2- Diphenylpropenes:

The first step in the investigation of tripiet energy transfer
to stilbene was to check the possibility of viewing stilbene triplets
directly, No transient absorption over the spectral region 3420-
5790 A could be detected with the flash- photoelectric apparatus
after subjecting benzene solutions of trans-stilbene (1 x 10—2M. and
2x 10_4M.) to intense flashes of light. In similar experiments with
cis~stilbene, a transient with absorption in the region 4200-4900 4
and a lifetime greater than 5 sec. formed on flashing, The transient
absorptlon intensity, detected with a cis-stilbene concentration of
2x10 M. was weak and increased only slightly with higher flash
intensities and higher stilbene concentrations. The lifetime and
absorption spectrum of this transient match those of dihydro-
phenanthrene, which has been shown to form from the first excited
singlet state of cis-stilbene (31,32), The fact that reversion of
dihydrophenanthrenc to cis-stilbene is known to be a photochemical
reaction would be expected to keep the concentration of dihydro-
phenanthrene at a Iow level and could account for the observed weak
absorption intensity.

With fluorenone as sensitizer, benzene solutions of cis- and
trans-stilbene, respectively, were prepared and, using the technique
of flash kinetic spectrophotomeiry, the spectral region between 4150
and 6000 A was scanned for transient absorption. Filter solutions
were employed to prevent direct absorption of light by stilbene, In
both cases, the concentration of stilbene (1 x 10° 2M.) was sufficient
to quench completely all detectable triplet-triplet absorption in
fluorenone, Porter (49), using flash spectroscopy, also was unable
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to view absorption of stilbene triplets in fluid solution. The fact that
no absorption was observed is consistent with the short stilbene
triplet lifetimes suggested by the studies of Hammond and

Saltiel (31, 32, 34).

It is of considerable advantage to these studies that triplet-
triplet absorption in stilbene cannot be detected with the experimental
techniques used here. For example, when measuring the rate of
triplet energy {ransfer from sensitizer to stitbene, the decay of
sensitizer triplet-triplet absorption cannot be distorted by simultane-
ous absorption in stilbene., I stilbene triplets are indeed very short-
lived, then the effective concentration of ground state stilbene will
remain constant during the process of energy transfer and there will
be little complication from reversible energy transfer,

Since direct absorption of light by stilbene leads to
isomerization exclusive of energy transfer (31, 32), filter solutions
were employed whenever practical to effect necessary spectral
barriers. The use of filter solutions also prevents formation of
dihydrophenanthrene, which absorbs in the same region as many
sensitizer triplets and may itself be a quencher. As described in
the experimental section, the absorption spectrum of 1, 4~diphenyl-
1, 3-butadiene is such that this substance is effective in filtering
light absorbed by the stilbene isomers, Less effective in the same
role is trans-stilbene. Absorption spectra of the sensitizers vary
considerably and it was not always practical or possible to get
sufficient light into the sensitizer when using filter solutions., These
exceptions are noted subsequently.

Listed in Table 17 are the rate constants that have been
measured by flash kinetic spectrophotometry for the process of
triplet energy transfer from 18 different photosensitizers to the
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cis and trans isomers of stilbene, With each experiment, the rate

~of decay of sensitizer in the absence of added quencher was
measured for reference purposes. Quenching constants were then
evaluated from the increase in o terms as a function of added
quencher concentration., The values of kQ are in many cases more
precise than any of the other parameters derived from the kinetics,
since quenching can be made the dominant decay process. The effect
of added stilbene isomers on the triplet lifetime of 1, 2, 5, 6-dibenz-
anthracene is illusirated by the uscillographs reproduced in

Figure 8. The results from runs based upon a particular sensitizer
reference solution are grouped together in Table 17, Many rate
constants were measured independehtly more than once, Values of

P are included for purposes of comparison because they are expected
to remain independent of added quencher. In some instances, how-
ever, large o terms dominated triplet decay and rendered measure-
ment of B terms very imprecise. At the concentrations of sensitizer

used here, reverse energy transfer from trans-stilbene triplets to

sengitizer is expected to be negligible (31, 32),

With sensitizers having triplet excitation energies greater than
53 kcal, /mole, the stilbene concentrations used were so dilute that
it was questionable whether isomeric purity in stilbene persisted
after only one flash, These solutions were subjected to repeated
flashing in order to reach photostationary conditions prior to kinetic
measurements, The same rate of quenching was achieved in
solutions prepared initially from either pure cig- or pure trans-
stilbene, thus indicating that a common state had been reached.
In order to check the actual isomeric composition of stilbene, many
of these solutions were concentrated by a factor of 100 or more .
~ under a stream of nitrogen and analyzed by vapor phase chroma-
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tograiphy. As shown below in Table 18, there is fair agreement
between the results of these analyses and previously measured
photostationary state values.

With sensitizers having triplet energies greater than 62 kcal, /
mole, Hammond and Saltiel (34a) reported the photostationary ratio
of cis- to trans-stilbene to be 1.5 in solutions 0, 05M in stilbene.

In this "high-energy' region, it was proposed that sensitizers did

not differentiate between the stilbene isomers in the process of
energy transfer and that the cis rich mixture resulted from the mode
of decay of stilbene triplets, It was later found that this photo-

stationary ratio was 1.6 in more dilute solutions of stilbene (< 10'3

M)
where self-quenching of stilbene triplets made no important contri-
bution (31,32). In more recent studies, Valentine (51) has found
that among different classes of "high-energy' sensitizers there is
a variation of about 6 per cent in the isomeric composition of stilbene
at the photostationary state. It is believed that this variation is
caused by small changes in the rates of energy transfer to the
individual stilbene isomers rather than by sensitizer effects upon
the decay of stilbene triplets. In subsequent discussion, the value
of the decay ratio is taken to be 1,6, although it is recognized that
this number may be somewhat in error.

In order to make use of the quenching rates measured at the
photostationary state, it is necessary to assume (he mechanism

given in equations 12-18, If excitation of cis- or trans-stilbene

leads to a common triplet intermediate, then the composition of the
'photo_stationary state is determined by the relative rates of energy
' transfer to the two isomers as well as by the decay ratio of the
stilbene triplets. H, as discussed in the previous paragraph, this
Iatter value is known, the rates of quenching at the photostationary
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state can be partitioned into rates of energy transfer to the
individual stilbene isomers, In the following scheme, which.
_a'pplies only at the photostationary state, kQ[ Q1] represents
the total rate of quenching, Equation 41 is the reciprocal of
equation 20,

(g =(1‘14 + kqp) (kn) _ 1 (k14+k15) (1)
Lel kig [ \kg) 1.6\ K

kQE_Q] = k13[t3 + (k14 + k15)[c] (42)
kQEQ]
k13 = m = (kQ) trans (43)
kQ[Q] _
Uy + ¥yg) = 7107 = Ugleis (44)

When using those sensitizers having triplet energies between
47 and 53 keal. /mole, it was possible to measure quenching constants
with pure stilbene isomers and again al the photoslalionary state, The
agreement between the two sets of numbers shown in Table 17 provides
considerable support for the mechanism of equations 12-18, Higher
concentrations of stilbene were required with sensitizers of triplet
energy below 47 kcal. /mole and, since it was not attempted to bring
these solutions to photostationary conditions, quenching constants
were measured individually only. |

The relationship in equation 41 ean also be applied to the
evaluation of photostationary state values from the individual
quenching constants. Of course, this operation is meaningful only

with those constants measured with pure stilbene isomers. Included
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in Table 18 is a comparison of these predicted photostationary states
with those measured by Hammond and Saltiel (31, 32,34). The
agreement, which is good when considering the precision involved

in measuring quenching constants, provides additional support for
the mechanism.

Some problems arose with individual sensitizers, Thiox-
anthone was the only sensitizer with triplet energy higher than
58 keal. /mole with which filter solutions could be effectively
employed. Triphenylene, phenanthrene, and 2-acetonaphthone have
absorption spectra such that it was difficult or impossible, using
filtered light, to get sufficiént triplet populations in solutions of
these molecules. With stilbene concentrations of 2.5 x 10'5M. and
less, however, absorption of light by stilbene did not appear to cause
any difficulties, Stilbene quenching constants with 1-naphthyl phenyl
ketone, chrysene, and fluorenone were measured with and without
filter solutions and both sets of rate constants were identical within
experimental error. In no experiment was absorption from dihydro-

. phenanthrene observed even though most sensitizers were monitored
at a wave length where this substance absorbs, Also, if dihydro-
phenanthrene were present, it apparently had no detectable effect on
the rate of quenching.

Triphenylene presents a special problem. Not only can one
not use filter solutions with this sensitizer, bui photoslationary states
measured with triphenylene were richer in trans-stilbene than was
expected. For example, Coyne and Valentine (52) found that a solution
0.05 M in both triphenylene and stilbene gave a photostationary state
value of 46 + 1% cis-stilbene after irradiation with 2 medium pressure
mercury arc lamp and a pyrex filter. By comparison, other "high-
energy' sensitizers gave photostationary state values of approximately
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' 60% cis-stilbene. The facts that stilbene absorbed a large quantity
of the incident light and that trans-stilbene has larger extinction
coefficients than cis- stilbené were expected to lead to a photostationary
state containing more than 60% cis-stilbene. Solutions 4 x 10~ 5M. in
triphenylene and 1 x 107°M. or less in stilbene were used in
measuring rate constants for energy transfer and, after repeated
flashing with xenon flash lamps, gave apparent photostationary state
values of 73 + 4% cig-stilbene, Because of the different lamps and
different reagenl concenirations used in the two experimenis, it is
difficult {o relate these two numerical results. In lieu of additional
information about energy transfer from triphenylene to stilbene, the
only reasonable interpretation of the quenching data seemed to be to
assume that triphenylene transfers triplet energy equally well to cig-
and trans-stilbene.

After concentration of the solutions used in these investi-
gations, analysis by vapor phase chromatography often showed traces
of materials other than solvent and reagents. If was established that
- several substances were in benzene initially, although it was necessary
to concentrate them in benzene under a stream of nitrogen before they
could be detected. Extensive formation of side products was detected
in solutions with phenanthrene as sensitizer and some side products
were also found in the presence of thioxanthone, 2-acetonaphthone,
and benzil. In the solutions with thioxanthone and benzil, some of the
by-products were not readily separated from trans-stilbene. No side
products were observed with these 4 sensitizers in previous photo~
stationary state determinations (31, 32, 51). Alfhough there is no

i obvious reason why, it is possible that these by- prndpcts arrived
either by concentration of the solutions or, because of the relatively
high incident light intensities in the flash experiments, by interaction

between transients.
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Eosin and 9, 10-dibromoanthracene were used previously as
"low energy" sensitizers with stilbene and were found to effect
conversion to 99, 8% trans jsomer at the photostationary state (31, 32),
Measurement of quenching constants with these sensitizers was not
practical because the combination of short sensitizer {riplet lifetimes
‘and rather inefficient energy transfer would have required unreasonably
high concentrations of stilbene. Anthracene and 3, 4-benzpyrene, which
have triplet energies comparable to those of eosin and 9, 10-dibromo-
anthracene, were selected for measurement of energy transfer to
stilbene because of '"long" triplet lifetimes in solution. T was quite
surprising when it was discovered that the quenching constants with
anthracene and 3, 4-benzpyrene predict photostationary state compo-
sitions of 69 and 57% cis-~stilbene, respectiveiy; At first it was
suspected that impurities In trans-stilbene may have effected the
unexpectedly high quenching constants with trans-stilbene. This
process now seems unlikely because, within experimental error, the
same effective quenching constant was measured with anthracene and
4 samples of trans-stilbene purified independently of each other by
different means. Another possibility is that anthracene and 3, 4- benz-
pyrene triplets were quenched by trang-stilbene in a manner that did

not effect isomerization of the latter., On the other hand, eosin and

9, 10-dibromoanthracene are distinguished from other sensitizers in

the study of lhe photosensitized isomerization of stilbene in that they
have bromine substituents. More recently, Valentine (51) used p-
bromobenzophenone as a sengitizer and found a photostationary
composition of 95% trans-stilbene despite the fact that this sensitizer
has a triplet energy of 68, 4 kcal, /mole (53) in the "high energy' region.
It is now surmised that these bromine substituted sensitizers effect
stilbene isomerization principally by a process that may involve
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_catalysis by hydrobromic acid or bromine atoms instead of triplet
energy transfer.  As a first step in resolving this problem, photo-
stationary state measurements should be made with anthracene and
3, 4-benzpyrene.

Figure 9 ig a plot of the average rate constant values for
each sensitizer in Table 17 against the sensitizer triplet energies.
The logarithmiec scale is used on lhe ordinate for convenience.
Because of the distributions of the two sets of points, it seemed
appropriate to draw smooth curves through them. The deviations
with triphenylene, phenanthrene, and benzil may be caused by the
difficulties with these sensitizers that are discussed above.

With sensitizers having triplet energies more than 3-5 kcal. /
mole above the triplet energies of the individual stilbene isomers,
the rates of energy transfer occur at what is believed to be a diffusion
controlled rate. The actual rate constants are in the range
3-8 x 109M. _lsec. -1 a,n& are in good agreement with those measured
by Sandros and Béckstrdm (14, 18) and also by Porter and
- Wilkinson (15) for reactions presumed to be diffusion controlled in
benzene. Since the encounter rates from bulk diffusion coefficients
in benzene solution at 20°C are calculated to be 1 x 10°%Mm, 72 1
or slightly greater (17, 54), it may be that energy transfer to stilbene

sec.

 from the "high energy' sensitizers does not actually occur on every
encounter. Noyes (55), however, after finding a similar discrepancy
in rates of recombination of iodine atdm_s, concluded that the model
for calculation may be in error. He reasoned that the bulk diffuaion
constant might not be a valid measure of the diffusion rate of a solute
‘molecule in the vicinity of another soluté molecule,
With reference to the horizontal axis of Figure 9, the

‘efficiency of energy transfer to each stilbene isomer begins to drop
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approximately 3-5 keal. /mole above the triplet energies of the
respective isomers. This drop continues in smooth progression
down to the lowest energy sensitizer employed., There is a marked
difference in the relative rates of decrease with the two isomers,

A separation between the rates of transfer to cis- and trans-stilbene
- begins at 62 kcal. /mole on the absciSa, reaches a maximum near
48 keal. /mole, and vanishes again at 42 keal. /mole, That triplet
energy transfer to cis-stilbene can effectivel'y compete with transier
to trans-stilbene in the "low energy' region despite the requirement
of an extra 7 kcal. /mole excitation energy seems to demand the
hypotheses of non-vertical excitation of cis-stilbene, Since the
ground state of cis-stilbene lies 6 kcal. /mole higher than that of
trans-stilbene (37), excitation of the cis isomer to the transoid or

phantom triplet should be exothermic with sensitizers of triplet
energy greater than 44 kcal. /mole. The rate of non-vertical energy
transfer to cis-stilbene is obviously less than diffusion controlled,
but is considerably greater than what would have been expected for
classical energy transfer from sensitizers having enérgies less than
57 keal. /mole. |

A comparison of the trans-stilbene curve of Figure 9 with a
similar plot of Sandrog' data for energy transfer from a number of
sensitizers to biacetyl (18) is given in Figure 10. Except for a shift
of several keal. /mole along the horizontal axis and a small difference
in the "high energy" region, the two curves are almost super-
imposable. The corresponding curve for cis-stilbene, by contrast,
has a lesser slope in the region below its spectroscopic triplet state.
There has been no indication of non-vertical excitation in Sandros'
syst_em and, from this comparison, it would also not appear to make a
significant contribution to the excitation of trans-stilbene. This
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conclusion is compatible with nearly isoenergetic transoid and
phantom tfiplets in stilbene. Because there was extensive reversible
energy transfer in Sandros' system but not in the experiments with
trans-stilbene described here, it may be surmised that rate constants
for energy transfer are independent of contributions to the reverse
process. |

One of lhe more striking features of Figure 9 is the lack of
structure in the two curves. This behavior was, of course, expected
by analogy with the work of Sandros and Bickstrdm (14, 18), but
leaves unexplained the structure in Figure 4, whose appearance had
led to the hypothesis that the efficiency of energy exchange between
sensitizer and acceptor is sensitive to vibronic factors when their
excitation energies are close to the resonance condition (31, 32), The
untenability of this interpretation is now demonstrated by the results
of the kinetic investigations presented here as well as other recent
data by Valentine (51) and Howell (56).

Because of a maximum in Figure 4 associated with pyrene
and 1, 2-benzanthracene, it was proposed that energy transfer from
these two sensitizers to trans-stilbene was diffusion controlled (31,32).
As is readily evident from Table 17 and Figure 9, however, the rates
of energy transfer from these two sensitizers to trans-stilbene are
less than diffusion controlled by a factor of 10, There would no longer
appear to be any justificai:ion for assuming that the trans triplet has
an energy of 48 keal, /mole rather than the previously measured value
of 50 kcal. /mole.

It now appears that much of the structure in Figure 4 was the
result of several unfortunate choices of sensitizer combined with a
fortuitous set of circumstances. The point for pyrene was plotted
incorrectly and, as is expla,ihed in the Appendix, the triplet energy
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value of benzil in Figure 4 is believed to be in error. Scrutiny of the
plot in question reveals that the minima are determined by quinone
sensitizers. Addition_al hydrocarbon sensitizers near the quinones in
triplet energy gave photostationary state measurements very different
from those of the quinones (51,56). Both 1, 4-naphthoquinone and p-
~ benzoquinone were shown to form ground-state charge-transier
complexes with stilbene (31, 32), and il is conjectured thal this may
have influenced the nature of the triplet energy transfer. Unfortunately,
measurement of rates of energy transfer with these two quinone
sensitizers was not possible because they Showed no detectable triplet-
triplet absorption. As expected from the appearance of Figure 9, a
new plot of photostationary compositions vs. sensitizer triplet
energies in Figure 11 has but one large maximum, although there are
numerous individual deviations from the curve., Figure 11 includes
presently known values for measured and predicted photostationary
states with the exception of those corresponding to 1, 4-naphthoguinone,
p-benzoguinone, and bromine-containing sensitizers.,

The measurement of rates of triplet energy transfer from a
variety of photosensitizers to cis- and trans-1, 2-diphenylpropene
also has been accomplished and the results are summarized in
Table 19. This study was similar in many respects to that with
stilbene, |

With sensitizers having friplet excitation energies greater
than 53 kcal. /mole, measurement of rates of energy transfer to
diphenylpropene was periormed only with mixtures having photo-
stationary cbmpositions. In the range of sensitizer energies
between 48 and 53 kcal. /mole, guenching constants were measured
with pure isomers and again at the photostationary state, Those
solutions with sensitizers of triplet energy below 48 keal, /mole were
not brought to the photostationary state.



90

(3jow,/ DoY) +3

9/ 2. 89 9 09 oG A 8t a4 (0}
I 1 f T I I I ] ] !
UoIuluUnDzIULqg -
auaihdzuaq-p'c "62 3uaaDIyYIY c_.wacwnumm_— Mw
aualInIylun 'g2 auatid -22 —
2U2IDJYjuDZUBQ-Z¢| 3uadoJiyluoZUdqIp-H g1 2
- Ayrawip-0l's L2 q 11Zuag-02
auIp1420 *92 auouinbounp-g|
auaikd |f}920-¢ ‘G2 au3dp4yjuozUaqIp-9'G‘2'L -8l ~
auayjuoioniy L
auousaion|j ‘9i
jAucidoid _aawuw.m_ @62

auoylydouo}asn-2 -0l
2pAuspioyiydou-2 '6
auojey [Auayd jAyydou-Z '8
2uoiay S 431U L
JUCAD|S S

auouinbpiyjup-¢

auoyluopxotyyl ¢

auouaydozuaq-'¢

auouaydosdo g

aunjay (Auayd 1Adoadoiako |

‘sjuawasnspaw Oy
wouy palopsid 21018 K1DUCIIDISOIOUd = @

‘?10}s Lipuoypisojoyd pasnspa§y =) -
1 ] ] ] ]

auoay (Auayd |kyiydou-| |

LICELIL B!
apAyapioyiydou-| gj
auashiys -zl

1 )

|

]

S8Uaq[11S 2y} JO UOIIDZ1IBWOST PazZIISUasSOlOy4 404 10|d Pa1D9410)

Figure 11

06

00!



91

S8d - moﬂxﬁ.n g0T X 68 .voﬁxm.m TPy 0T X ¥°T 8GEY - 0 m-oH X001 muo.mxo.w
ssd gOTX¢'1 g0IT X g9 pOL X G FG°g 0T XT" FP'C 8aed - 001 g-01 X¢6°% g-0I X 0°%

- - - voﬂxn.ﬂﬁ.o gOT Xg°F9°T 8SEY - = - m..oﬁxo.ﬁ
§8d gDIXE'% gOT X 9°6 pOIXGT Ty p0T X €° F3°T B8GEY I# 0 g-0I X071 g-0TX0°%
§8d 401 XP'T g0TX6°S p0IX8°¢ ¥9'9 FOTXE " +1°T 8SEP I# 001 g-0T ¥ 67 g-0I X0°%

- - - p0I X 8" F2°9 .moﬁxm.ﬁﬁ.ﬁ geeEy - - - A ¢-1X0°%

, auo0jay rAuatd TAyydeu-|
ssd moﬁua.w wcﬁxb.m 301X 8" T6°E moﬂwo.ﬁ mm..m 00td I 0 g-0T X 0'G ¢c-0TX0°F
8ssd moﬁxm.m g0 X271 voﬁ:.ﬁ Hm.m #01 xH.Hm.H 00t I# 001 g-0IX0°'L c-0TX 0¥

- - - pOT X1 *1°E ¢OIXT°30°C 008% - - - ¢-0TX0°F
S8d g0I XL e g0IXET " 0T X ¢° F1T 00t% ™" 0 g-0Tx0°9 ¢-0TX 0%
88d 401 X8 T g0IXET 2 p0T X ¥ 277 00E¥ I# 001 c-0T Xg°1 g-0TX 0%

- - - y0I X 1"+ L°T 0T XZ°+2°'1 00€% - - - g0l X0°¢

£ '65 2uoyydeumaIR-g
§8d gOIXG'b gOTXG°¥ gOLXE"FE°T ﬁo:ﬂm.ﬂw.n QLLS @ 0 g-0TX1°g g-0I X079
- - - 01 XTI F9°¢ woﬁxﬂ...:.ﬁ 0LLS oo - - c-01.X0"9
G'GY SUOYJUEXOT
88d 0T X6°S g0l X &' $01X2°F0°2 $0IXT1°+0°C 8Se¥ - 0 g-0IXT°g ¢-0IX0'%
SSd gOT XSG g0TXC'S 01 XP +1°C 0T X1°+0°C 8%EY - o001 g-0T X1°§ ¢-DIX 0%

- - - pOI XTI FE°g 0T XZ F6'1 8SEY - - - c-0TX0°¥
§8d g0 X mﬁ# 01X 8% F0IX0TT8% {01 XS F1°C 082F - 0 g-0T X 0% ¢-0TX0°%
S8d moaxc.w mo”xo.w onxv.mﬂm.m 01 X €° LY 082% - 001 g-0I X0°T ¢c-DIX0F

- - - woﬁxm.ﬂn.m g0l X 8" F%°L 082¥ - - = c=DIX0°¥%

| g'99 suatAuvaydlx
.ncoﬁﬂ Aﬁ-umm nsc r..umw -sc { _ *288) A._ _"oas) Qq uoynjog SId Y (") ) Ad&
-nofen I I I . YIIBUST  JI9IJ  T[EIIU] UCHIEIIUSIUC) UOHRIITION0))
10 s1sRg mc.mbaovc w._quus - B aAem auadordiiusydiqg
_ stsAeuy

(10w \ﬁwoucalhﬂuwcm 191d1a,], PUE I3ZT)SUSS

auadoadjfuaydig-g ‘1 -SUBI} pue -S12 0} SIVZIIISUISOIOY WIOJ] JOJSURI], m.wnww_m 1IBTILL J0] SjUTIsUo) ajey

6T TdVL



92

§8d gOTXE°L 01X L6 0TXLZFL'S {0IXE F¢'f gegh -0 p-0TX0°T 5-0L X 0°T
8Sd Q0T ¥ L'L g01 X077 2 FOT XL F8°¢  geeh - o 5-0T X 0°1 $-01 X 0T
- - - yOIXZ F6°¢ 0T X3 F6°'1 aceh - - - 0L XQT
: 9°1¢ suoumboanp
SSd gOT¥Z'8 g0I X 9°T HOT X[ FT2'T HOIXE FI°L 09pS g4 0 g-0I*§7% g-0 X0
SSd gOIX0°L g0T X €T pOUXT " F2°T HOIXT FZ°T 0995 ¢ 001 g-0TX1°¢ c-0IX0'%
Id  olxeL - 0T X 21 HPTX6°T  09%6 ¢4 0 c-01 %577 01X 0%
1d - goT X &°1 T X281 0L X T8 09%5 g4 001 Gg-0IXT°S ¢c-0LX 0¥
- - - pOTX T F2T LOIXFTFEL 09§ g - - g-0IX0°¥
SSd gOIXE'8 g0T X 9T HOTXT F9'T OIXT F0'L 0995 %0 ¢-0T X 67¢ c-01 X0
SSd UIX8°L g0T X S'T 0T X["F6°T %2 X g1 098 7% 00T ¢-0I X 0°S g-OIX0°F
- - - OIX[ " F6'T LO0IXZ FT's 0998 - - - 2°8s m.Enp.w
v ¢ suadRIYIEALGIP-9 ‘g ‘T T
- 88d gOTX 9T Q0IX¥'Z HOIXI"+9°C gOIX¥ FS°IT gsed g4 001 ¢-01 X972 p-0L X 07T
Id - g0l X L' pOTX LT 0T X1 FTp'g geey . ¢# 001 ¢-01X9°T $p-01 X 0°2
- - - 0T XZ°F9°¢ 201 XE +G°'T goed g8 - - $-0L X 0°C
SSd GOIX¥'T g0IX0°C 30iX¢ F1°¢ g0IX9"Fe'9 gsgh  ~ I¢ O ¢-0I ¥ 0°1 c-0LX0°F
SSd g0TX2'T gOIX LT 0T XL FL'E HOIX1°F0'1 85e¥ I# 001 c-01 XG°F c-0I X 0¥
- - - pOTXT " F8°¢ OTXT " FI°C gcey - - - c-0IX0°%
SSd 0T XTI°Z 0T XT'E 0T X% FO'L I X¥ FT'6 00¥ # 0 g-0I%0°1 g-0LX 0¥
SSd  gOTXL'T g0IXS'3 0IXL F%'9 pOIXTI FH°'T  00¥F I 001 c-01 %672 c-0IX0¥
- - - OLXE°FS'9 gOIXE FI°'% 00F - - - _c0[X0F
£ '8 uoUaXONyy
SSd GO0TXE°Z g01X9°6 0T X2 F8°C 0T XTI FG'T 8SEY -0 g-01%0°7 g-01X0°F
S84 LOTX6'T g0IX¥%'L 0T X" FO'E 3;01XZ F8'Z 8SEH - Q0T g-01 % 877 g-0IX0°F
Id - g0l X £°2L 301 X 6°¢ 01 X1°2  8sed - 001 g-0T X 9°C S-0IX0'¥
- - - pOT X2 F2F g0I X9 °FZ'¢ 8BSy - - - G *LS 01XQ°

(p.3uod) auojay 1Auaid jAyygdeu-1

~qUOTIEl Aﬂ‘ummm nW) Aﬁuummﬁusu A_” _*298) AH _"09s) @ uounog ST 9 { ‘) (W)
-noren . yiduarg I3 TEUl  UCTIRIUaTUOC)) UOTJBIJUSIUOD)
Jo s15Bg mSAwa ¢ © aaem auadoxdifuaydy
sSISATRUY ,
(o101 \—.Bé.mhmnucm JBTALIL PUR IBZLISUIG

PRuos g1 FTEV.L



93

Id
Id

Id
1d

88d
S8d
S84
88d
1d
Id

S8d
S8d
1d
Id

884

S8d.

Id
1d

-quUOTYel
-nore)
josiseg

L0TX8°2

LOTX9F
LI X §°S
01X £°F
L0IX0°E
01 X8°¢

QI X2°¢
g0T X 2°¢
Q1% 3¢

0L X 6°1
Q01 X 272
g0l ¥ 072

Aﬂrommﬁuﬁv AﬁuomwTSc
mﬁnﬁ@é

G0T X 9°9

01 %276

L01X2°T
L1 XG°T
201X 17T

‘g

Q0T X0

g0t wn 0°L

101X 6%
0T X8

LT X9°6

LOTX0°S
L[0T X6

0T X8

s1aCs)

o]
01X 02
T X2 TGl

$OIX2°%0°C
$OTX T F8°7
L01X2°2
JOTXL
H,Sﬁ:;.ﬁ

LIXT FE
¢0IXg'¢ ¥ 9

g0 X G
JOLXT %2

{

"098
[7%)

s

1
L
01X 276
g
T

pOIXT"F8°1
POUX T F1°2
ZOTX2TFL°6

voﬂxﬂ.ﬂm.ﬁ

voﬂx._.
oI x g’ )
0T X 97
0T X 1°
01 X 2°
voﬁxﬁ.

301

g0
moﬁxw.

H

DO NN
G Ao

H oMW H

.

01 X%+
voﬁxﬁ.ﬂ
301 X
X
T

.

o1
0T X1

.

O <K b 9
£ O ot

wcﬂ.xa.ﬂﬂ.w.

JOIXT FL°2
;01 X 872
0L X b2

JOIXT Fg'1

(

*3>98
ﬂ..um.v
T

-

0s8%
0s8d
0S8¥

091%
091¥
091%

091¥
09T1¥%
091¥
091¥
091%
091%
091%

85Ed
gcey
BGEY
8GEY
8cty

598y
598y
S98Y
598%
G98%

(V)
y38uarg
DARM

STSATEUY

P.Iued 61 ITAV.L

o#
o

1#
o

ot
T4
(4
14
T4
T4

14

o
(4
ot
e

g4
£
e
g4
£

uomnfog SID

QoY

¢-01X0°1T
g-0L X 0°¢
3-0T X 0%
e-0IX0°1
5-01 X 0°8
y-01 X076
e-01 X 0°f
g-0LX07I
$-01 X 076G
g-0TX0°1
g-01 X 175
£-0T X 671
g-01 X175
5-00 X 6°T

¢-0I X 0
gL X 0%
G-0LX 0P

auaoRIyIRZUS]-T ' T

c-01X0°¥F
c-0T X 0°F
c-0T X0

¢-0I X 0¥
mlo._” X0'%
g-01 X (10 4
¢-0IX0%
¢c-0EX0'd
g-0I X o”w

s S

5-01X0°1

$-01X 01
501 X0°1
p-0T%0°T

- B'0S__3-01%0°]

auadRIYIURZUIP-F ‘¢ T 1

g-0I X T1°G
p-0T X 07T
¢-01 X176
$-0L X071

(‘W)

I [BINU] UCTJRIJUIIUQ)

asuadoadiiuaydi(d

p-0T X G°C
»-01 X 6°2
=0T X G°2
p-0I X G6°¢C

_ H=01X8g _

[rzusq

(W)
UOHEIIUIOUO )

EoE\ﬁmuémgmﬁm 3197dIa ], PUB ISZ}JISUIY



94

Id ¢0IxXg"e pOL X T°T 0T XT° 27 8L9% €4 0 0T X078 ¢ 0T ¥ a”¢
I1d gOIX0°'T H0IXT°F2°1 gOIXT"F2°T 8L t# 001 -0 X 81 ¢-0T X c.v
- - - ﬁoH XZ'T 01X3°+2°% 8LS¥ %2 - - ¢c-0IX 0%
Id 0T X 9°1 - gOITXI 79T g0 X ¢’ Fz'2 089% 1# 0 g-0TX0°8 ¢-0T X c“w
Id - gOIX 2T HOIXT F%71 0L X1 FE°C 089% T# 001 Naoﬁxm.m ¢-0IX0°%
- - - 0T X1 F¢E°T PAUE A | F1'6 089% - - - £F¥ 0T X0°F
: SUIDBIYJUBZUSC-T ‘T -%ﬁmﬂ%-oﬁ No.
Id c0TXx1i%9 - 0T X2 FE'T SO0IXC"FE°p  goed 14 0 ¢-0EX0°¢ ¢g-0IX0°F
I1d - g0TX¢g"9 0T XP'T OEXT°FT1°9 gseh T4 001 g-0TX0°9 OIX0°F
- - - 0L XTI F2°T mo.ﬁv.a.ﬂm.m 8CEY - - - g-0IX0'%
I1d mS XE°9 - pOT X 1 "FI1T g0T X2 ¥8°¢ 8Ged ¢# 0 g-0EX0°¢ c-0L X 0¥
d - mo.ﬁ X8'9 L0IXg F9°71 0L XE°F0°9 B8SEY 24 001 g-0T X 0°9 g-01 % (108 4
- - - voﬁxw.ﬂﬁ.ﬂ 01 XT1°¥6°T gser - - - c=0IX Q"
A aUpLIOE.
Id Q0TI X3%°1 - pOTXT F6°T cOIX2°F0°'S gsth 4] 0 g-0TX0°¢ c0TX0'¥%
1d - gOIXS'9 pO0EXT FLT 0T X F8'y  gsed o 00t g-0T X 0°9 c-0TX 0%
- - - $0TX6°T Z0TXZ°F6'8 8SGEP - - - m-pH X0'%
G oy ou3dxAd [4jeoe-g
Id g01%xX8’6 - 301X F1°¢ eI XT°F0°9 gsey et 0 $-0I X 0°S c-0TX0'¥
Id - 01 X 2°9 s0LXT°F¢g°¢ g0 X 2° Fg'L  gced ¢ 001 g-0TX0°T c-0IX0'F
- - - p0TXC FH'E 0T X2 FI°T 8%Ew - - - m-OﬁNo.v
id S0TXT1'1 - 0T X1 °F¢g°¢ g0L X2°F0°01 £6¥F 4] 0 $-01 X 0°S g-0T X 0%
1d - moﬁ iye 0L XE°F6°C 0TI XGC F6'9 €6FF 4] 001 g-0TX0°T g-01 X0 P
- = - wo::.ﬁw.m moﬁxm.ﬂm.w £6¥d - - - c-0IX0%
0°LF QucJajuezuaqg
«quonEr .chummn-_av mno@mﬁﬁv AT *0as) Aﬁ- *0as) A_M uonnog S99, (W) 0y
-naTen Yjdusy 84 T[RRIV UOKREIIUSIUOCY uonenuatuo)
Jo s1s®g m:mhmué m_uﬁav: e 0 aaem auadordrAuaydyq
‘ sIsATeuy -

(e10UI /TROY) whwumqm BT pue JBZIJISUDIG

P.JuGd 61 HTLV.L



95

d
1d

Id
id

~qUoTIe

-nare)
IC Siseg suen

501 X 8°2

0T X 0°¢

0T X 5°2

$OI X L°G

"ucrs109ad 1004 £19A SMOYS JO aarjedau Jayjo ST onfEA

paansesw ayy, ‘2

*pasn s1 (1owost aand) 1g Joquiks ayy usy) ‘averd
UayE] PEY UOLIBZLRBUOST CU JEY] PIWUNSSE SBM )T J] “PAydesd uad( pey ajeis Areuoieisoioyd ay
JEY] PAWINSSE STA J1 SIUEISu0d Suryouank ay) Surienreaa u jeY) 230udp 03 pasn St 884 1oquis ay] °q

Xtpuaddy ay3 ur usALd ST 543y pPIIST] $9181aU0 191dTI] JO 90JNOS 3y} 0] S0UBISIOY ‘B

Aﬁuummﬁ-ﬁv‘fluwmﬁuzv‘ (. -oos)

O 510

.Hl

0T X T FG'T gogF
gOIXT°FG'T gS¢h
20T XL FL°9 gGeh
gOT X1 FE°'T  gsep
cOIXTI°F0'2 85eh
0T X¥°F0°c gsey
:- 235} v)
o yisuary
SIABM
s1sdreuy

15
€4
€4

[4:
4

Q .
007

0
001

ucIn[eg  SI9 4,
TETIU] UOIEIIUSIUCT
suadosdiiuaydiq

LE Y

PJuoo g1 FTAVL

]

¢-01X 0%
2-01 X 0°p
g-0T X 0'p
c-0L X 0°F
g-0I X 0
¢-DIX0F

972

('I)

JUADBIIUE

(M)
UCTIEIIUADUO )

(a10w \?oémmmum:m J9[LL], pUE J0Z13jSUdg



96

~ As discussed below, the same basic mechanism for photo-
sensitized isomerization applies to the stilbene and 1, 2-diphenyl-
pi'opene systems., Complications involving self-quenching and small
variations in "high energy" photostationary compositions have not
been detected in the latter system. The triplet intermediate of di-

phenylpropene is believed to give a cis fo trans ratio of 1, 2 in the

process of decay to the ground state. Included in Table 20 are the
diphenylpropene photostationary states predicted from the individually
measured quenching constants, Once again, the mechanism of photo-
sensitized isomerization is substantiated by the agreement between
the measured and predicted photostationary compositions.

Fiiter solutions to prevent direct absorption of light by di-
phenylpropene were not employed with triphenylene and duroquinone,
Quenching constants with 1-naphthyl phenyl ketone were measured both
with and without filter solutions and, within experimental error, there
was 1o difference between the two sefs of numbers. In no experiment
was any absorption observed other than triplet-triplet absorption of
the sensitizer, nor was there any indication that quenchers were
produced upon direct absorption of light by diphenylpropene.

Many solutions believed to be at the photostationary state were
analyzed by vapor phase chromatography after concentration under a
stream of nitrogen, and the results are summarized in Table 20, For
those solutions with friphenylene, thioxanthone, and duroquinone as
sensitizers, the analysis showed some gide product formation, One
such product in the benzil solution interfered with analysis for trans-
1, 2-diphenylpropene and a correction had to be applied,
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Triphenylene é.lso presents special problems with the diphenyl-
propene system. In photostationary state determinations with this
sensitizer, Coyne (53) has found a concentration dependence such
that a solution .05 M, in both triphenylene and diphenylpropene gave
40% cis isomer, whereas a solution ,05 M, in triphenylene and ,001 M,
in diphenylpropene gave a cis isomer content of 67%. These values
were obtained under conditions where triphenylene absorbed most of
the light, Analysis of 3 separat.e solutions from the flash experi-
ments gave presumed photostationary values of 6, 35, and 59% cis,
Although it is recognized that this assumption may be incorrect, the
only reasonable interpretation of kinetic resulis seemed to be that
triphenylene transfers triplet energy with equal facility to cis- and
trans-1, 2-diphenylpropene. '

The photostationary values with the two bromine containing
sensitizers, eosin and 9, 10-dibromoanthracene, differ significantly
from that predicted by the quenching constants measured with
anthracene, Again, it is surmised that with the former two sensi-
tizers the measured photostationary states may have been strongly
influenced by the presence of hydrobromic acid or bromine atoms.

In Figure 12 is a plot of the average rate constant values for
each sensitizer in Table 19 against the sensitizer triplet energies.
Although Figures 9 and 12‘are similar in appearance, the set of
curves in the latter is shifted to higher energies along the horizontal
axis by several kcal. /mole, Hammond and co-workers (32) had
proposed that the trans isomers of stilbene and 1, 2-diphenylpropene
have approximately the same triplet en_ergies (48 kcal, /mole) because
interpretlation of Figures 4 and 5 called for diffusion controlled
resonance transfer between the sensitizers pyrene -and 1, 2-benz-
anthracene and the two trans isomers, The inconsistency of this
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interpretation with trans-stilbene is discussed above., That it is
also untenable with trans-1, 2-diphenylpropene is demonstrated by
rates of energy transfer from pyrene and 1, 2- benzanthracene that
are less than diffusion controlled by two orders of magnitude.
Application of Sandrus' (18) suggestion that the rate constant for
energy transfer is 1/2 that of a diffusion conirolled rate when donor
and acCeptor have identical triplet energies leads to a predicted
triplet energy of 53-55 kcal. /mole for trans-1, 2-diphenylpropene.
This value is consistent with a trans-stilbene triplet energy of

50 kcal. /mole because of the shift in position of several kcal, /mole
between the curves of Figures 9 and 12. By similar considerations,
the triplet energy of cis-1, 2-diphenylpropene is predicted to lie
between 59 and 62 kcal. /mole.

Unless there is a large error in the assigned energy value
of the spectroscopic triplet states, non-vertical excitation of cis-
and trans-1, 2-diphenylpropene is required because isomerization
is effected with sensitizers of triplet energy between 42 and 48
kcal. /mole, Since the ground state of the cis isomer is only 0.3
kcal, /mole higher than that of trans- 1, 2-diphenylpropene (40),
excitation of both isomers to a phantom triplet of energy less than
either spectroscopic triplet would seem energetically feasible. Such
a triplet, if short-lived, would be consistent with the earlier
observation of no reversible energy transfer, self-quenching, nor
quenching by azulene in the diphenylpropene system (32). By
comparison of rate constants for energy transfer to stilbene and
diphenylpropene, one might expect the diphenylpropene phantom
triplet to have an energy of 44-46 kcal. /mole,

With reference to Figures 9 and 12, the slope of the curve
for trans-stilbene is greatest in the regions below the spectroscopic



102

tripiet states of each substrate, The lesser slopes of the curves
for cis-stilbene and cis- and trans- 1, 2-diphenyipropene is believed
to be due to the requirement for non-vertical excitation of these
substances. That each of the latter 3 curves is unique probably
indicates a different contribution of non-vertical cxecitation in cach
case, |

The role of the diphenylpropene triplet in the isomerization
of the parent substrate requires a modification of the mechanism of
equations 12-18. The only real change is that the phantom triplet
rather than the transoid triplet is taken to be the common inter-
mediate, and this in no way alters the basic kinetic scheme. The
phantom triplet replaces the transoid triplet in equations 15-18, the
reverse transfer in equation 13 is eliminate"d, and equations 13a and
16a are added, where p represents the phantom triplet.

T 8,k S T
Sl+t0"1'3a So+p1 (13a)
T, k.. T

The expression relating the photostationary ratio of cis and trans

diphenylpropene differs in only one small detail from equation 20.

[c-]s i k13 + k13a (le as)
(el \Fat %5 ) (Fan |

The quenching constants, (kQ)cis and (kQ)trans, are given by

];1 4t k15 and 1«:13 + k13a,’ respectively.
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The "high energy' region of the two curves in Figure 12 is
not well defined because there are only two points above 60 kcal,/
mole, and the correspoﬁding sensitizers, triphenylene and thiox-
| anthoné, are subject to special congiderations. The fact that neither
curve reaches a point of zero slope may be due to the arbitrary way
in which the curves were drawn or to lack of data in the "high energy"
region, Unfortunately, there seems to be a dearth of sensitizers
with triplet energies greater than 60 kcal, /mole which also have
absorption characteristics and triplet lifetimes desirable in these
experiments, _ |

The minimum in Figure 5 is defined by the p-benzogquinone
point alone. Benzoquinone is now believed to give photostationary
compositions with diphenylpropene and stilbene that are incompatible
with energy transfer alone. In recent experiments, Coyne (53) has
measured diphenylpropene photostationary states with sensitizers
near benzogquinone in triplel energy and oblained values very
different from that reported for the quinone sensitizer. In Figure 13
is plotted, with the exception of the points for benzoguinone, eosin,
and 9, 10-dibromoanthracene, all measured and predicted photo-
stationary values as a function of triplet energy. Although there are
.individual variations, the trend in Figure 13 is to one large maximum
near 52 keal. /mole,
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Dibenzcycloheptenol as a Rigid Model for cis-Stilbene:

Non-vertical excitation of cis-stilbene is believed to involve
rotation about the central bond in proceeding from the cisoid ground
state to the {ransoid or phantom triplet. In a rigid molecule, such
rotation would be energetically unfavorable. One way of testing the
present interpretation of non-vertical excitation is to compare the
rates at which cis-stilbene and dibenzcycloheptenol (5H-dibenzo-

(a, d)-cyclohepten-5-0l), selected as a rigid model for cis-stilbene,
accept triplet energy from different sensitizers. In the 'low energy"
region, the rate constants for energy transfer to Cisg-stilbene are
expected to be much larger,

A structural formula for dibenzcycloheptenol is shown below.
The ultraviolet absorption spectra of cis-stilbene and its rigid

O

H MOH

counterpart in cyclohexane solution closely resemble each other with
maxima at 2800 and 2840 A, respectively; differences in the
absorption intensities of the two substances are summarized briefly
in Table 21, Although cis-stilbene and dibenzcycloheptenol may well
be expected to have nearly equal vertical excitation energies, assign-
ment of the energy of the dibenzcycloheptienol triplet has not been
accomplished, because this gubstance did not phosphoresce (53).
After flash excitation of dibenzcycloheptenol in benzene solution,
triplet-triplet absorption was observed with a maximum near 4358 A.
The first-order rate constant in the triplet decay of dibenzcyclo-

heptenol is 2.0 x 10'3sec. '1. No triplet-triplet absorption was



106

TABLE 21

Extinction Coefficients in the Absorption Spectra of cis-Stilbene
and Dibenzcycloheptenola

Extinction Coefficients

Wave Length (A) 3200 3000 2800 2475
cis-Stilbene 1.9x10° 7.2x10° t.1x10% 6.0 x 105

Dibenzeycloheptenol 7.4x 102 1.0x10* 1.5x10% 3.9 x 108

a. Absorption spectra were recorded with cyclohexane solvent,

observed with cis-stilbene, presumably because of rapid deactivation
of cisoid triplets proceeding through itransoid or phantuom triplets o
the ground state.

The rate constants for energy transfer from several sensi-
tizers to dibenzcycloheptenol were measured for purposes of
comparison with those mea,sured' with cis-stilbene. With quenchers
having triplet lifetimes as Iong as that of dibenzcycloheptenol, kinetic
measurements of {riplet energy transfer are complicated by triplet-
triplet absorption in the quencher, depletion of the supply of quencher
ground state molecules, and reverse energy transfer from quencher
to sensitizer, The first problem was circumvented by selection of
sensitizers having strong triplet-triplet absorption in a spectral
region where the dibenzcycloheptenol triplet does not absorb, The
sensitizers chosen, thioxanthone, chrysene, and 1, 2,5, 6-dibenz-
anthracene, have triplet energies of 65.5, 56.6, and 52. 2 kcal. /mole,

respectively, as compared with the cis-stilbene triplet energy of 57
kcal, /mole, Kinetic measurements with these sensitizers were
monitored at 5790 A.
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A kinetic scheme for reversible energy transfer is given in
equations 46-52, where S and Q represent sensitizer and quencher,
respectively. The prindiple difference between this mechanism and
that of Sandros (18) is the inclusion of second-order triplet-triplet
annihilation.

k
o B g (46)
k
@ 2 g (47)
kF
S*4+Q F S+ QF (48)
K
S+ g% . 20§48 (49)
K
Q+Q ST QF+Q (50)
kysq
Sk @ SV S*+Q (51)
Koqs
S* + Q* - S+ Q¢ ' (52)

The decay of [S*] and [Q* ] with respect to time is given by
equations 53 and 54, respectively.
dls*] _ 2
sl kyg[8%1+ kF[s*][QJ - kp [81IQ¥] + ko [8¥]
(58)
+ kaQS[S*][Q*]’
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2
o = kL) + kpl QXS] - kp[QIIS*] 4 koo [Q#] -
54)

2SQ[Q*]ES ]

Solution of equé,tion 53 or 54 can be greatly facilitated by steady-
state assumptions for [Q*] or [8*1, respectively. One of the
requirements in applying the steady-state assumption for a
particular substance is that ifs concentration change slowly with
respect to the increment being measured. Obviously, it would be
totally unreasonable to make this assumption for a triplet whose
decay is being monitored. Sandros and Bickstrom (14) have pointed
out that the steady-state assumption for [Q*] is a good approxi-
mation when the rate constant k, is much greater than kg The
same logic would apply to [S*] when the magnitude of the rate
constants is reversed. For purposes of simplicity, second-order
terms are not included in the sieady-state appr_oximation of

cquations 65 and 56.

[s*] = ¢ TQTvE, (59)

[S* 11Ql (56)
[Q*] = 56
kp [S] +Kiq
Substitution of the steady-state expression for [S*] into equation 54
gives an equation that can be resolved into first- and second-order
terms for [Q*]. |
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dlgr] _ | FkR[Q][S]
- =% -%Q+%mj E als lﬂmj
(57)
kosqfR [sl

2
+ by e taTe i Y

In accord with equations 38-40, the terms o and B have new
meaning when applied to equation 57.

[Ss]
kis*r
a= le |QI+k ' (58)

‘ [s]
1 o Masq"r
B_S (k k‘Q!-}-k ) . (59)

Thioxanthone, a "high-energy" sensitizer with respect to
cis-stilbene, is also expected to transfer triplet energy to dibenz-
cycloheptenol at near the diffusion controlled rate. Under such
conditions the reverse transfer from quencher to sensitizer should
be negligible, In flash experiments with thioxanthone and dibenz-
cycloheptenol, filier solutions were employed so that only the former
absorbed light initially, Since the dibenzcycloheptenol triplet has a
longer lifetime than that of thioxanthone, the concentration of ground
state dibenzcycloheptenol did not remain effectively constant during
the process of energy transfer from thioxanthone. In addition to
kinetic measurements at 5790 Z\, the solution Was monitored at 4358 A
- where triplets of both substances absorb. Dibenzcycloheplenol,
however, has the longer-lived triplet and its presence was readily
detected. The quenching constant, kF, in Table 22 is only a lower
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TABLE 22

Quenching of Thioxanthone Triplets by Dibenzcycloheptenol® .

Dibenzcyclo-
Thioxanthone heptenol ' kF
Concentration Concentration Filter @ 4 B4 R
(M) (M) Solution (sec. ) (sec. ) (M. 'sec. )
6.0 x 107° - #2 Li1x.1x10* 3.6+.1x10% -

6.0x10°°  1.9x107°  #2 5.3:.3x10% 471.6x10¢ > 2, 2x10°

a. The solvent was bcenzcene sample #3,

Iimit to the actual rate constant for triplet energy transter from
thioxanthone to dibenzcycloheptenol.

Chrysene is a sensifizer whose triplet is nearly isoenergetic
with that of cis-stilbene, In studies of energy exchange between
chrysene and dibenzcycloheptenol, mutual triplet quenching was
observed. A series of solutions was prepared containing the same

5M. ) and different concentrations

concentration of chrysene (3.9 x 10”
of dibenzeycloheptenol (up to 1.1 x 1073Mm, }. The ratec of decay of
chrysene triplets very noticeably increased with added dibenzcyclo-
heptenol. ' The kinetics of the process did not appear consistent with
a steady-state approximation for [Q*]. The analysis into first- and
second-order terms was not independent of the choice of zero time

in the decay curves. However, at dibenzcycloheptenol concentrations
of L9 x 10°*M. and 1.1 x 10 S, , the rate of decay of chrysene
_triplets was so rapid that decay of dibenzcycloheptenol triplets could
be monitored at 4358 A essentially free of any contributions from
triplet-triplet a'bsorption. in chrysene, The decay of dibenzcyclo-

heptenol triplets under these conditions could be resolved into first-
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and second-order terms that were independent of the point of zero
time, These results are summarized in Table 23,

TABLE 23

Reversible Energy Exchange Between Triplets of Chrysene and

Dibenzeycloheptenol™ b

" Dibenz- Analysis
cycloheptenol Chrysene Wave
Concentration Concentration Length a4 B 1
(M, ) (M.) (A) (see. ) (sec, )
-5 3 | 4
- 3.9x10 5790 3.6+.2x10" 1,6+.1x10
3.8 x 107° ; 4358 2.01.1x10° 1,51 .2x 104

1.9x10°%  3.0x107° 4358  2.74.2x10°%1.74+.2 x 10%€

4c

1.1x107°  3.9x107° 4358  2.0+.2x10°%1.6+.2x 10

a. Benzene sample #3 was used,
b. No filier solutions were employed.
c. Analysis of kinetics of decay of dibenzcycloheptenol triplets,

Whether the steady-state approximation applies to [S* 1]
(chrysene triplets) in the experiments corresponding to the last two
entries in Table 23 is questionable, because le is only slightly
larger than le. The validity of equation 57 is, nevertheless,
assumed in the following analysis for kF -and kR. Two simultaneous
linear equations in kF and kR were derived from the numbers of.

Table 23 applied to equation 58. It was found that k’R is slightly
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larger than kF’ but the range of possible values is between
5 x 10°M. 1sec. "1 and 1 x 1019 “leee. L, Greater precision in
thé numbers of Table 23 is required for a more precise evaluation
of ke and kR. Sandros (18) has pointed out, however, that the forward
and reverse rate constants for energy exchange between isoenergetic
triplets are equal .and 1/2 those of diffusion controlled reactions. This
situation apparently applies to energy transfer from chrysene to cig-
stilbene (kQ = 2.5 x 109M. -1sec.'_ 1); that it should also apply to the
chrysene~dibenzcycloheptenol pair is reasonable,

With 1, 2, 5, 6-dibenzanthracene, a gensitizer believéd to have
4-5 kcal. /mole less triplet energy than both cis-stilbene and dibenz-
cycloheptenol, the efficiency of energy transfer to dibenzcycloheptenol
appeared to be ‘considerably less than with thioxanthone and chrysene.
In this system, however, the reverse transfer from dibenzcyclo-
heptenol to sensitizer is expected to predominate., Added dibenzcyclo-
- heptenol had only a small effect on the rate of decay of dibenz-

anthracene triplets as shown in Table 24,

TABLE 24

Quenching of 1, 2, 5, 6-Dibenzanthracene Triplets by Dibenzcyclo-

heptenola
Dibenz- Dibenz?
anthracene cycloheptenol .
Concentration Concentration Filter % B -1
(M, ) (M.) Solution  (sec. ) (sec. )
. -5 | - P 4
4,0 x 10 - #3 5,9+ 1,0x 10" 1,2+.1x10
4.0x 107 3.8x10_2 #3 4.6% .8x10° 1.2+.1x10%

4.0x10°°  9,1x10" #3 9.3+ .9%x10% 1.2+.1x10%
a. Benzene sample #3 was used,
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The small negative effect with an added dibenzcycloheptenol concen-
tration of 3.8 x 10" °M, is disturbing, but probably is within experi-
mental error of zero or a small positive effect. At a dibenzcyclo-

4M. , the quenching constant, kF’

sec. 1 without considering the reverse

heptenol concentration of 9,1 x 10
5M. -1
transier process. It is recognized that correction for this effect

was evaluated as 3.7 x 10

would raise the above value perhaps by as much as an order of
magnitude or more*; present data is too limited for application of
this correction. The average of the rate constant values in Table 17
for energy transfer irom 1, 2, 5, 6-dibenzanthracene to ¢is- stilbene is
8.6 x 10°m, 1
the rate constant for energy transfer from dibenzanthracene to dibenz-~

sec. L. This number is almost certainly greater than

cycloheptenbl; the difference is believed due to the contribution of non-
vertical excitation in cis-stilbene.

In view of the lack of quantitative data relating to the
reversible exchange of triplet energy between sensitizer and quencher,
a discussion of certain limiting cases of reversible energy transfer
seems to be in order. If kl Q > le’ then contributions to the reverse
transfer process are negligible, This behavior is typical of energy
transfer from photosensitizers to the geometric isomers of stilbene
and 1, 2-diphenylpropene. _

When le > le, thep the principal confribution of added
quencher to the decay of sensitizer triplets will be second-order
triplet-triplet annihilation (equations 50-52).

When le and le are of the same order of magnitude, the
effects of reversible transfer are largely a function of the energy

 spacing between sensitizer and quencher triplets. If the sensitizer

* See references 14 and 18 for a comparison of quenching constants
uncorrected and corrected for reversible energy transfer,
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has the higher triplet energy, then the forward transfer process is
expected to be dominant, A quencher with a triplet energy higher
than that of the sensitizer should give a good deal of excitation back
to the sensitizer, If the sensitizer and quencher triplets are nearly
isoenergetic, then, according to Sandros (18), the rate constants for
forward and reverse transfer are equal to 1/2 the diffusion controlled
rate. When this condition applies, the concentration of triplet
molecules of both species, immediately following flash excitation,
should be sufficiently high to facilitate a rapid exchange of energy
{equilibrium) between sensitizer and quencher, Both {riplet species
should then be expected to decay at a rate controlled by the larger of
le and le.

Steric Hindrance in Triplet Energy Transfer to Stilbene:

A series of substituted benzophenones with alkyl substituents
providing steric hindrance about the carbonyl group, has been
cmployed by Jones (67) as photosensitizers to effect stilbene iso-
merization in benzene solution. Structural formulas of these ketones
are shown below, Since the triplet energies of these substances are

i * i
I I
0 | 0
il |
O O

o jiv4
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all greater than 68 kcal. /mole, one would expect, on the basis of
triplet energies alone, identical rates of energy transfer to both
stilbene isomers. Phdtnsfationary state measurements indicate that
this is true with sensitizers having methyl substituents (I, II), but
that 2, 4, 6-triisopropylbenzophenone (III) and 2, 4, 6-triisopropyl-4'-
methoxy-benzophenone (IV) differentiate by transferring triplet energy
less efficiently to cis-stilbene, Resulis are summarized in Table 25.

TABLE 25

Photosensitized Isomerization of Stilbene in Benzene Solution‘r’l with

Sterically Hindered Benzophenones

Triplet Expected Observed
Energ'yb Ratio¢ Ratio
: (keal. / [cis] feis]
~ Sensitizer mole,)  [transl (trans ]
() 2,3,5,6-tetramethyl- 70. 2 1, 47 1.45 £ .02
4'-methoxybenzophenone :
(i) 2,4, 6-trimethyi- 68. 4 1,47 - 1.47+.03
4'-methoxybenzophenone
(D) 2, 4, 6-triisopropyl- 68,7 1,47 1,92+ .02
benzophenone
(Iv) 2, 4, 6-triisopropyl- 69.9 1. 47 1,93+ .04

4'- methoxybenzophenone

- a. Concentrations of substrates and sensitizers were both 0, 05 M,
b, Triplet energy values are from reference 53.

‘¢. This ratio was achieved with solutions 0. 05 M in both stilbene and
benzophenone,
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Benzophenones with alkyl substituents in an ortho position
are known to form enols on irraadiation (58) and all evidence indicates
that this is a triplet state reaction. As an example, Zwicker,
Grossweiner, and Yang (59) studied the intramolecular photo-
reduction of g-benzylbenzophenone by flash spectroscopy. They
observed two transients, the substrate triplet and the photoenol, and
found that the rate of decay of the former was identical with the rate
of appearance of the latter, This mechanistic scheme is given in
equation 60,

(60)

?
C§ ~C
0 \9
-H | N H
CH CsH
@
™ T

neqg ¥ intersystem PR
. T .
singlet crossing triplet

Beckett and Porter (60) conducted flash photolytic in-
vestigations with 2-methyl- and 2-ethylbenzophenone, On flashing,
these two substances, each gave unstable photoproducts identified
as photoenols with absorption in the region 3400-4400 4, The yellow
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color gradually disappeared over several hours and could be
regenerated with an additional flash, It would appear that a six-
membered ring transition Vstate is essential for this tautomerization
to take place because it was not observed with 2-t -butylbenzophenone.

The investigation of steric hindrance to energy transfer with
oriho substituted benzophenones is, of course, complicated by the
possibility of photoenol formation. It was not clear whether the
results with the isopropyl substituted benzophenones as listed in
Table 25 could be interpreted in terms of steric hindrance to energy
transfer or whether the corresponding photoenols functioned as lower
energy and, therefore more selective, sensitizers.

The technique of kinetic spectrophotometry was utilized to
help resolve this problem, The sensitizers 2, 4, 6-trimethyl-4'-
methoxybenzophenone and 2, 4, 6-triisopropyl-4'-methoxybenzo-
phenone were selected for these investigations. On flashing these
substances in benzene solution, they both formed transients with
absorption maxima near 4000 A and the color in the solutions
persisted for approximately 30 minutes, In addition, there was
weak absorption in the same spectral region from a second set of
. transients with lifetimes close to 100 msec. The former pair of
transients exhibited behavior similar to that of the photoenols
Beckett and Porter (60) observed with 2- methyl- and 2-ethylbenzo-
~ phenone. There Wwas no precedent for the latter pair of trangients,
because their lifetimes were much too long to be compatible with
triplet states. However, stereoisomeric modifications of the photo-

enols are possible as shown by equation 61,
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MeO HO\
@C z

M (61)
hv n—=»o )
C=0—> " ftriplet MeQ cis.
: C
Ho /
trans

In the cisoid modifications, the hydroxy hydrogens are more
favorably situated for return to the starting position, so that these
species would be expected to have a shorter lifetime than the frans
isomers. The long- and intermediate-lived {ransients are
tentatively assigned to the transoid and cisoid modifications,
respectively, of the photoencls. At ionger wave lengths where

the photoenols did not absorb (5460 and 5790 A), a transient with a
lifetime of approximately 50 Msec. was observed in the 2, 4, 6-tri-
methyl-4'-methoxybenzophenone solution, whereas nothing could he
detected in the isopropyl-substituted benzophenone solution. This
transient was believed to be a triplet, but it was uncertain whether
it was the ketone or enol triplet. There was, however, no increasc
in enol absorption coincident with decrease in triplet absorption.
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Several experiments were run in order to check the validity
of the assignment of transients to photoenols. Organic bases were
added to the solutions for the purpose of catalyzing the reverse
tautomerization from enol to ketone. It should be noted that the
decay kinetics of the long-lived transients, because of the time
resolution limit of the flash-photoelectric apparatus, could be
measured only during the first 456 sec. With either pyridine in
concentration of 0. 5M or triethylamine in concentration of
2x 10'5M. , there was no detectable effect upon the phototransients
of 2,4, 6—triisopropy1—4'—methoxybenzophenone. At a triethylamine
concentration of 2 x 107 °M. , the lifetime of the longest-lived
transient was reduced to the order of 20 sec. At higher base
concentrations it appeared that complications set in. For example,
the enol lifetime was approximately 4 sec, with triethylamine concen-
trations of 0. 14 M and 0,72 M. Moreover, in these solutions a new
transient with absorption at 4045 A slowly appeared approximately
5 sec, after the flash. With the methyl-substituted benzophenone,
an enol lifetime of 8 sec, was reached at triethylamine concentrations
greater than 0, 1M, as well as at diazabicyclooctane concentrations
greater than 1 x 10'3M, but no new transient was observed.

Although the nature of the mechanism is not understood, enhance-
ment of the rate of reversion of the long-lived trangients to the
respective pareni molecules was effected by organic bases, and is
congistent with the assignment of the siructures of the long-lived
transients to photoenols, _ _

The fact that both 2, 4, 6-triisopropyl-4'-methoxybenzophenone
and 2, 4, 6-—trimethy1-4'-—methoxybenzophenone form photoenols
combined with the expectation of nearly identical triplet energies for
the respective enols makes it appear unlikely that enol triplets
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effected the isomerization of stilbene observed by Jones (57). K
ketone triplets sensitized this isomerization and if, by analogy with
the resuits of Zwicker, Grossweiner, and Yang (59), triplet inter-
mediates preceded enol formation, then addition of quenchers of lower
friplet energy would be expected to reduce enol yields. Testing
this possibility involves comparing initial absorption intensities of
the photocnols in the presence and absence of triplet quenchers. I
is important that the sensitizer absorb the same quantity of light in
all runs that are to be compared. Error is introduced by variations
in the optical properties of different cells as well as by fluctuations
in the output intensity of the flash lamps.

Both piperylene and oxygen are known acceptors of friplet
energy from sensitizers having triplet excitation energies comparable
to those of the isopropyl- and methyl-substituted benzophenones (21,
28,32). Addition of 0.9 M piperylene to a solution of 2, 4, 6-tri-
isopropyl-4'- methoxybenzophenone completely quenched all transient
formation and exposure of a solution of the same ketone to the
atmosphere reduced transient formation by 2/3. With piperylene,
the possibility of singlet energy transfer can be ruled out on
energetic grounds,

Stilbene was also employed as a quencher of enol formation,
Filter solutions were required in order to prevent internal filtering
of light absorbed by the ketones. Because the absorption spectra of
the filter solutions overlap extensively with those of the hindered
ketones, there was a considerable decrease in the quantity of light

absorbed by the ketones and, even with high flash intensities, the
 yield of photoenol was small. Experimental results are summarized
in Table 26 where, for convenience, the isopropyl- and methyl-
substituted benzophenones are abbreviated isopropyl and methyl,
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TABLE 26

Quenching of Photoenol Formation by Stilbene

Sensitizer Quencher AA

Concen- Concen- Initial o7

tration tration Filter Absor- g
Sensitizer  (M.) Quencher (M.)  Solution bance (M.™)
isopropyl 2.0x10°% -, 2 saxwlo
isopropyl 2.0x10°% cis 5.7x107; #2 2.9x10°l 33
isopropyl 2.0x10"% trans 5.0x 10 #2 2.7x10°1 g3
isopropyl 2.0 x 10-4 - - #4 2.7x10°1 -
isopropyl 2.0x10"% trans 3.0x10"3 #4 1.3x10-1 48
isopropyl 1.9 x 10-4 - - #3 2.1x10-2 -
isopropyl 1.9x10"% cis 1.9x10-3 #3 1,1x10-2 5,3
isopropyl 1.9x10"% trans 2.0x10"3 #3 9.8x10-3 5.8
isopropyl 1.9 x 10-4 - - #3 3,8x10-2 -
isopropyl 1.9x 104 cis 1.9x10°3 #3 2,2x10-2 8.5
isopropyl 1.9 x10-4 trans 2.0x10-3 #3 2,1x10-2 8.5
isopropyl 1.9 x 10-4 - - #3 3,5x10"2 .
isopropyl 1.9 x 104 cis 1.9x10-3 #3 2,2x10-2 4.9
isopropyl 1.9x10°% trans 2.0x10-3 #3 2, 1x10-2 7.0
isopropyl 1.9 x 10-4 - - #3 4.8x10°2 .
isopropyl 1.9 x 104 cis 1.9x 1073 #3 2.5x10°2 12
isopropyl 1,9x10-4 trans 2.0x10"3 #3 2.3x10°2 12
isopropyl 1.9 x 104 - - #3 8,0x10°2 -
isopropyl 1.9 x 1074 cis 2.9x10"3 #3 3.5x10°2 1g
isopropyl 1.9x10"% trans 3.0x10-3 #3 2.7x10°2 18
isopropyl 1.9x10"% - - #3 8,8x10°2 .
isopropyl 1.9 x10-4 cis 2.9x103 #3 3,7x10-2 18
isopropyl 1.9x10-4 trans 3.0x10"3 #3 3.2x10-2 18
isopropyl 1.9 x 10-4 - - 43  8.3x10°2 -
isopropyl 1.9x10°% cis 2.9x10°3 #3 3,5x10°2 17
isopropyl 1,.9x10°4 trans 3,0x10-3 #3 3.1x10-2 17
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TABLE 26 (cont..)

Sensitiier Quencher rA
Concen- Concen- Initial 7T
tration. tration Filter Absor- 1

Sensitizer (M, ) Quencher (M.) Solution bance (M. )
isopropyl 1.9x10"% - ; #3  1.8x10°2 -
isopropyl 1,9x10°% ¢cis 2.9x103 #3 3.0x10-2 17
methyl 2,0 x10-4 - - #4  3.1x 101 -
methyl 2.0x10-4 cis 1.2x10-% #4 1.0x10°!1,7x10
methyl 2.0x10°%4 trans 1.0x10-4 #4 1.1x10-12 0x10
methyl 2.0x10-4 _ - #4 2,1x10-1
methyl  2.0x10% cis 1.2x10°4 #4 9.1x10-2 1.0x103
methyl  2,0x10"% trans 1.0x10"% #4 9.5x10-2 1,1x10
methyl 2.0x10°% . - #4 2.0x10-1
methyl ~ 2.0x10"% trans 1.0x10"4 #4 7.6 x 10-2 1,3x103
methyl 2.0x10°% . - #4  2,0x10°1 5
methyl  2.0x10°% trans 1.0x 104 #4 7.5x10-2 1,3x10
methyl 2,0x10°% . #4  1,5x 10-1 - g
methyl 2.0x10-4 cis  1.1x10-4 #4 6.9 x 10-2 7.7x10
methyl 2.0x10°4 trans 1.0x10°% #4 6.6 x 10-2 9.7x102

respectively, and the stilbene isomers are listed simply as cis and
trans. For data grouped together in Table 26 experimental conditions
were kept as nearly constant as possible. The last column is the
decrease in initial absorbance intensity with added quencher divided by
quencher concentration, and is believed to provide some measure of
the efficiency with which stilbene rcduces enol formation.

All solutions were monitored at 4045 A and initial absorbance
measurements include the long- and intermediate-lived transients.
Added stilbene had no apparent effect upon the lifetimes of these
transients, but only upon the quantity formed, The sa_mé was true of
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the short-lived transient of the methyl substituted benzophenone
whose absorption was observed at 5460 and 5790 &, The first- order
term in the decay of this transient was 1.5+ .5 x 104sec. -1 in the
presence and absence of stilbene. These results are consistent with
assignment of the ghort-lived transient to the photoenol triplet of
2, 4, 6-trimethyl-4'-methoxybenzophenone, if it is assumed that this
triplet has energy less than 48 kcal. /mole.

Perusal of Table 26 reveals that stilbene is effective in
inhibiting enol formation with both 2, 4, 6-triisopropyl-4'-methoxy-
: 'benzophenone and 2, 4, 6-trimethyl-4'-methoxybenzophenone, although
the efficiency with the former is less by a factor of approximately 50
than with the latter. Unfortunately, the poor precision of these
values does not permit meaningful comparison of the inhibiting
efficiencies of each stilbene isomer with the individual ketones,
The number 50 should be corrected for the fact that the expected
enolization rates of the two ketones differ, Walling and Gibian (61),
for example, have shown that in benzene solution, benzophenone
triplets abstract hydrogen from cumene 3. 4 times more readily
than from toluene. Application of this number to the differential
factor in question reduces it in value to approximately 15.
| Since the methyl- substituted benzophenone gave a stilbene
- photostationary state expected of a high energy photosensitizer, if
seems reasonable to assume that the rates of energy transfer to
the individual stilbene isomers are diffusion controlled. The rates
of energy transfer from the isopropyl-substituted benzophenone
should then be less by a factor of 15. It appears that, because the
~ triplet excitation energy in 2, 4, 6-triisopropyi-4'-methoxybenzo-
phenone is localizéd largely in the carbonyl group, the adjacent
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isopropyl substituents sterically hinder energy transier to cis- and
{rans-stilbene. The photostationary state measurements by
Jones (57) indicatc that the steric effect is somewhat greater with

the cisoid isomer.
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APPENDIX

Triplet State Energies. of Sensitizers:

The sources of triplet energies used throughout the text
deserve some comment, Since all experiments but one were run
at room temperature with benzene solvent, it would be desirable
to base triplet energy assignments on phosphorescence spectra
taken under the same conditions. Only a limited number of
sensitizers are known to phosphoresce in degassed benzene solution,
Sandros (18) has observed phosphorescence from naphthalene and
2, 2'-binaphthyl in benzene solution at 20°C and reports 0'-0 bands
at 60, 8 and 56, 1 keal. /mole, respectively, The energy values
from phosphorescence in rigid media at 770K are 60. 9 kcal. /mole
for naphthalene (33) and 55, 9 kecal. /mole for 2, 2'-binaphthyl (62).
Because of the good agreement between thcse two pairs of numbers,
it appears that, at least for aromatic hydrocarbons or molecules
with 7 — m* lowest {riplet states, triplet energy assignments from
low temperature phosphorescence specira are good approximations
fo triplet energies in benzene solution. It is questionable whether
the same can be said for molecules with n - ™ lowest triplet states.
Benzil, for example, has phosphorescence 0-0 bands at 53. 7 keal. /
mole in a rigid hydrocarbon glass at 77°K (33) and 50. 9 kcal. /mole
in benzene solution at room temperature (63).

Low temperature phosphorescence spectra are usually
measured in glass-forming solvents. Common among these are
EPA (elher, isopentane, and ethanol, 5:5:2 by volume), mixtures
of ethanol and ether, and several hydrocarbon solvents made up of
methylcyclohexane, isopentane, 3-methylpentane, and 2, 2, 4-tri-
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methylpentane in various proportions. It has been pointed out that
spectral shifts due to solvent effects depend upon the type of
transilion involved¥, Phosphorescence from carbonyl compounds
where the transition is n« ™ shows a large hypsochromic shift in
polar, hydrogen- bondmg solvents compared to non-polar solvents.
The position of the 0'- 0 band in benzophenone, for example, is

69. 2 kcal, /mole in EPA and 68, 6 kcal. /mole in a hydrocarbon
solvent (3.3). Phosphorescence dﬁe to me ™ transitions such as
those dccurring in aromatic hydrocarbons is, to a first approxi-
mation, independent of solvent polarity. Naphthalene has a triplet
energy of 60. 9 kecal, /mole in both EPA (47) and hydrocarbon
solvents (33), The energy assignments for those sensitizers with
n T lowest triplets are hased upon phosphorescence in non-polar
hydrocarbon solvents, whereas phosphorescerice spectra ot
aromatic hydrocarbons in either hydrocarbon or ethanol-containing
solvents are considered reliable., Listed in Table 27 are the
sensitizer triplet energies used in evaluating the experimental results
of the previous section along with the corresponding sources of
reference and type of solvent employed. Of these sensitizers, only
camphorquinone and possibly thioxanthone are believed to have

n = 7% lowest triplet states.,

* TFor a discussion of solvent effects on electronic tran51t10ns of
organic molecules, see reference 64.
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TABLE 27

'Triplet State Energies of Sensitizers

Sensitizer

triphenylene

thioxanthone

phenanthrene

naphthalene
2-acetonaphthone
1-naphthyl phenyl ketone
chrysene '

fluorenone

fluoranthene

1,2,5, 6-dibenzanthracene
1, 2, 3, 4-dibenzanthracene
Camphorquinone

pyrene

1, 2-benzanthracene

1, 12-benzperylene

Triplet
Energy

(kcal. /mole) Solvent’

66. 6
65. 5
61.8
60. 9
59, 3
57.5
56. 6
93. 3
52.9
52, 2
50, 8
50,6
48, 2
47,2
46, 2

9, 10-dimethyl-1, 2-benzanthracene 44, 3

- anthracene
3, 4-benzpyrene

42, 6

41, 9¢

HC
HC
EPA
HC
HC
HC

HC
EPA
EPA
EPA
HC
EPA
EPA
EPA
EPA
EPA
ethanol

EPA

Reference

- 33
33
62
33
33
33
47
33
62
62
62
65
62
62
62
66
67
68 .

a. Triplet energy assignments are based on the position of the
- 0'-0 band in phosphorescence spectra at 77°K,

b, The symbol HC refers to a glass-forming hydrocarbon solvent.

c. This phosphorescence spectrum was taken at 93°K,
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With some sensitizers, low temperature phosphorescence
has not been reported; consequently, other methods have been
employed in making triplef energy assignments. The triplet energy
of duroquinone was estimated by assuming it to be identical with
the triplet state energies of 2, 3-dimethyl-1, 4- benzoquinone and
2, 5-dimethyl-1, 4-benzoquinone. Singlet-triplet absorption spectra
of these compounds have been obtained in n-heptane and have 0'-0
bands at 51. 6 kcal, /mole (69). Acridine was assigned a triplet
energy of 45, 3 keal, /mole on the basis of its singlet-triplet
absorption spectrum taken with chloroform solvent in the presence
of a high oxygen pressure (36). The corresponding energy for
9, 10-dibromoanthracene (40. 2 kecal. /mole) was obtained from its
singlet-triplet absorption spectrum in carbon disulfide {67).

The triplet energies of benzanthrone and 3-acetyl pyrene
were not measured directly. Assignment of triplet energy values
for these sensitizers is based upon Figures 9-13, where it appears
that triplet energies of 47. 0 kcal. /mole for benzanthrone and
45, 5 kecal, /mole for 3-acetyl pyrene are in harmony with the
different plots, The assumption that sensitizer triplet energy is
the conirolling factor in rates of energy transfer to the geometric
isomers of stilbene and 1, 2-diphenylpropene is inherent in these
assignments, That these {riplet energies are reasonably accurate
is demonstrated by the fact that 3-bromobenzanthrone and pyrene
have phosphorescence 0'-0 bands (7701{) at 45,7 (70) and 48, 2
kcal, /mole (62), respectively.
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