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The longest lived excited electronic state in an organic 
molecule is almost always the lowest triplet state. On this 
basis, the triplet state must be considered to be a likely can
didate for the reactive state in molecules that undergo pho
tochemical reactions. Because of the possible role of triplet 
states in the light-fading reactions of azomethine dyes, one 
of the goals of our experimental investigations has been to 
gain information about these dye triplet states. 

Several experimental methods failed to allow direct ob
servation of the triplet states in azomethine dyes. To try to 
determine triplet-energy levels in azomethine dyes, both 
phosphorescence spectroscopy in rigid solvents at liquid ni
trogen temperature and electronic absorption spectroscopy 
in heavy-atom solvents at room temperature were attempt
ed, but without success. In addition, flash photolysis experi
ments were attempted to monitor triplet-triplet absorption, 
but the azomethine dye triplets appear to be too short-lived 
to permit detection. 

To obtain a measure of the triplet energy levels in azo
methine dyes, we applied an indirect experimental tech
nique involving the measurement of rates of energy transfer 
from a graded series of triplet sensitizers to each individual 
dye. Triplet-energy levels in the dyes can be assigned near 
that point where the efficiency of the energy-transfer pro
cess begins to drop. The rule is that energy transfer from 
the triplet sensitizer remains diffusion controlled2 until the 
sensitizer has less than 3 kcal/mol energy in excess of that 
required to excite the quencher from the ground state to its 
lowest triplet state.3-4 The energy-transfer process is depict
ed in eq 1, where S is the sensitizer and Q is the quencher or 

S*3 + Q T̂T* S + Q*3 (1) 

dye. As the energy-transfer step becomes progressively 
more endothermic, the rate of decrease in the measured rate 
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constant is dependent upon the nature of the quencher. In 
plots of the logarithm of the measured rate constant vs. the 
difference in triplet energy between sensitizer and quench
er, the final slope is that predicted by the Arrhenius equa
tion provided the quencher remains in its ground-state ge
ometry following its acceptance of excitation energy. With 
quenchers that can change their geometries concomitantly 
with the excitation process, the slopes of such plots are shal
lower than the Arrhenius equation predicts, provided that 
these geometrical changes lower the energy of the quencher 
triplet states and thus reduce the energy requirements for 
their excitation.3"5 "Nonvertical energy transfer" is the 
name assigned to this phenomenon.3-4'6'7 Triplet-energy lev
els normally refer to molecules in their ground-state geome
tries. 

Lamola reports the utility of the energy-transfer tech
nique for triplet-energy determination, particularly after 
other methods had either failed or yielded erroneous or 
equivocal results.8 Examples of molecules whose triplet 
energies were determined by energy-transfer measurements 
are biacetyl,9 some aliphatic and aromatic azides,10'11 as 
well as the geometric isomers of stilbene,3 a-methylstil-
bene,3 and some azastilbenes.12 Plots of the logarithm of 
the measured rate constant vs. the difference in triplet ener
gy between sensitizer and quencher yield slopes in accord 
with the Arrhenius equation when the quenchers are biace
tyl and /raw-stilbene.3 '5 Apparent deviations from this 
equation obtain for the remaining examples listed above by 
virtue of "nonvertical energy transfer". 

Results and Discussion 

Flash Kinetic Spectrophotometry. Flash kinetic spectro
photometry was the experimental technique employed for 
measurement of rates of energy transfer from a graded se-
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ries of triplet sensitizers to a group of representative azo-
methine dyes.313 To apply this technique, one generates 
sensitizer triplets by flash excitation and then monitors 
their rate of decay in the absence and in the presence of 
added dye (quencher). An increase in the first-order depo
pulation rate of the sensitizer triplets will be proportional to 
the quencher concentration; the rate constant for energy 
transfer to the dye can then be derived on the basis of eq 2. 

Table I. Triplet Sensitizers, Their Energies, and Triplet-Triplet 
Absorption Maxima 

^ p = fed[S*3] + £jS*3][Q] + *3[S*3]2 
(2) 

Here kq is the rate constant for energy transfer (or quench
ing), kd is the rate constant for decay of sensitizer triplets in 
the absence of dye, and ks is the second-order rate constant 
for triplet-triplet annihilation of the sensitizer. By the 
mechanism of eq 1, added dye should have no influence on 
the second-order term involving A:s. Because low concentra
tions of sensitizer were employed in the experiments de
scribed here, self-quenching of sensitizer triplets is negligi
ble and is not included here. The equation does not include 
any correction for energy transfer in the reverse direction 
(the dotted arrow in eq 1), which would make the kinetic 
analysis complex. 

It is important to know whether energy transfer in the re
verse direction from excited dye (quencher) to ground-state 
sensitizer can be eliminated from the kinetic analysis. As 
has been noted above, no azomethine dye revealed triplet-
triplet absorption following its flash excitation. Since our 
flash apparatus can resolve transients with lifetimes greater 
than or equal to 1 X 1O-5 sec, it appears that the lowest ex
cited triplet states in dyes are shorter lived.14 The combina
tion of such short-lived dye triplets and relatively low sensi
tizer concentrations in these experiments means that re
verse energy transfer should be negligible and need not be 
included in the kinetic scheme. This lack of reversible ener
gy transfer was verified in several cases by showing that the 
measured rate constant is independent of sensitizer concen
tration. 

In order to carry out the desired measurements, it was 
necessary to have a series of triplet sensitizers whose triplet 
energies span a broad energy range and whose triplet-trip
let absorption can be monitored following flash excitation. 
Such a series of sensitizers is known and has been reported 
on elsewhere.15 Table I lists the sensitizers employed, their 
triplet energies, and the wavelengths where their triplet-
triplet absorption was monitored. Since no satisfactory sen
sitizer with a triplet energy below 23 kcal/mol was avail
able, this value provided the lower limit for energy-transfer 
measurements. 

Energy-Transfer Measurements. Before discussing elec
tronic energy transfer in detail, we shall review why we be
lieve that the quenching of triplet sensitizers by azomethine 
dyes occurs by this mechanism. The answer is, mainly, that 
no other mechanism is consistent with the evidence. As 
measured by ultraviolet-visible absorption spectrophotome
try, the experimental solutions were recovered unchanged 
following the experiments. No transient absorption other 
than that due to sensitizer triplets and, in some cases, syn-
anti isomerization of the dyes16 '17 was observed following 
flash excitation of the solutions containing sensitizer and 
dye dissolved in degassed benzene. The metastable dye iso
mers were much longer lived than the sensitizer triplets and 
these different species were easily distinguished both opti
cally and kinetically. Added dye increased only the rate of 
the first-order term for depopulation of the sensitizer triplet 
but left the second-order term unaffected. Furthermore, it 
will be shown that, in those cases investigated, the rate con
stants for energy transfer are a relatively smooth function 

Sensitizer 

Chrysene 
1,2,5,6-Dibenzanthiacene 
1,2,3,4-Dibenzanthracene 
1,2-Benzanthracene 
Benzanthrone 
1,12-Benzperylene 
9,10-Dimethyl-1,2-benzanthracene 
Anthracene 
3,4,9,10-Dibenzpyrene 
5-Methyl-3,4,9,10-dibenzpyrene 
3,4,8,9-Dibenzpyrene 
Anthanthrene 
Tetracene 
Pyranthrene 
Zinc phthalocyanine 
Violanthrene 
Isoviolanthrene 
Pentacene 

Triplet 
energy 
(£t), 

kcal/mola 

57.2b 
52.2b 
50.8b 
47.2* 
47.(K 
46.2» 
44.3" 
42.6e 

40.2/ 
38.5/ 
34.4/ 
33.8/ 
29.J? 
26.9^ 
26.1' 
25.0/ 
24.0* 
23.0' 

Wavelength for 
monitoring trip

let-triplet absorp
tion, nm 

555 
542 
615 
485 

450 or 680 
640 
640 
424 
728 
735 
525 
585 
487 
595 
490 
640 
590 
498 

aThese values are experimental values unless noted otherwise. 
bE. Clar and M. Zander, Chem. Ber., 89, 749 (1956). cReference 3. 
dM. M. Moodie and C. Reid, Br. J. Cancer, 8, 380 (1954). eM. R. 
Padhye, S. P. McGlynn, and M. Kasha, /. Chem. Phys.. 24, 588 
(1956)./B. Muel and M. Hubert-Habart, Proc. Int. Meet. MoI. 
Spectrosc, 4th, 1959, 2, 647 (1962). *S. P. McGlynn, M. R. 
Padye, and M. Kasha,/. Chem. Phys., 23, 593 (1955). ''Calculated 
value reported by G. G. Hall, Trans. Faraday Soc, 53, 573 (1957). 
''P. S. Vincett, E. M. Voight, and K. E. Rieckhoff,/. Chem. Phys., 
55, 4130 (1971)./Calculated value reported inref 1. ^Calculated 
value determined by the same method used for the violanthrene trip
let energy as reported in ref 1. 'Calculated value reported in ref 22. 

of the triplet energy of the sensitizers. There is some scatter, 
but it must be remembered that the error in the rate-con
stant measurements is on the order of ±25% and that other 
factors such as steric inhibition to energy transfer18 and de
pendence of diffusion rates on molecular size may be in
volved.19 Finally, the maximum quenching rate for all dyes 
is that of a diffusion-controlled reaction; those quenching 
mechanisms other than energy transfer do not often reach 
this level of efficiency.20 It seems unlikely that all these 
conditions would obtain if the quenching process involved 
reactions such as electron transfer, hydrogen abstraction, 
the Schenck "relay" mechanism,21 and radical or radical 
ion formation. 

With benzene as solvent, the rate constants for energy 
transfer from a series of sensitizers to a group of selected 
azomethine dyes have been measured at room temperature. 
The results were unexpected insofar as many of the mea
sured rate constants are larger than originally anticipated 
and, as such, reveal dye triplet states very low in energy. 

With those yellow azomethine dyes derived from pivalo-
ylacetanilide, benzoylacetanilide, dibenzoylmethane, di-
acetylmethane, and dipivaloylmethane, the triplet energies, 
lie between 40 and 50 kcal/mol above the ground state. Ex
perimental results for these dyes are shown in Figures 1-11. 
Table II lists the dye triplet energies in terms of a 4-kcal/ 
mol difference between the estimated upper and lower lim
its. These estimates should be regarded as more accurate 
for those cases where the curves are well defined. Where 
only a few points construct the plots, it is recognized that 
subsequent determinations may reveal the estimates to be 
slightly in error. 

A limitation of these measurements should be noted for 
those dyes that have distinct syn and anti isomers. This 
applies to the dyes derived from benzoylacetanilide and pi-
valoylacetanilide. Although single isomers predominate in 
each dye under normal equilibrium conditions, the isomeric 
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Figure 1. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 2. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 

equilibrium is perturbed immediately after flash excita
tion.16'17 The reestablishment of configurational equilibri
um in the dyes is much slower than the energy-transfer pro
cess from the sensitizer to the dyes. What is being mea
sured, therefore, for the benzoylacetanilide and pivaloylace-
tanilide dyes is energy transfer to a mixture of two isomers 
so that the reported rate constants are composite rate con
stants. Neither the precise configurational compositions of 
the dyes under these conditions nor the rate constants for 
energy transfer to the individual isomers are known. As is 
evident from the data in Table II and Figures 1-11, how
ever, all the yellow dyes investigated here yield somewhat 
similar plots and the range between the highest and the low
est triplet energies is approximately 6 kcal/mol. For this 
reason, it is believed that the syn and anti isomers of the 
benzoylacetanilide and pivaloylace'tanilide dyes do not have 
very different triplet energies, and that the errors in the re
spective plots and triplet-energy assignments are not large. 
However, such differences as are known to exist between 
the cis and trans isomers of stilbene and a-methylstilbene3 

will be obscured. These problems are absent when the dyes 
have identical syn and anti isomers. 

With dyes derived from phenol, 1-naphthol, and 2-py-
razolin-5-one, results show that, with presently available 
sensitizers, the dye triplet energies are so low that they can 
be bounded only from above. The measured rate constants 
from some of the lowest energy sensitizers to these dyes are 
diffusion controlled; this is generally accepted as a criterion 
for the sensitizer having at least 3 kcal/mol energy in excess 
of that required to excite the quencher to its triplet state. 
Pentacene, the lowest-energy sensitizer, with a triplet state 
23 kcal/mol above the ground state,22 was employed with 
the cyan dyes. Since pentacene's triplet-triplet absorption 
maximum lies at 498 nm, this sensitizer is not well suited 
for measurements involving magenta dyes. Violanthrene, a 
sensitizer with a triplet energy of 25 kcal/mol and triplet-
triplet absorption at 640 nm,1,15 was the lowest energy sen
sitizer that could be employed conveniently with magenta 
dyes. Tables III and IV list those cyan and magenta dyes 
that, on the basis of these energy-transfer measurements, 
can be assigned as having triplet energies less than or equal 
to 21 and 23 kcal/mol, respectively. 

For several of these cyan and magenta dyes, energy-
transfer measurements were made with a number of sensi-

40 

ET(kcal/mo!) 
Figure 3. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 

40 48 

ET( kcal/mol) 

Figure 4. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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40 48 

ET(kcal/mol) 

Figure 5. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 6. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 8. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 9. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 7. Plot of the logarithm of the rate constants for energy transfer 
from a series of triplet sensitizers to the illustrated dye vs. the triplet 
energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Figure 10. Plot of the logarithm of the rate constants for energy trans
fer from a series of triplet sensitizers to the illustrated dye vs. the trip
let energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 
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Table II. Triplet Energies of Yellow Azomethine Dyes 

Dye structure 
Upper limit, Lower limit, 

kcal/mol kcal/mol 

Me 
Me-C1 

Me-C 

,C=N—(Cj)—N(Et 46 42 

Me 

(-Bu-C. 

t-Bu—C 
I 
O 

P h - N H - C , 

^C=N-(O)-N(Et) 2 47 

\ 
—<^))—N(Me)2 46 

/ 
C=N— Me 

""1 
O 
Il 

Ph—NH-C. 

OV-N(Et), 46 

"OH N(Me)2 45 

Me 

\ ;C=N- O)—N(Et)2 45 

Ph-C 
Il 
O 

Me 

O)—N(Et)2 47 

Me 

O 
Il 

P h - C N 

P h - c ' 
Il 
O 

—(Q)—N(Me)2 

^ O ^ N ( E t ) 2 

Me 

C = N -

Me 

(Et)2 

46 

46 

45 

46 

43 

42 

42 

41 

41 

43 

42 

42 

41 

42 

Table III. Dyes Observed to Quench Triplet Pentacene 
at the Diffusion-Controlled Rate 

Me 

•o* -®- N(Et)2 0 = 0 = N ^ ^ - > N(Et), 

Me Me 

Me Me Me' 

Me Me 
/ \ Me 

0 = O= N ^>-N(Et ) 2 

Me Me 

N—(0)—N(Et), 

Me 

NVOH 
O) 

Et 

C H 2 - C H 2 — N H SO, Me 

tizers whose triplet energies cover a broad range of energy. 
Plots of such data are "flat" in appearance, because the 
measured rates of energy transfer are all diffusion con
trolled. Examples are illustrated by Figures 12 and 13. 

32 40 48 

ET(kcal/mol) 

Figure 11. Plot of the logarithm of the rate constants for energy trans
fer from a series of triplet sensitizers to the illustrated dye vs. the trip
let energies of the sensitizers. The dotted line shows the final slope pre
dicted by the Arrhenius equation. 

Table IV. Dyes Observed to Quench Triplet Violanthrene 
at the Diffusion-Controlled Rate 

Ph 
\ 

N N 
I Il 

/NA 
O Il Me 

Il Il Il 
N N N 

Me 1 Me I I 

NH2 XHMe NHPh N(Me), 

N(Et)2 

(CH2),NHS02Me 

As with the nonsymmetrical yellow dyes, there is the 
problem of quenching by isomeric mixtures when the cyan 
and magenta dyes do not have identical syn and anti iso
mers. Even with the lowest energy sensitizers, we have mea
sured diffusion-controlled quenching, and it seems unlikely 
that either of the individual isomers quench at markedly 
different rates. 

"Nonvertical Energy Transfer." Of significance in each 
of the plots of Figures 1-11 is the fact that the final slopes 

Journal of the American Chemical Society / 97:11 I May 28, 1975 



3095 

? 

r 

-

-

-

-

-

-

i i 

O 
O 

I I 

B ° 

Me 

Ph O 

I , I 

' 'I ' I 

o 

4— 
Et 

I . I , 

I 

-

-

-

-

-

I 
16 24 32 40 48 56 64 

ET(kcol/mol) 

Figure 12. Plot of the logarithm of the rate constants for energy trans
fer from a series of triplet sensitizers to the illustrated dye vs. the trip
let energies of the sensitizers. 
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Figure 13. Plot of the logarithm of the rate constants for energy trans
fer from a series of triplet sensitizers to the illustrated dye vs. the trip
let energies of the sensitizers. 

are all shallower than the Arrhenius slope of 0.74 kcal - 1 

mol; this latter slope is indicated by the dotted line on the 
left side of each plot.5 Until lower energy sensitizers become 
available, it is not possible to determine whether the plots 
for the cyan and magenta dyes in the low-energy region will 
show the same shallow slopes as those for the yellow dyes. 
Since some of the sensitizers have insufficient energy to ex
cite yellow dyes vertically, these shallow slopes are taken as 
evidence for "nonvertical energy transfer" to these dyes. 
The molecules m-stilbene and cis- and trans-a-methytetil-
bene undergo "nonvertical energy transfer" by virtue of 
their ability to isomerize about an essential double bond in 
the triplet state such that torsion to a geometry intermedi
ate between the cis and trans extremes brings about a low
ering of the triplet-state energy.3-4'6'7 It is known that azo
methine dyes with strong electron-donating groups in the 
para position of the aromatic ring attached to the azometh
ine nitrogen atom isomerize by torsion about the azometh
ine bond.17 Because the stilbene molecules also isomerize by 
torsion about a double bond, the similarity in behavior be
tween them and the azomethine dyes in undergoing "non-
vertical energy transfer" is not unexpected. 

Although evidence indicates that twisting about the car
bon-nitrogen double bond lowers the triplet energy of the 
dyes, those triplet energies cited in Table II are for the dyes 
in their ground-state geometries. The depth of the well in 
the triplet-energy profile in the twisted state cannot be de
termined from these data. 

Comparison with Azine Dyes. Azine and azomethine dyes 
are similar in structure, with the distinction that azine dyes 
have an additional bond with a saturated nitrogen atom 
that joins the substituents on each side of the azomethine 
bond. Azine dyes available for this investigation are illus
trated in Table V. As is evident, this additional bond holds 
the azine dyes in a rigid position and prevents any isomer-
ization about the C = N bond. Unlike azomethine dyes, 
azine dyes show both phosphorescence and triplet-triplet 
absorption. Table V summarizes appropriate data relating 
to the azine dye triplet states. The flexibility about the 
C = N bond in azomethine dyes must be that factor respon
sible for their failure to luminesce as well as for their short 
triplet lifetimes. The measurements of energy transfer to 
the yellow dyes, at least, have already provided evidence 
that, as the dyes twist about the C = N bond in the triplet 
state, their triplet energy decreases. We believe that the tor
sion about the C = N bond in the dye triplet manifold can 

Table V. Triplet States of Azine Dyes 

Dye 
Triplet energy, Triplet lifetime, 

kcal/molfl sec6 

0 0 
1 Il 

Me N(Et)2 

9 o 
Il Il 

(Me)3C V -j 

Me N(Et)2 

44 8.3 X 10_s 

46 7.4 X 1CTS 

43 5.0 X If)"5 

J(Me)2 

aBased on phosphorescence spectra in glass-forming hydrocarbon 
solvents at 77 K. 6 The reciprocal of the first-order rate of triplet de
population in degassed benzene solution at 22°. 

provide a path for rapid deactivation and shorten triplet 
lifetimes to the point where they can no longer be observed 
directly by either phosphorescence or flash photolysis. Oth
ers also have proposed that rotation about the C = N bond 
in azomethine compounds may be an important path for the 
dissipation of electronic energy.23"25 

Steric Effects. A number of the yellow azomethine dyes 
are substituted with alkyl groups that provide steric bulk 
adjacent to the carbon-nitrogen double bond. As evident 
from the structures of the dyes listed in Table II, examples 
of steric crowding on each side of the azomethine bond are 
included. There are, at least with these yellow dyes, no pro
nounced trends in measured triplet energies as a function of 
steric crowding. By contrast, it seems likely that this same 
type of steric hindrance brings about a reduction of the trip
let-energy levels in the magenta and cyan dyes.1 

Significance. The question arises as to the significance of 
the low levels and short lifetimes of these lowest excited 
triplet states in azomethine dyes. As the gap between the 
ground state and the triplet state narrows, radiationless 
conversions increase in rate and reduce the lifetime of the 
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triplet state;26 these two phenomena are thus interrelated. It 
has been demonstrated by Smith that, in many azomethine 
dyes, the photochemical reaction most likely takes place, at 
least in part, in the lowest triplet state.27 Azine dyes, which, 
by comparison with their azomethine counterparts, have 
higher triplet-energy levels, longer triplet lifetimes, and no 
possibility for torsion about the azomethine bond to a new 
geometry with an even lower triplet-energy level, show 
poorer light stability.27 It appears that the short triplet life
times in azomethine dyes serve to limit the extent of any 
photochemical reactions. 

Singlet oxygen, a highly reactive species, lies only 22.5 
kcal/mol above its ground state in energy.28-30 A number of 
magenta and cyan dyes have been observed previously to be 
singlet-oxygen quenchers.1 Since we now know that many 
magenta and cyan dyes have triplet states of less than or 
equal to 23 kcal/mol, electronic energy transfer undoubted
ly makes a contribution to the mechanism by which these 
dyes quench singlet oxygen.1 It is this quenching mecha
nism that helps to protect cyan and magenta dyes from at
tack by singlet oxygen. 

Experimental Section 

Materials. Dyes were synthesized by oxidative coupling of the 
appropriately substituted /3-dicarbonyl compound, 3-methyl-l-phe-
nyl-2-pyrazolin-5-one, phenol, or 1-naphthol with the appropriate
ly substituted p-phenylenediamine, potassium ferricyanide being 
used as the oxidizing agent.31 Purification was by chromatography 
on Woelm silica gel and/or recrystallization. 

The benzene was Mallinckrodt Nanograde and was used as re
ceived. 

Chrysene and 1,2,5,6-dibenzanthracene were both Eastman re
agent grade and each was purified by sublimation under vacuum. 
1,2,3,4-Dibenzanthracene was purchased from the Aldrich Chemi
cal Co. and was purified by chromatography on Woelm silica gel 
and recrystallized from cyclohexane. 1,2-Benzanthracene was an 
Eastman reagent chemical that was purified by chromatography 
on Woelm alumina and recrystallized from ethanol. IH-Benz-
[rfe]anthracen-7-one was an Eastman practical chemical and was 
recrystallized three times from ethanol. 1,12-Benzperylene was 
purchased from Aldrich Chemical Co. and was recrystallized from 
benzene. 9,10-Dimethy!-l,2-benzanthracene was an Eastman re
agent chemical, purified by chromatography on Woelm silica gel. 
Anthracene was an Eastman scintillation grade chemical and was 
used as received. The sources and purifications of the remaining 
sensitizers have been described elsewhere.15 

Procedures. Kinetic measurements were carried out on a con
ventional flash photoelectric apparatus. Two xenon flash lamps 
(Kemlite Z8H20) were positioned on opposite sides of a sample 
cell holder inside a cylindrical housing whose inside walls were 
coated with highly reflective paint (Eastman white reflectance 
coating). The energy of the flash discharge was 400 J (2-^F capac
itor charged to 20 kV). The flash output returned to V3 peak inten
sity within 15 /xsec. x n e monitoring source was a quartz-halide 
100-W.lamp (Osram 64625) powered by a regulated dc power sup
ply (Sorensen QSBl2-8). The lamp was mounted in an appropriate 
housing on an optical bench in series with a collimating lens, the 
flash chamber, a focusing lens, and a 'A-m monochromator (Jar-
rell-Ash). The monitoring beam, after passing through the sample 
cell, was focused on the entrance slit of the monochromator. Light 
intensity as a function of time was measured by means of a photo-
multiplier tube (RCA 4463) located at the exit slit of the mono
chromator. The output from the photomultiplier was fed into a 
cathode-follower amplifier and then into a wide-band oscilloscope 
(Tektronix 555). Oscillographs were photographed with an oscillo
graph-record camera. 

The cylindrical Pyrex-glass sample cells were 25 cm long and 15 
mm o.d. with flat windows fused to the ends. The cells were con
nected by side arms to bulbs where solutions were contained during 
the degassing procedure. Solutions were degassed by subjecting 
them to several freeze-pump-thaw cycles on a high-vacuum mani
fold prior to sealing the sample containers. 

The oscillographs were enlarged to facilitate more precise mea

surement of the transient phenomena. The lifetimes of sensitizer 
triplets were measured by the recovery rate of the monitoring 
beam after the excitation flash. Kinetic analysis was by the method 
of Linschitz and Sarkanen.32'33 

Acknowledgment. The author acknowledges helpful dis
cussions with Dr. W. F. Smith, Jr., and the technical assis
tance of Mr. K. L. Eddy and Mr. J. E. Sconiers. 

References and Notes 

(1) W. F. Smith, Jr., W. G. Herkstroeter, and K. L. Eddy, J. Am. Chem. Soc, 
in press. 

(2) Throughout the text, the term "diffusion-controlled" is employed to sig
nify a reaction involving triplet-energy transfer that is exothermic by 3 
kcal/mol or more. It is recognized that, as reported recently, when sol
vent viscosities are low, this process frequently shows less than unit ef
ficiency owing to the escape of either the triplet sensitizer or the 
quencher from the solvent cage prior to reaction. This has been re
ported by P. J. Wagner and I. Kochevar, J. Am. Chem. Soc, 90, 2232 
(1968), and N. J. Turro, N. E. Schore, H. C. Steinmetzer, and A. Yekta, 
ibid., 96, 1936(1974). 

(3) W. G. Herkstroeter and G. S. Hammond, J. Am. Chem. Soc, 88, 4769 
(1966). 

(4) A. A. Lamola in "Energy Transfer and Organic Photochemistry" ("Tech
nique of Organic Chemistry"), Vol. XIV, P. A. Leermakers and A. Weiss-
berqer, Ed., Wiley-lnterscience, New York, N.Y., 1969, pp 60-70. 

(5) The Arrhenius equation in logarithmic form is log k = EJ2.3RT+ log A, 
where k is the measured rate constant, £a the activation energy, and A 
the preexponential factor. In the usual application of this equation, one 
plots log k vs. 1/7 and obtains a slope equal to — £a/2.3R We apply 
the Arrhenius equation in an alternative manner here. If one takes the 
difference between two values of the above equation, one obtains A log 
k = — A£a/2.3R7\ If the deficiency in the energy of the sensitizer triplet 
to excite the quencher is made up by thermal activation energy, then 
one can substitute ASr for A£a, where AET is the difference in triplet 
energies between sensitizer and quencher. A plot of A tog k vs. — AEV 
would be expected to have a slope of 1/2.3R7. In practice in the fig
ures, the abscissas and ordinates are labeled ET and log k, respectively, 
because these values are measured directly and have the same units 
as - A E T and A log k, respectively. 

(6) (a) G. S. Hammond and J. Saltiel, J. Am. Chem. Soc, 85, 2516 (1963); 
(b) J. Saltiel and G. S. Hammond, ibid, 85, 2515 (1963). 

(7) J. Saltiel, J. D'Agostino, E. D. Megarity, L. Metis, K. R. Neuberger, M, 
Wrighton, and O. C. Zafiriou in "Organic Photochemistry", Vol. 3, O. L 
Chapman, Ed., Marcel Dekker, New York, N.Y., 1973, pp 14-17. 

(8) A. A. Lamola in "Energy Transfer and Organic Photochemistry" ("Tech 
nique of Organic Chemistry"), Vol. XIV, P. A. Leermakers and A. Weiss 
berger, Ed., Wiley-lnterscience, New York, N. Y., 1969, p 115. 

(9) K. Sandros, Acta Chem. Scand., 18, 2355 (1964). 
(10) F. D. Lewis and W. H. Saunders, Jr., J. Am. Chem. Soc, 90, 7033 

(1968). 
(11) L. J. Leyshon and A. Reiser, J. Chem. Soc, Faraday Trans. 2, 1918 

(1972). 
(12) D. G. Whitten, P. D. Wildes, and C. A. DeRosier, J. Am. Chem. Soc, 94, 

7811 (1972). 
(13) W. G. Herkstroeter in "Physical Methods of Chemistry" ("Techniques of 

Chemistry"), Vol. 1, Part 3B, A. Weissberger and B. W. Rossiter, Ed., 
Wiley-lnterscience, New York, N.Y., 1969, pp 534-535. 

(14) This conclusion is further supported by application of the Ullman Color 
test to selected azomethine dyes. This test indicates triplet lifetimes on 
the order of 1 X 1O-7 sec or less and is described by E. F. Ullman, J. 
Am. Chem. Soc, 86, 5357 (1964); E. F. Ullman and W. A. Henderson, 
ibid., 89, 4930 (1967); and T. R. Evans in "Energy Transfer and Organic 
Photochemistry" ("Technique of Organic Chemistry"), Vol. 14, P. A. 
Leermakers and A. Weissberger, Ed., Wiley-lnterscience, New York, 
N.Y., 1969, pp 342-343. 

(15) W. G. Herkstroeter, J. Am. Chem. Soc, in press. 
(16) W. G. Herkstroeter, MoI. Photochem., 3, 181 (1971). 
(17) W. G. Herkstroeter, J. Am. Chem. Soc, 95, 8686 (1973). 
(18) W. G. Herkstroeter, L. B. Jones, and G. S. Hammond, J. Am. Chem. 

Soc, 88, 4777 (1966). 
(19) W. R. Ware, J. Phys. Chem., 66, 455 (1962). 
(20) Examples of rate constants for hydrogen abstraction are given by G. S. 

Hammond, W. B. Baker, and W. M. Moore, J. Am. Chem. Soc, 83, 
2795 (1961), and for electron transfer by S. G. Cohen, A. Parola, and G. 
H. Parsons, Chem. Rev., 73, 141 (1973). 

(21) G. O. Schenck and R. Steinmetz, Bull. Soc. CNm. BeIg., 71, 781 (1962). 
(22) G. G. Hall, Proc. R. Soc London, Ser. A., 213, 113 (1952). 
(23) A. Padwa, W. Bergmark, and D. Pashoyan, J. Am. Chem. Soc, 91, 

2653 (1969). 
(24) A. Padwa and J. Smolanoff, J. Am. Chem. Soc, 93, 548 (1971). 
(25) M. I. Knyazhanskii, M. B. Stryukov, and V. I. Minkin, Opt. Spektrosk., 33, 

879(1972). 
(26) G. W, Robinson and R. P. Frosch, J. Chem. Phys., 38, 1187 (1963). 
(27) W, F. Smith, Jr., unpublished results. 
(28) L. Herzberg and G. Herzberg, Astrophys. J., 105, 353 (1947). 
(29) L. Wallace, Astrophys. J., Suppl. Ser., 7, 165 (1962). 
(30) R. P. Wayne, Adv. Photochem., 7, 314 (1969). 
(31) W. G. Herkstroeter and K. L. Eddy, unpublished results. 
(32) H. Linschitz and K. Sarkanen, J. Am. Chem. Soc, 80, 4826 (1958). 
(33) W. G. Herkstroeter in "Physical Methods of Chemistry" ("Techniques of 

Chemistry"), Vol. 1, Part 3B, A. Weissberger and B. W. Rossiter, Ed., 
Wiley-lnterscience, New York, N. Y., 1969, pp 570-572. 

Journal of the American Chemical Society / 97:11 / May 28, 1975 


