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Abstract: The fluorescence of naphthalene is quenched by /raM-s-/3-ethylstyrene. Counter experiments using m-piperylene as 
a monitor show that triplets are produced as a part of the process of quenching the excited states. The triplet yield varies in 
different solvents and in all cases studied is smaller than the triplet yield when naphthalene decays without the assistance of a 
perturbing quencher. In the absence of piperylene there is a significant amount of isomerization of the quencher even when it 
is present in sufficiently high concentration to quench all of the excited singlets of naphthalene, an indication that triplets of 
either the quencher, the quenchee, or both are produced. Little isomerization of /3-ethylstyrene is observed in the presence of 
piperylene (0.066-0.198 M). We believe that a singlet exciplex is formed and decays rapidly to give either both molecules in 
their ground states or to give naphthalene triplets and /3-ethylstyrene in its ground singlet state. 

Several groups have studied the quenching of fluores­
cence of naphthalene and other aromatic hydrocarbons by 
conjugated dienes.2 '7 Models to account for the quenching 
include two features: formation of an exciplex from the 
quencher and the fluorescent species, and rapid nonradia-
tive decay of the exciplex. There has been a good deal of 
speculation as to the mechanisms of intermolecular interac­
tion which leads to binding in the exciplex.4-6 The mecha­
nism of nonradiative decay has been discussed less and is 
not an easily studied phenomenon although it seems likely 
that some vibrational modes in the quencher must serve as 
especially efficient energy sinks in the internal conversion 
process. We now report a study of quenching of naphtha­
lene fluorescence by a hydrocarbon, rra«.s-/3-ethylstyrene, in 
which the decay process leads to formation of naphthalene 
triplets in substantial yield. 

Results 

The fluorescence of naphthalene is quenched by trans-
/J-ethylstyrene with moderate efficiency. Series of quench­
ing measurements with varying concentrations of quencher 
were carried out in four different solvents. Plots of $ F ° / * F 
were linear. The results are summarized in Table I. 

Introduction of CM-piperylene (1,3-pentadiene) into the 
solutions led to isomerization of the diene to the trans iso­
mer, indicating formation of triplets having sufficient exci­
tation energy to transfer energy to the diene. Since naph­
thalene is a well-known triplet sensitizer for diene isomer­
ization,89 the reaction was to be expected in unquenched 
solutions. Addition of /3-ethylstyrene reduced the triplet 
yield as expected, but the limits approached at high con­

centrations of the quencher were nonzero. The quenching 
act itself must produce some triplets.10 We assume the fol­
lowing to be the mechanism for sensitized isomerization and 
quenching. 

+ trans-E 

1N + 

3N + c t s - P 

3P — 

hv 

N — - 1N (1) 

1N —>• N + hv' (2) 

1N ^* 3N (3) 

—»• Q-3N + (1 - a)N + tram-E (4) 

cis-P —*• N * C(S-P (5) 
ft ' 

— - (33P + (1 - /3)czs-P + N (6) 

3N -^* N (7) 

yiraus-P + (1 - y ) c / s - P (8) 
N = naphthalene, E = /3-ethylstyrene, P = piperylene 

We have omitted nonradiative decay of excited naphtha­
lene singlets to the ground state since that process is known 
to be relatively unimportant.11 The yield of naphthalene 
triplets is determined by the intersystem crossing efficiency 
for naphthalene singlets in the absences of quenchers [$isc 
= k i /(k i + &f)] and a, the efficiency of triplet production 
in the quenching of naphthalene singlets by /3-ethylstyrene. 
We measured relative fluorescence intensities: (1) in the a b ­
sence of any quencher (F0), (2) in a series of solutions con­
taining varying concentrations of /3-ethylstyrene but no pip­
erylene (F'), and (3) in a series of solutions containing vary-
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Table I. Rates of Quenching of Naphthalene Fluorescence by 
?ra«i-/3-Ethylstyrene 

Solvent k„r, 1. mol" rn, sec 
kq, 1. mol ' 

X IO-8 sec-

Benzene 
M-Hexane 
Ethyl ether 
Acetonitrile 

04.3 
02.5 
03.1 
01.8 

96.5 
95 
96.5 
92.5 

4.5 
2.6 
3.2 
1.9 

° Slopes of Stern-Volmer plots. 

ing amounts of /3-ethylstyrene and a constant concentration 
of cis- piperylene. We also measured the rates of production 
of trans- piperylene in a series of solutions in which the con­
centration of/3-ethylstyrene was ( F T ) varied and in the ab­
sence of alkene (Yj'). In some of these experiments isomer­
ization was allowed to proceed to rather high conversions 
(i.e., 14%). Equation 9 was used to calculate initial rates of 
conversion by correcting for back reaction. Repeat runs in 
which conversion was kept below 6% gave good agreement. 

b = 2.303a log a/(a - b') (9) 
where 

a = conversion at photostat ionary s ta te , 

b = conversion that would have occur red without 

back react ion, and 

b' — measu red conversion 

In some measurement series relative fluorescence intensi­
ties and isomerization rates were determined over different, 
but overlapping, concentration ranges because the regions 
of maximum sensitivity of measurement were different. All 
samples in runs to measure isomerization rates were 
subjected to identical radiation doses. Under these condi­
tions the relationship among the relative fluorescence inten­
sities and the relative quantum yields for isomerization is 
given by eq 10. 

•- m - o--£(£-o (10) 

Equation 10 is a form of the relationship developed by 
Carroll and Quina to treat enhancement of intersystem 
crossing by xenon. , l a In their work they assumed that a is 
unity and used the results to determine *isc- We assume 
that $ isc has the previously measured value of 0.80 and use 
the equation to determine a. Figure 1 shows a plot of 
a((YjF'/Yj'F) - 1) against F°/F'(F'/F - 1). In this 
case the slope is 0.08 although the best value obtained by 
averaging the results from several runs was 0.10 ± 0.02. 
This indicates that 10% of the quenching acts in benzene so­
lution produce triplets. Table II summarizes the results of 
measurements carried out in four solvents. 

Isomerization of Ethylstyrene. We carried out a limited 
study of the sensitized isomerization of trans- /3- ethylstyr­
ene. We do not have direct information concerning the trip­
let excitation energy of the substance but it should be close 
to that of trans- /3- methylstyrene to which a value of 59.8 
kcal mol - 1 was assigned from the oxygen-perturbed absorp­
tion spectrum.12 This would make the triplets nearly isoen-
ergetic with naphthalene triplets13 (Ej = 60.9 kcal mol - 1 ) . 
Triplet quenching rates measured by the flash kinetic meth­
od14 and by induced phosphorescence of biacetyl15 have 
been found to be about one order of magnitude below the 
diffusion-controlled limit in other cases in which donor and 
acceptor are essentially isoenergetic. Irradiation of solutions 
containing 0.132 M trans- /3 -ethylstyrene and 0.066 M cis-
piperylene led to the formation of small, but detectable, 
amounts of m-/3-ethylstyene under conditions where 10% 
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Figure 1. Plot of yield functions for naphthalene-Irons -/3-ethylstyrene -
m-piperylene in benzene solution. 

Table II. Triplet Yields in Quenching of Naphthalene 
Fluorescence by /ra«i-/3-Ethylstyrene 

Solvent Solvent 

M-Hexane 
Ether 

0.20 
0.25 

0.04 
0.05 

Benzene 
Acetonitrile 

0.10 ± 0.02 
0.24 ± 0.03» 

° From two determinations only. 

or more trans- piperylene was produced. Although we have 
not attempted to measure the relative reactivities of the two 
energy acceptors with precision, the result allows us to as­
sume that in solutions containing as much as 0.01 M ethyl­
styrene most naphthalene triplets will be intercepted before 
they undergo first-order decay.1415 The simplest mecha­
nism for description of triplet-sensitized ismerization of 
trans- /3- ethylstyrene involves competition between triplet 
energy transfer and quenching of naphthalene triplets with­
out energy transfer. 

3N + trans-E — - 63E + (1 - b)lrmrs-E + N (11) 
3E —• ecis-E + (1 - z)trans-E (12) 

This mechanisms predicts that fluorescence quenching 
will be related to isomerization of /3-ethylstyrene by eq 13 

* , ' = 6«[(1 - F/F")a + F$lsc/F (13) 
where 

$ / = quantum yield for i somer iza t ion 

Quantum yields for isomerization were measured in each 
of the four solvents used in this study with three different 
concentrations of trans- /3- ethylstyrene. As would be antici­
pated, quantum yields decreased as the concentration of the 
substrate was increased. The values of quenching constants 
measured in the various solvents and the value of 0.80 for a 
were used to calculate the quantity within brackets in eq 13. 
The results are summarized graphically in Figure 2. As ex­
pected, the quenching and triplet counting data do an ade­
quate job of accounting for the way in which the quantum 
yield for sensitized isomerization changes with quencher 
concentration in any given solvent since the quantity <&i'/[(l 
— (F/F°))a + F$\sc/F°] becomes independent of concen­
tration. However, these constant values are different in the 
different solvents. 

The discrepancy might be attributed to variations in the 
value of e, the fraction of ethylstyrene triplets which decay 
to the cis isomer. This would be an unexpected phenomenon 
but the point was checked by measuring quantum yields for 
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Figure 2. Correlation of quantum yields for isomerization of /3-ethyl-
styrene in the presence of naphthalene with fluorescence quenching. 

Table III. Partition Factors for Energy Transfer and Energy 
Wastage in Reaction of Naphthalene Triplets with 
/rott.s-/3-Ethylstyrene 

Solvent Sa Solvent 

Benzene 
/i-Hexane 

0.90 ± 0.10 
0.54 ± 0.05 

Ether 
Acetonitrile 

0.66 ± 0.07 
0.36 ± 0.04 

" Error limits reflect the variation in results of measurement of 
e using benzophenone. 

isomerization sensitized by benzophenone. The values were 
constant at 0.50 ± 0.05 in the four solvents. Apparently 8 
varies, indicating that there is a solvent effect on the compe­
tition between energy transfer and energy wastage. The 
values of t calculated from the data, using t = 0.50, are list­
ed in Table III. 

Stationary State Composition. The mechanism is formu­
lated involves quenching of excited naphthalene singlets 
with formation of naphthalene triplets which then transfer 
energy to the triplet counter. At the high concentrations of 
cis- piperylene used in the experiments, one can imagine an­
other mechanism in which energy is transferred from a trip­
let exciplex of naphthalene and /3-ethylstyrene. If this were 
to occur, and if the exciplex had an excitation energy signif­
icantly different from that of naphthalene triplets, one 
might expect to see a change in the relative reactivities of 
cis- and trans- piperylene as acceptors. This follows from 
the fact that naphthalene falls in a sensitive region in the 
Saltiel plot {Ej vs. photostationary state composition) for 
the piperylenes.8 Consequently we measured photostationa­
ry states produced in the presence and absence of /3-ethyl-
styrene. Mixtures containing 68:32 trans:cis-piperylene, 
the previously reported photostationary ratio with naphtha­
lene as the sensitizer,16 were prepared and irradiated for 
long periods of time. The isomeric ratio was essentially in­
variant for times long in comparison with those required to 
effect extensive isomerization in experiments using pure 
cis- piperylene. Very long irradiation resulted in a slow 
change of the isomer ratio to more cis-rich mixtures. The 
drift rate in all solvents appeared to be essentially identical 
in solutions containing ethylstyrene and those in which the 
quencher was absent. The phenomenon may be associated 
with the fact that the system is not entirely photochemically 
"clean." Analyses by vapor chromatography and absorption 
spectrophotometry showed slow decrease in the total con­
centrations of the piperylenes and naphthalene. Quantita­
tive assays indicated that the quantum yields for these side 
reactions are 0.04 or less. It is possible that products of the 
photochemical side reactions slowly accumulate and under­
go decomposition in the heated inlet of the vapor chromato-
graph to produce relatively large amounts of cis- piperylene. 
Such an explanation would be more readily acceptable if re­

sults in the presence and absence of ethylstyrene were not so 
close to identical. 

Irrespective of the cause of the time variable results, the 
principal implication for this discussion is the conclusion 
that introduction of ethylstyrene does not change the char­
acteristics of the triplet which transfer energy to the piper­
ylenes. Consequently, we conclude that this triplet is very 
naphthalene like, irrespective of whether or not it has an 
ethylstyrene molecule as a close neighbor. 

The conclusion that energy transfer to ethylstyrene is 
considerably slower than transfer to cis- piperylene is con­
sistent with other facts. Fluorescence quenching leads to 
formation of triplets which can be counted with piperylene. 
This would not be possible if triplet energy transfer from 
naphthalene to ethylstyrene were fast enough to compete 
effectively with diffusive separation of the partners in the 
original quenching complex. Energy transfer within the 
original solvent cage may be responsible for some of the 
isomerization of ethylstyrene observed in the presence of pi­
perylene, but that rate is much lower than either the rates 
of piperylene isomerization or isomerization of ethylstyrene 
in the absence of piperylene. 

Discussion 

Substantial yields of naphthalene triplets are produced 
when the fluorescent state of naphthalene is quenched by 
/ra«.s-|3-ethylstyrene. The extent to which this process com­
petes with decay to form both quencher and quenchee in 
their ground singlet states is a function of the solvent. A 
second phenomenon, extensive energy wastage when naph­
thalene triplets are quenched by ethylstyrene, also shows 
solvent dependence. The two processes share a common fea­
ture since both involve competition between rapid, nonradi-
ative relaxation processes one of which requires intersystem 
crossing in each case. One might hope that the high sensi­
tivity to the nature of the medium would provide some uni­
fying bridge between the process involving crossing from 
excited singlet to triplet and that involving crossing from 
triplet to ground singlet. As is shown by the data in Tables 
II and III, there is a limited consistency. In benzene the in­
tersystem crossing processes, formation of triplets in fluo­
rescence quenching, and energy wastage in triplet quench­
ing are less important than in the other solvents. Ether and 
«-hexane appear to show roughly consistent behavior. How­
ever, triplet quenching without energy transfer is predomi­
nant in acetonitrile whereas that solvent appears to be simi­
lar to ether and hexane in its effect on the triplet yield in 
fluorescence quenching. 

If a singlet exciplex is formed when ethylstyrene quench­
es the fluorescent state of naphthalene, the latter probably 
remains the principal site of excitation and, as a first ap­
proximation, we can think about the process as involving 
weak interaction with the quencher which, however, is suffi­
cient to produce some mixing of states in the naphthalene 
increasing the probability of nonradiative transitions. 
Thayer and Yardley17 have recently presented a discussion 
of bimolecular quenching which builds upon and updates 
many previous treatments. The model, which does not deal 
with intersystem crossing, depends entirely upon instanta­
neous dipole-dipole interactions for a mixing mechanism. 
This leads to prediction of especially high quenching effi­
ciency for molecules having permanent dipole moments, 
which is consistent with the author's data for quenching of 
the fluorescence of propynal at low pressure. Dispersion in­
teraction is proposed to be the principal mixing mechanism 
with nonpolar quenchers. An interesting feature of this ap­
proach is prediction that quenching reactivity will depend 
upon the ionization potential of the quencher. Such correla-
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tions are regularly observed in quenching of the fluores­
cence of aromatic compounds by unsaturated hydrocar­
bons2"7 and have been used to support the inference that 
"charge transfer" occurs during quenching.4'5 The limited 
success of the Thayer-Yardley treatment suggests caution 
in dedicated adherence to the charge-transfer model. 

The very fact that intersystem crossing occurs during 
quenching can be construed as evidence in favor of charge 
transfer in an exciplex. If full electronic charge were trans­
ferred from the quencher to the aromatic molecule, two ion 
radicals would be produced. The singlet-triplet splitting in 
the radical pair would become small and intersystem cross­
ing would be expected to occur at the very rapid rates 
known from the radical pair mechanism for production of 
chemically induced dynamic nuclear polarization.18 The sit­
uation is probably realized in quenching of aromatic hydro­
carbons by amines, a process known to produce substantial 
yields of triplets.19'20 We are still reluctant to assign large 
amounts of charge-transfer character to exciplexes formed 
from two hydrocarbons but a contribution from such a 
structure to the total state of the system may help to ac­
count for rapid intersystem crossing. 

The solvent effects do not point the way to any simple 
resolution of the problem. For example, if solvent polarity 
or polarizability were to dominate by increasing charge 
transfer one would expect intersystem crossing to be less in 
n- hexane than in any of the other solvents included in our 
study. The data in both Tables II and III show it to be in­
termediate in its influence. On the other hand, the existence 
of substantial solvent effects shows that models to account 
for the dynamics of internal conversion based only on con­
sideration of quencher and quenchee molecules will be inad­
equate. 

Experimental Section 

Materials. Zone-refined naphthalene from Aldrich Chemicals 
was used as received. The emission spectrum, singlet lifetime, and 
melting point agreed with literature values, trans- /3- Ethylstyrene, 
99% pure, was obtained from Chemical Samples. It was occasion­
ally subjected to bulb-to-bulb distillation. Gas chromatographic 
analysis, using SE-30 and 0,/3'-oxydipropionitrile columns, showed 
a trace of the cis isomer as the only significant impurity. Spectro-
quality benzene was supplied by Matheson Coleman and Bell. It 
was purified by photochlorination21 and was twice distilled before 
use with the middle % fraction being accepted each time. cis-Pip-
erylene (1,3-pentadiene) was supplied by Chemical Samples. 

Isomerization rates were determined by irradiating the samples 
in a merry-go-round apparatus22 fitted with appropriate filters to 
isolate the 313-nm line from a medium pressure mercury arc. 
Analyses were carried out with Hewlett-Packard 700 or 5750 gas 
chromatographs. The columns used were: for naphthalene and eth­
ylstyrene, 7 ft X ]k in. 10% SE-30 on Chromosorb P; for piper-
ylenes in either solution a 30 ft X '/8 in. column of 25% ft/S'-oxydi-
propionitrile on Chromosorb P and a 20 ft X 1^ in. column of 10% 
Carbowax 2OM on Chromosorb W in tandem; for piperylenes in 
other solvents, a 30 ft X 1^ in. column of 25% /3,/3'-oxydipropioni-
trile on Chromosorb P. Retention time differences for the piper-
ylene isomers were optimized to 7.0 min at 45°. Analysis of mate­

rial received from Chemical Samples before distillation showed the 
presence of 0.75% of trans-p'\pevy\ene and a trace of cyclopentene 
as impurities. After bulb-to-bulb distillation over lithium alumi­
num hydride the percentage of trans isomer was reduced to 0.5%. 
rnzrtj-Piperylene (99+% pure) was obtained from Chemical Sam­
ples and bulb-to-bulb distilled over lithium aluminum hydride. The 
purity was monitored by gas chromatography. Spectroquality ace-
tonitrile obtained from Matheson Coleman and Bell was distilled 
twice from anhydrous potassium carbonate and stored under nitro­
gen. "Pesticidiquality" ether obtained from Matheson Coleman 
and Bell was always distilled from lithium aluminum hydride and 
stored under nitrogen just prior to use. n- Hexane, Phillips Pure 
Grade, was passed through an alumina column before use. 

Procedures. Fluorescence quenching experiments were per­
formed with solutions degassed by three freeze-pump (1O-4 Torr)-
thaw cycles in sealed Pyrex tubes. A Hitachi MPF 2 spectrofluori-
meter was used to record emission spectra. In quantum yield deter­
minations both the ferrioxalate and benzophenone-piperylene sys­
tems were used as actinometers with concordant results. 
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