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Abstract: The quantum yields of dimerization of acenaphthylene were measured at 365 nm as a function of ethyl iodide con-
centration, substrate concentration, and quencher concentration. The product distributions in each case were also deter-
mined. Ethyl iodide appears to have a considerable effect on T| < 8, thus leading to dimerization predominantly from the
triplet state. A smaller but significant effect on Sq «<— T, also results from the presence of ethyl iodide producing a decrease
in the dimerization efficiency at high concentrations of heavy-atom solvent. A mechanism consistent with the data has been
proposed and the triplet rate constants for dimerization and the various modes of deactivation have been determined.

Although internal and external heavy-atom effects on
photophysical processes have been extensively investigated
using spectroscopic techniques;? relatively few photochemi-
cal studies have been reported.?, The influence of heavy-
atom solvents on the photodimerization of acenaphthylene
was among the earliest of these studies.?-¢ Somewhat later,
heavy-atom effects on the cycloaddition of acenaphthylene
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to acrylonitrile,®® cyclopentadiene,3¢® and maleic anhy-
dride3P-k were reported. The cycloaddition to maleic anhy-
dride was of particular interest since the adduct was used as
an intermediate in the synthesis of pleiadiene, thus provid-
ing the first example of a synthetic application of the heavy-
atom effect. More recently. Plummer reported a detailed in-
vestigation of internal as well as external heavy-atom ef-
fects on the cycloaddition of acenaphthylene to cyclopenta-
diene.38

In a preliminary report, we demonstrated that there is a
practical limit to the amount of heavy-atom solvent en-
hancement one can obtain for a given photochemical reac-
tion.3' This factor should be an important consideration in
any synthetic application of the heavy-atom effect.

We now wish to report a detailed study illustrating the
application of the heavy-atom effect in determining the rate
constants for the various intercombinational nonradiative
transitions of acenaphthylene. These rate constants, which
are not accessible in light-atom solvents due to the complex-
ity of the mechanism and the low efficiency of intersystem
crossing from the first excited singlet to the first excited
triplet, can be readily evaluated under the influence of
heavy-atom perturbation. This study thus provides an im-

portant example of the utility of the heavy-atom effect in
mechanistic photochemistry.

Results

A. Effect of Ethyl Iodide. As the concentration of ethyl
iodide is increased from 0 to 10 mol %, a large increase in
the quantum yield of dimerization results. Further increases
in the ethyl iodide concentration, however, quench the dim-
erization although the quenching process appears to be con-
siderably less sensitive to heavy-atom perturbation.?
Throughout the concentration range of ethyl iodide in
which quenching occurs, the reciprocal of the quantum
yield is a linear function of the concentration of ethyl iodide
(Figure 1).

The data further indicate that the product distribution is
solvent dependent. In cyclohexane, for example, the major
product is the cis dimer. When ethyl iodide is used as a co-
solvent, the trans dimer becomes the major product al-
though significant changes in the proportion of these dimers
are o3bserved with variations in the ethyl iodide concentra-
tion.3!

B. Concentration Effects. Figure 2 illustrates the effect of
acenaphthylene concentration on the quantum yield of dim-
erization in the presence of ethyl iodide. A linear relation-
ship between the reciprocal of the quantum yield and the
reciprocal of the acenaphthylene concentration is observed.

The data in Tables I and II indicate that in the range of
concentrations studied (0.04 to 0.12 M), the product distri-
bution remains constant for a given concentration of ethyl
iodide.

C. Quenching Studies. Figure 3 illustrates a Stern-Vol-
mer plot of the quenching of acenaphthylene dimerization
in 25 mol % ethyl iodide by ferrocene. At the maximum
concentration of ferrocene used (2 X 10~* M), approxi-
mately 70% of the dimerization is quenched. The relation-
ship between ®p°/®p and the ferrocene concentration re-
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Figure 1. The dependence of 1/®p on the concentration of ethyl iodide.
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Figure 2. The dependence of 1/®p on the reciprocal of the concentra-
tion of acenaphthylene in 25 mol % ethyl iodide.

TableI. Dependence of Quantum Yields and Product Distributions
on the Concentration of Acenaphthylene in 25 mol ¥ Ethyl Iodide

[Al, M Py % cis 9% trans
0.0403 0.067 17 83
0.0600 ¢.082 19 81
0.0800 0.11 21 79
0.1002 0.12 17 83
0.1205 0.13 19 81

mains linear throughout the concentration ranged used.

The data in Table III indicate that the product distribu-
tion does not vary as the ferrocene concentration is in-
creased. The product distribution is also consistent with
that given in Table I in which no quencher is present.

Discussion

A. Excited States. The dimerization of acenaphthylene
can occur from either the first excited singlet state or the
first excited triplet state.5 Dimerization from the singlet has
been shown to produce exclusively cis dimer.3® As a result,
a singlet excimer has been proposed as a probable interme-
diate.® Dimerization from the triplet state produces both cis
and trans dimer, although the latter has been the major
product in all cases studied.3¢5®¢ The relative importance
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Figure 3. A Stern-Volmer plot of the dimerization of acenaphthylene
as a function of the concentration of ferrocene in 25 mol % ethyl iodide.

Table Il.  Dependence of Quantum Yields and Product
Distributions on the Concentration of Acenaphthylene in 30
mol %, Ethyl Iodide

[Al, M ) % cis 9% trans
0.0405 0.065 23 77
0.0600 0.090 21 79
0.0800 0.11 22 78
0.0998 0.13 20 80
0.1202 0.14 22 78
Table III. Quantum Yields and Product Distributions in the

Presence of Ferrocene in 25 mol % Ethyl Iodide=

[Ferrocene] &y % cis % trans
0 0.139 19 81
4.0 X 107® 0.097 22 78
8.0 X 10-® 0.067 18 82
1.2 X 10™¢ 0.050 20 80
1.6 x 10~¢ 0.044 20 80
2.0 X 107 0.039 22 78

@ Acenaphthylene concentration: 0.10 M.

of each excited state in the dimerization of acenaphthylene
depends on the nature of the solvent.

Product analyses and quenching studies indicate that in
light-atom solvents, dimerization occurs from both excited
states.® Dimerization from the singlet state is a relatively
inefficient process in all solvent systems that have been
studied. For example, the quantum efficiency of singlet
dimerization for acenaphthylene (0.10 M) in cyclohexane is
approximately 0.3%.7 Based on studies previously undertak-
en in this laboratory, comparable results are obtained with
other light-atom solvents such as benzene and methanol.®
Oxygen quenching studies indicate that even in heavy-atom
solvents, singlet dimerization occurs with an efficiency no
greater than 1%.2 Dimerization from the triplet state in
light-atom solvents is also inefficient. The amount of trip-
let-derived dimer, however, depends not only on the fraction
of triplet molecules which undergo dimerization, but also on
the efficiency of intersystem crossing from the singlet to the
triplet state. It is the low quantum yield of this latter pro-
cess in light-atom solvents that limits triplet-derived dimer,
thus making singlet dimerization competitive with triplet
dimerization.

In heavy-atom solvents, dimerization occurs predomi-
nantly from the triplet state. This has been attributed to a
large increase in the rate of intersystem crossing leading to
the triplet and to the high efficiency of dimerization from
the triplet state.32¢! In 10 mol % ethyl iodide, for example,
more than 90% of the dimerization occurs through the trip-
let.8 Comparable results have been obtained with solvents
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containing bromine at concentrations of 100 mol %.¢ It ap-
pears therefore that dimerization from the singlet is negligi-
ble when sufficient heavy-atom perturbation is present.
Sensitized dimerization studies have been used to suggest
that the lowest triplet state of acenaphthylene is 43 to 45
kcal/mol above the ground state.® However, attempts to
observe the triplet state spectroscopically have thus far been
unsuccessful.’26 As a check on the sensitized studies, we
have performed semiempirical limited configuration inter-
action (LCI-SCF) calculations of the Pariser-Parr-Pople
type on acenaphthylene. The singlet state parameters used
were U, = 1142 eV, v = 10.84 eV, and 8. = —2.318 ¢V;
the triplet state parameters® used were U, = 11.42 €V, ~¢c
= 8.2 ¢V, and B, = —2.5 eV. Two-center electronic repul-
sion integrals (v,,) were calculated via the Mataga-Nishi-
moto'? relation and the LCI treatment used only singly ex-
cited configurations. Some indication of the reliability of
Zahradnik’s® parameters can be obtained from the recently
determined'! second and third triplet levels of benzene. As
can be seen from Table IV, the calculated and observed

Table IV, Calculated and Experimental Singlet-Singlet and
Singlet-Triplet Transitions for Benzene«

r————————SX — Su Tx & So——
Electron Electron
Transi-  scatter- scatter-
tion (X) ing® Optical Theory ing? Theory
1 5.0 4.74 4.76 3.95 3.92
2 6.2 6.02 6.05 4.75 4.67
3 6.9 6.85 6.79 5.60 5.12

e All values in eV, ® Reference 11.

triplet energies for benzene are in good agreement. Using
the triplet parameters, the lowest triplet state of acenaph-
thylene is calculated to have an energy of 2.005 eV (46.24
kcal/mol), which is also in reasonable agreement with the
observed value obtained in the sensitized dimerization stud-
ies.

B. Intersystem Crossing. Heavy-atom solvents have been
shown to have a large influence on the transition T; < S, in
acenaphthylene.?2-8 Since heavy-atom perturbation may af-
fect any transition between states of different multiplicity,?
we have undertaken a more thorough investigation of the

influence of heavy-atom solvents on the photochemistry of-

acenaphthylene.

We recently reported that the quantum efficiency of dim-
erization can be reduced when sufficiently large concentra-
tions of ethyl iodide are employed.?! We have attributed this
quenching effect to an increase in the rate of intersystem
crossing from the triplet to the ground state. The fact that
this process is considerably less sensitive to heavy-atom per-
turbation than T < S; can be understood by considering
the transition probability, P, for a nonradiative intercombi-
national transition, as given in eq 112

P « ;<GS,‘9TI>2<¢S’HSO’¢T>2 (1)

where 65, and 67, are the vibrational wave functions belong-
ing to the singlet and triplet electronic wave functions &g
and &t. For simple model systems, the spin-orbit Hamilto-
nian, H so, has the following form

Hoo o0 £(LsS) 2)

where L and S are the orbital and spin angular momentum
operators and £ is the spin-orbit coupling parameter!3
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which increases with increasing atomic weight of the heavy
atom. From eq 1 and 2, it is obvious that the transition
probability is directly proportional to £2. The transition
probability is also inversely related to the energy difference
between the singlet and triplet states involved. Both the vi-
brational and electronic factors in eq 1 decrease as [Eg —
Eq increases, thus decreasing the probability of the transi-
tion. Since the energy difference between Sp and T is con-
siderably larger than that between S; and T,, it is not sur-
prising that Sg <— T is far less sensitive to heavy-atom per-
turbation.

C. Proposed Mechanism. The following mechanism is
consistent with all of the experimental observations

Rate
A+ hy — 1A Ia 3)
Ric v
1A —l> A klc{iA] @)
By
A + A —> 1(AeA) kil 'A] A] (5)

H(AA) —> A, (cis) BllaA)]  (6)

1(AeeeA) X, 2A BlHA-A)) (D
Bisc

‘A — A Fisd 'A] 8)

kigc’
A + HA —> %A + HA ko /'ATHA] @)

ks

A + A—r A, (cis and trans)  A[°A){A] (10)

k
A+ A Soa k.JAlA] (11)

kisc"

A + HA— A + HA ke 'PAYHA) (12)

A4 Q > A+ Q RfAlQl (1)

ky3A] (14)

where A = acenaphthylene, '(A.-A) = singlet excimer, A;
= acenaphthylene dimer, HA = ethyl iodide, and Q = fer-
rocene. By application of the steady-state approximation,
one obtains the quantum yield of dimerization, ®p.

kg
A— A

_ Ry(A] } ky }
o = {klc + kg + kAl + By /[HA] {k1 + Ry N

{ kisc + kisc'[HA] } X
klc + klsc + kO[AI + klsc'[HA]

{ kyfA]
RfA] + EJA] + By '[HA] + 2[Q] + E,

The first term in this expression represents the quantum
yield of dimerization from the singlet state, '®p, and the
second term represents the quantum yield from the triplet
state, 3®p. Although eq 15 appears rather complex, several
assumptions can be made which simplify this equation con-
siderably. As previously stated, singlet dimerization is neg-
ligible in the presence of heavy-atom solvents. We will
therefore completely ignore the first term in (15) in subse-
quent calculations. We also assume that the first factor in
the second term of (15), which is the quantum yield of in-
tersystem crossing, i, is equal to 1 for concentrations of
ethyl iodide greater than 10 mol %.'4 Having made these
assumptions, one obtains the following simplified expression
for ®p.

} (15)

q, . kZ[A1
D7 RyA] + B JA] + B THA] + 2JQ] + k4
(16)
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It is immediately obvious from eq 16 that 1/&p is a lin-
ear function of both [HA] (eq 17) and 1/[A] (eq 18).
Equation 17 is the analytical expression for the plot illus-
trated in Figure 1. The plot illustrated in Figure 2 is repre-
sented by eq 18.

1 (B + keJ[A] + ks + k{Q]

3, = kg[A] + —-‘f‘— HA amn
1 Ryt ke Ry [HA] + ke + EJQ] 1
E R 7 w48

D. Rate Constants. The linearity of the Stern-Volmer
plot in Figure 3, represented by eq 19, is a further indica-

/0, = 1 + R 71Q] 19)

tion that only one excited state is involved in the dimeriza-
tion when sufficiently large concentrations of heavy-atom
solvent are used. Assuming that the quenching of the ace-
naphthylene triplet is diffusion controlled, one can obtain
an estimate of kq from eq 20. From the slope of the Stern-

k, = 8RT/30007 (20)

Volmer plot and the value of & ¢, an estimate of 7, the triplet
lifetime, can be determined. The value of k5, the rate con-
stant for dimerization from the triplet, can then be calculat-
ed according to eq 21.

(@Y% 7)1/[A)) = A (21)

Using this value of k,, along with the slopes and inter-
cepts of the plots in Figures 1 and 2, one can now calculate
k cq, the rate constant for concentration quenching, kg4, the
rate constant for unimolecular decay, and k", the rate
constant for quenching by the heavy-atom solvent. kq was
evaluated by substituting the value of k» into the analytical
expression for the intercept given in eq 18 and setting this
intercept equal to 3.4.'% k4 was obtained in a similar man-
ner by setting the intercept given in eq 17 equal to 4.8 and
by substituting k3, k g, and [A] into this expression. & 4[Q]
was set equal to zero since no quencher was present. ks
was calculated by substituting the values of k> and [A] into
the expression for the slope (eq 17) which was set equal to
1.02. The results of these calculations are presented in
Table V.

In order to compare each of the triplet processes, it is
helpful to compute the actual rates or relative efficiencies of
these processes. The relative efficiencies for concentration
quenching and intersystem crossing from the triplet to the
ground state are given by eq 22 and 23, respectively. Using

5 - kedA]
8 = plA] + B JA] + Ry + Ry /THA] + E]Q]
(22)
b — kg + ks "[HA]
ST = RlA] + R JA] + kg + Ry/'THA] + £]Q]
(23)

the calculated rate constants, ®., and $st may be evalu-
ated for a given concentration of acenaphthylene and
heavy-atom solvent. Several values for these relative ef-
ficiencies are presented in Table V.

One will note that in 100 mol % cyclohexane, concentra-
tion quenching is the predominant energy wasting process.
Even in the absence of heavy-atom solvent, however, inter-
system crossing to the ground state is quite significant. As
the concentration of ethyl iodide is increased, $s increases,
reaching a maximum value of 0.81 in 100 mol % ethyl io-
dide. Thus at high concentrations of heavy-atom solvent, in-
tersystem crossing becomes the major process leading to de-

Table V. Evaluation of Data

Etl Dependence

Slope, M~1 1.02 = O 03
Intercept 4.8+0
Correlation coefficient 0.997
Concentration Dependence
Mol 7 EtI 25 3¢
Slope, M1 0.46 & 0.02 0.49 + 0.01
Intercept 3804 3.0=0.1
Correlation coefficient 0.992 0.999
Ferrocene Dependence
Slope, M—1 13,600 + 600
Intercept 1.00 &= 0.07
Correlation coefficient 0.995
Triplet Lifetime and Rate Constants
T 2.15 X 1078 sec
ks 6.58 X 105 M~1sec!
keq 1.58 X 108 M~1sec!
ka 9.20 X 10*sec!
Kise’’ 6.71 X 104 M~ 1gsec™!
Relative Triplet Efficiencies®
[EtI], M 0 1.0 12.4
dp 0.21 0.17 0.06
Deq 0.50 0.41 0.14
dgr 0.29 0.42 0.81

@ These values were calculated using an acenaphthylene concen-
tration of 0.10 M,

population of the triplet state.

E. Products. Our results indicate that although the prod-
uct distribution is significantly affected by the ethyl iodide
concentration, it is relatively independent of acenaphthy-
lene concentration and of the presence of quencher. The in-
fluence of ethyl iodide on the proportion of cis and trans
dimer is probably due to the change in solvent polarity re-
sulting from variations in ethyl iodide concentration. Hart-
mann, Hartmann, and Schenck have shown that when the
dimerization of acenapthylene occurs from the triplet state,
increasing solvent polarity results in an increasing propor-
tion of cis dimer.3® This solvent effect has been attributed to
increased stabilization of the transition state leading to the
cis dimer (dipoles parallel) relative to that leading to the
trans dimer (dipoles opposed) as the polarity of the solvent
is increased.5b.6.16

The insensitivity of the product distribution to variations
in acenaphthylene concentration and quencher concentra-
tion is consistent with the proposed mechanism. The lack of
concentration dependence rules out the possibility of signifi-
cant dimerization from the singlet state as previous studies
have shown that concentration effects are quite important
when dimerization occurs from both states.® The invariance
of product distribution to variations in ferrocene concentra-
tion is further evidence for the intermediacy of a single ex-
cited state since it is unlikely that the two excited states,
which lead to different product ratios, would be quenched
at the same rate.

F. Summary and Conclusions. Although the transition T
< S, appears to be the intercombinational process most
sensitive to heavy-atom perturbation, sufficiently large con-
centrations of heavy-atom solvent can have a significant in-
fluence on Sg «<— T. At concentrations of ethy! iodide great-
er than 1.0 M, intersystem crossing from the triplet to the
ground state becomes the predominant mode of deactiva-
tion. The efficiency of dimerization from the triplet state
even at high concentrations of ethyl iodide, however, is con-
siderably greater than that of singlet dimerization in light- .
atom solvents. As a result, moderate concentrations of
heavy-atom solvent can produce dramatic increases in the
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total quantum yield of dimerization. In light-atom solvents
such as cyclohexane in which ®j, for T| < S, is very small,
dimerization occurs from both excited states. In heavy-
atom solvents of sufficient concentration to increase & for
T, < S; to ~100%, dimerization occurs almost exclusively
from the triplet state.

This work illustrates the application of the heavy-atom
effect in elucidating the mechanism of a photochemical
reaction. Virtually all of the rate constants and quantum
yields that have been discussed would have been inaccessi-
ble in light-atom solvents due to the importance of both ex-
cited states and the low efficiency of T; <= S; in the absence
of heavy-atom perturbation. Thus the heavy-atom effect
may prove to be an important tool to future investigators in
mechanistic as well as synthetic studies.

Experimental Section

Materials. Acenaphthylene (K & K Laboratories, Inc., Tech),
mp 86.5-87.5°, was purified by recrystallization of the picrate
complex from benzene.’® Following decomposition of the picrate
by treatment with concentrated NH,OH, the acenaphthylene was
twice recrystallized from 95% ethanol and sublimed at 50° (0.01
Torr), mp 92-93° (lit.>* mp 92-93°). Ethyl iodide (Eastman
Kodak) was distilled at 72° on a column (46 X 2 ¢m) packed with
glass helices. Ferrocene (Alfa Inorganics) was recrystallized once
from hexane, mp 173-175°. Eastman spectograde cyclohexane
was used without further purification.

Irradiation Procedure. Irradiations were performed on a merry-
go-round apparatus using a 450-W Hanovia medium-pressure
mercury arc lamp in a water-cooled Hanovia Vycor immersion ves-
sel. A combination of Corning CS-0-52 and CS-7-37 filters was
used which produced a narrow band around 365 nm. Irradiation
times varied from 8 to 40 hr depending on the quantum yields of
the samples. Each sample was degassed with five freeze—pump-
thaw cycles and sealed before irradiation. The irradiation vessels
consisted of 10-ml Pyrex test tubes, each containing 2.8 ml of solu-
tion. The incident light intensity was periodically measured by ac-
tinometry with ferrioxalate. At the concentrations (=0.04 M) of
acenaphthylene used, virtually all of the light was absorbed.

Quantum Yields of Dimerization. The optical densities of the ir-
radiated and corresponding unirradiated acenaphthylene solutions
were measured at 340 nm using a Cary Model 14 spectrophotome-
ter. Since the acenaphthylene dimers do not absorb at 340 nm, the
difference in the optical densities of these solutions is a direct mea-
sure of the amount of dimer formed.

The irradiated solutions were prepared for analysis in the fol-
lowing manner. Each solution was carefully transferred to a volu-
metric flask and diluted to 100 ml with cyclohexane. From each of
these solutions, an appropriate aliquot (<1.25 ml) was further di-
luted to yield a ~10~% M solution for spectral analysis.

Product Distribution. Solutions of pure cis and pure trans dimers
in cyclohexane were prepared and the molar absorptivities at 314
and 284 nm for each were determined: cis, €34 = 1.78 X 104 M ™!
cm™! and exgq = 1.02 X 104 M ~' cm™!; trans, €34 = 3.93 X 103
M~ em™' and exz4 = 1.18 X 10* M ' cm~". The composition of
the product dimer mixtures was determined by measuring the opti-
cal densities of cyclohexane solutions of these dimers at 314 and
284 nm. From these optical densities and the corresponding molar
absorptivities, the concentrations of the cis and trans dimers were
calculated.

The irradiated solutions were prepared for dimer analysis in the
following manner. Each solution was first evaporated to dryness on
a rotary evaporator. The resulting mixture of acenaphthylene and
dimers was then carefully transferred with a small amount of ether
to a sublimer cavity. After evaporation of the ether, the mixture
was sublimed at 50° (0.01 Torr) to remove unreacted acenapthy-
lene. The residue was dissolved in enough cyclohexane to yield a
~5 X 10=° M solution for spectral analysis.

Preparative Irradiations. Solutions containing 15.2 g of ace-
naphthylene in 150 ml of »-propyl bromide and 150 ml of cyclo-
hexane. respectively, were irradiated preparatively for 15 hr with a
450-W Hanovia medium-pressure mercury arc lamp in a water-
cooled Hanovia Vycor immersion vessel fitted with a uranium
glass filter sleeve to absorb all radiation of wavelengths shorter
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than 325 nm. The water-cooled arc was immersed in the reaction
vessel which was magnetically stirred and continuously flushed
with purified nitrogen. After irradiation, the insoluble dimer prod-
uct was collected by filtration.

Isolation of Acenaphthylene Dimers. A. Trans Dimer. A 5.0-g
sample of mixed dimer obtained from the irradiation of acenaph-
thylene in #- propyl bromide was placed in a Buchner funnel with a
fritted disk and washed with 400 ml of hot cyclohexane. The mate-
rial remaining in the funnel was then dissolved in benzene, treated
with Norit, and recrystallized, yielding 0.77 g of white needle-like
crystals: mp 300-301° (lit.'"” mp 306-307°), nmr (CCly) 8 7.3-7.7
(m, 12 H), 4.0 (s, 4 H). The uv absorption spectrum of this materi-
al was identical with that obtained by Livingston and Wei* for the
trans dimer of acenaphthylene.

B. Cis Dimer. A 5.0-g sample of mixed dimer obtained from the
irradiation of acenaphthylene in cyclohexane was placed in a
Buchner funnel with a fritted disk and washed with 500 ml of hot
cyclohexane. The cyclohexane solution was concentrated until
dimer began to precipitate. The solution was then filtered and
again concentrated. This process was repeated three times. The
material remaining in solution was treated with Norit and recrys-
tallized, yielding 0.59 g of white prisms: mp 231.5-233.5° (lit,'7
mp 232-234°); nmr (CCly) 6 6.8-7.2 (m, 12 H), 475 (s. 4 H). The
uv absorption spectrum of this material was identical with that ob-
tained by Livingston and Wei’® for the cis dimer of acenaphthy-
lene.
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Abstract: The fluorescence of naphthalene is quenched by trans -3-ethylstyrene. Counter experiments using cis- 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 B-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 S-ethylstyrene in its ground singlet state.

Several groups have studied the quenching of fluores-
cence of naphthalene and other aromatic hydrocarbons by
conjugated dienes.?~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.*¢ 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, trans-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-
B-ethylstyrene with moderate efficiency. Series of quench-
ing measurements with varying concentrations of quencher
were carried out in four different solvents. Plots of ®£0/®F
were linear. The results are summarized in Table I.

Introduction of cis-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,®? the reaction was to be expected in unquenched
solutions. Addition of B-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.!® We assume the fol-
lowing to be the mechanism for sensitized isomerization and
quenching.

hy

N — IN (1)
Ry
IN — N+ ' (2)
ky
IN — N (3)

ko
IN + trans-E — o°N + (1 — ¢)N + trans-E (4)
k

IN + cis-P —> N = cis-P (5)

’N + cis-P ki» BP + (1 - B)cis-P + N (6)
N X, N (7

P —> yirans-P + (1 — y)cis-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.!! The yield of naphthalene
triplets is determined by the intersystem crossing efficiency
for naphthalene singlets in the absences of quenchers [®1sc
=k /(k| + k)] and o, the efficiency of triplet production
in the quenching of naphthalene singlets by g-ethylstyrene.
We measured relative fluorescence intensities: (1) in the ab--
sence of any quencher (F?), (2) in a series of solutions con-
taining varying concentrations of 8-ethylstyrene but no pip-
erylene (F’), and (3) in a series of solutions containing vary-
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