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Summary 

A number of photo-cross-linkable polymers are based on triplet state 
dimerizations of aryl acrylate esters, such as cinnamate (C), phenylene- 
1,4&acrylate (PDA) and 1-naphthylacrylate (NA). A detailed study of 
the triplet state properties and photodimerization kinetics of these chro- 
mophores was conducted. The energy transfer method was applied to 
determine the triplet energies and the extent of configurational changes 
between the ground and the triplet states of these compounds. The so- 
determined O-O triplet energies of C, PDA and NA are 54.8 kcal mol-‘, 
49.3 kcal mol-l and 48.5 kcal mol-’ respectively, The triplet state config- 
urational change is largest for C (1.6 kcal moT1), decreases with extended 
conjugation over two ethylenic bonds in PDA 10.9 kcal mol-l) and is im- 
measurably small for NA, where the conjugation involves a larger aryl 
group. Triplet lifetimes (10.3 ns, 6.9 /JS and 10 ps for C, DPA and NA 
respectively), dimerization rate constants and dimerization efficiencies 
were determined from steady state kinetics of the photodimerization. 

1. Introduction 

Many photo-cross-linkable polymers used in photoresist and li- 
thographic applications are based on 2 + 2 cyclodimerization of olefin- 
ic moieties which either are attached as side chains or constitute part of 
the polymer backbones [ 1,2]. These reactions are usually induced by 
triplet sensitization. Cinnamate ( C) , p-phenylenediacrylate ( PD A), l- 
naphthylacrylate (NA) and diphenylcyclopropenecarboxylate (CP) are 
among the most common monomers used as components of such cross- 
linkable polymers. 
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We embarked on a detailed study of the mechanism of these cross- 
linking reactions, which involves, in turn, energy transfer from triplet sensi- 
tizers to the reactive moieties, energy migration among the latter until a 
reactive site is reached and, finally, dimerization (cross-linking). To achieve 
this goal for these molecules requires the determination of several of their 
triplet state parameters, including the energy content relative to the ground 
state, the activation energy for conformational changes from the ground 
state, the lifetime and, for the dimerization reaction, the bimolecular rate 
constant together with the reaction efficiency. 

We recently reported data concerning the cyclopropene derivative CP 
(R = Me) [S]. We now contrast the data for methyl cinnamate (C, R = Me) 
with those of the structurally related analogs diethyl1,4-phenylenediacrylate 
(PDA, R = Et) and methyl l-naphthylacrylate (NA, R = Me). The kinetics 
of energy transfer from a series of triplet sensitizers (energy donors) to 
these compounds were determined by using flash photqlysis. From these 
data the triplet energies and the reorganizational energies associated with 
the excitation of these olefinic compounds were obtained. We used steady 
state chemical kinetics to determine triplet lifetimes as well as reaction 
constants and efficiencies of dimerization. The data show surprisingly large 
differences among the triplet state properties of C, PDA and NA. 

2. Results 

To measure rate constants for energy transfer, we monitored the dis- 
appearance of sensitizer triplets, excited with a single pulse of light, in the 
absence and the presence of the individual acceptor molecules. All mea- 
surements were made with degassed benzene solutions at room temperature. 
The sensitizers were mostly ketocoumarins and aromatic hydrocarbons 
selected so that their triplet energies spanned a broad range (see Fig. 1 for 
ketocoumarin structures and Table 1 for sensitizer triplet energies). 

The individual rate constants for energy transfer were equal to the 
slopes of the linear plots of the rate constants for disappearance of the 
flash-generated sensitizer triplets versus acceptor concentrations. Figure 2 
shows an example for 1,2-benzanthracene with PDA as the acceptor. 

To ensure that the data analysis consists merely of measuring linear 
slopes as in Fig. 2, it is advantageous to keep to negligible proportions the 
reverse energy-transfer process from the excited acceptor 3A* to the semi- 
tizer S as in reaction (1) : 
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Fig. 1. Ketocoumarin sensitizers. 
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As the triplet lifetimes of the acceptors under consideration are relatively 
short (see below), this goal could be achieved simply by keeping the sensi- 
tizer concentrations at about 1 X 10F6 M. 

All our energy-transfer measurements were made with the trans iso- 
mers of C, PDA and NA as starting materials. To avoid interference from 
the other isomers the solutions for rate-constant determinations were pulsed 



74 

TABLE 1 

Kate constants for energy transfer to methyl C. diethyl PDA and methyl NA 

Sensitizer ETA Monitoring k,(C) kc,(=) 

(kcal waveZengthb (ICI (M-1 
mol-‘) (nm) 6-1) S-1) 

Triphenylene 
Phenanthrene 
2,6-Dimethylquinoline 
K-l 
K-2 
K-3 
K-4 
K-5 
Coronene 
Fluoranthene 
4,5-Benzpyrene 
1,2,5,6_Dibenzanthracene 
K-6 
K-7 
K-8 
K-9 
1,2,3,4_Dibenzanthracene 
K-10 
Tetrabenzonaphthalene 
K-11 
K-l 2 
1,2,4,5_Dibenzpyrene 
1 ,2-Benzanthracene 
1 ,12-Benzperylene 
Acridine 
9,10-Dimethyl-1,2- 
benzanthracene 
Phenazine 
9Chloroacridine 
Anthracene 

66.5c 630 
61.gc 490 
60.5d 435 
5a.9= 550 
57.9= 630 
56_2e 485 
56.0= 620 
55.4’ 630 
54.5= 634 
53-o= 670 
53.0= 630 
52.2= 542 
51.6f 620 
51.6’ 620 
51.G 725 
51.3f 730 
50.8= 615 
50.7’ 730 
49_4= 585 
48.6I 725 
48.5= 725 
47.78 570 
47_2= 640 
46.2’ 640 
45.3h 445 
44.31 640 

44.3) 435 
43.9k 435 
42.6’ 424 

4.7 x 109 
4.1 x 109 
4.0 x 109 
3.7 x 109 
2.8 x 109 
1.6 x lo9 
1.5 x 109 
8.6 x-lo8 
3.1 x 108 

7.3 x 10’ 
1.3 x 10’ 
6.8 x 10” 
6.5 x lo6 
7.7 x 106 
4.1 x 106 
2.4 x lo6 
2.5 x lo6 
3.4 x 10s 
1.1 x 10s 

4.0 x 104 

4.9 x 109 

4.3 x 109 
3.1 x 109 

3.7 x 109 
2.5 x log 

4.8 x lo9 

3.9 X 109 
2.9 x 109 
2.9 x log 
3.3 x 109 
2.9 x 109 
3.2 x lo9 
2.5 x lo9 
1.6 x lo9 
7.3 x 108 
6.0 x lo* 

1.9 x 108 
1.9 x 10’ 
4.3 x 106 
6.9 x lo5 

1.3 x 106 
4.0 x 105 
5.2 x lo4 

5.1 x 109 

4.4 x 109 

3.1 x 109 

3.1 x 109 

1.0 x 109 

2.7 x 10’ 

3.4 x 106 
1.4 x 106 

*Based on the O-O band in low temperature phosphorescence measurements. 
bWavelength where triplet-triplet absorption in the sensitizer was monitored. This wave- 
length is not necessarily the maximum in the triplet-triplet absorption spectrum. 
CFrom ref. 4. hl?rom ref. 7. 
dFrom ref. 5. iFrom ref. 8. 
eFrom ref. 2. ‘From ref. 9. 
fl?rom ref. 3, kTbis work. 
‘From ref. 6. ‘From ref. 10. 

with light only once. Because the sensitizer absorbed most of the light, 
energy transfer occurred from the sensitizer triplets to nearly pure trans 
isomers. 
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Fig. 2. Plot of the measured rates of disappearance of ?3* (S = 1,2_benzanthracene) as 
a function of the dietbyl PDA concentration. The slope gives the rate constant for energy 
transfer from 3S* to PDA: 

%3* ky.S 

3S* + PDA - s + *DA* 

k = k, + k,[PDA] 

Slope = k, = 1.9 x 108 M-1 a-’ 

Table 1 lists all the rate constants for energy transfer to C, PDA and 
NA. Figures 3 - 5 show that for each acceptor the logarithms of these rate 
constants are smooth functions of the sensitizer triplet energies. Exothermic 
energy transfer has limiting rate constants of about 5 X log M-’ s-’ in 
each case. Energy transfer efficiency drops as the process becomes less 
exothermic, and rate constants become much smaller with increasingly 
endothermic energy transfer. Plots of this type are well established in the 
literature, and our maximum limiting values for energy transfer in benzene 
agree well with published values [3,11- 24]. 

The Sandros equation is the traditional equation relating the rate 
constant for energy transfer to the triplet-energy difference between the 
sensitizer and the acceptor [ 111: 
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Fig. 3. Plot of the logarithm of the rate constants for energy transfer from a series of trip- 
let sensitizers to methyl C: - 
1.6 kcal mol-’ ; - - -, theoretical curve for AG (0) = 0. Linear extrapolations (not 

theoretical curve $edicted by eqn. (II) for AG#(O) = 

shown) from the exothermic and endothermic limits of the theoretical curves intersect 
at the assigned triplet energy value of 54.8 kcal mol-' . 
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Fig. 4. Plot of the logarithm of the rate constants for energy transfer from a series of 
triplet sensitizers to diethyl FDA: - 
AG+( 0 ) = 0.9 kcal moT1 ; - - -, 

theoretical curve predicted by eqn. (II) for 
theoret& curve for AG#( 0) = 0. Linear extrapolations 

(not shown) from the exothermic and endothermic limits of the theoretical curves inter- 
sect at the assigned triplet energy value of 49.3 kcal mol-I. 
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Fig; 5. Plot of the logarithm of the rate constants for energy transfer from a series of trip- 
let sensitizers to methyl NA. The theoretical curve predicted by eqn. (II) for AG+(o) = 
0 best fits the data points. Linear extrapolations (not shown) from the exothermic and 
endothermic limits of the theoretical curves intersect at the assigned triplet energy value 
of 48.5 kcal mol-I. 

k, = 
kd 

1 + exp(AG/RT) 
(I) 

Here k, and k, are the rate constants for actual energy transfer and for 
diffusion-limited energy transfer respectively, and the free-energy change 
AG for the energy transfer can be taken to be equal to the triplet-energy 
difference between the energy donor and the energy acceptor. 

Sandros’ treatment of energy transfer applies strictly only when the 
geometry of the acceptor molecule does not change upon excitation to its 
triplet state. When, r&lative to the ground state, energy transfer leads to 
molecular distortion (a process termed non-vertical energy transfer [25, 
263), the energy-transfer data can be satisfied by an equation derived by 
Balzani and coworkers [ 27,281. 

They extended the treatment of electron transfer in fluid solution to 
energy-transfer quenching. The energy-transfer scheme is 

S+*hV’%*+* & %*A + S3A* 
kd 

4’s+ ‘A* (2) 
--en k-a 

where S and A represent the energy donor (sensitizer) and the acceptor 
respectively, and the corresponding etuation is 

It, = 
kd 

1 + k-,/k,, + exp(AG/RT) 
(II) 

where k, is the overall rate constant for energy transfer. AG has the same 
meaning as in the Sandros equation. 



Two different theoretical bases were used to calculate k,,. The first 
is based upon the Eyring theory of absolute reaction rates and leads to k,, 
being defined [ 271 as 

k en = (III) 

The standard free energy AG# of activation is given by 

AG+=AG+ 
AG+( 0) 

In 2 (IV) 

Distortions in the triplet state relative to the ground state are accommodated 
by the empirical parameters keen and AG#(O). The former is defined as a 
pre-exponential factor and the latter as a measure of the barrier to reorga- 
nization of the nuclear positions that occur to make energy transfer pos- 
sible . 

The second theoretical basis [28] extends the Ulstrup-Jortner quan- 
tum-mechanical description of electron-transfer reactions to triplet-triplet 
energy transfer. This leads to k,, being defined as the product of electronic 
and nuclear terms. The electronic term is equal to the square of the electron- 
exchange interaction between 3S* and A in the encounter complex, and 
the nuclear term represents the Franck-Condon factor for energy transfer. 

Balzani’s method has successfully matched experimental rate constants 
for triplet energy transfer with the corresponding calculated values using 
both definitions of k,,. For such molecules as the stilbene isomers, ferro- 
cene and ruthenocene [ 271, experimental plots of energy-transfer data 
were matched with calculated curves by trial-and-error selection of AG to 
find the proper position along the ordinate as well as with the empirical 
parameters koe, and AG# to determine the appropriate curve shape. Appli- 
cation of the second definition of k,, requires knowledge of the spectral 
properties of both S and A, including the frequency of the dominant modes, 
the bandwidth and the displacement parameters. Where these properties 
were known, as with stilbene and azobenzene, the calculated and experi- 
mental energy-transfer curves coincided quite well [ 22, 281. 

Because of the lack of spectral data for C, PDA and NA necessary 
to apply Balzani’s second method to these molecules, we used only his 
first method to calculate theoretical curves to satisfy best the experi- 
mental data points of Figs. 3 - 5. Using eqns. (II) - (IV), the parameters 
to be satisfied were kd, k+, k’,,, AG*(O) and AG. The term kd is the rate 
constant for the diffusion-controlled reaction, whereas k+ is a dissociation 
rate constant; the significance of both rate constants in energy transfer 
is evident from reaction (2). The former is given by the Debye equation 
1291 and the latter by the Eigen equation [27, 28,301. 
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Our maximum experimental rate-constant values for all three sub- 
strates are near 5 X log M-’ s-l and agree with the k, for many other exo- 
thermic energy-transfer reactions in benzene. Accordingly, the same k Oen 
value of 1 X lOlo M-’ used previously for stilbene [27] and CP [3] is also 
taken here. 

The interpretation of non-vertical energy transfer continues to be 
controversial. Saltiel [ 313 has recently pointed out that his experimental 
data require that the distribution of the free energy of activation between 
entropy and enthalpy should favor the former rather than the latter as 
assigned by Balzani [27]. Saltiel also proposed different values for k--d 
and k*e,, at least for trans-stilbene [ 311. Whether we use Balzani’s or Saltiel’s 
values for these parameters actually makes little difference in our calcula- 
tion of curve shapes which match experimental data points. 

The experimental points for the methyl derivative of C best fit the 
curve calculated according to eqn. (II) for A@(O) = 1.6 kcal mol-l and 
for AG = 0 at 54.8 kcal moTi (Fig. 3), the last of which is the value to be 
assigned to the triplet energy of the cinnamate ester. From Fig. 4, the 
corresponding values for the diethyl ester of PDA are 0.9 kcal mol-r for 
A@(O) and 49.3 kcal mol- ’ for the triplet energy. The plot for NA in 
Fig. 5, although based on fewer data points, indicates a AG#(O) close to 
zero and a triplet energy of 48.5 kcsl mol-’ . 

Triplet lifetimes and dimerization rate constants were obtained from 
steady state kinetics. According to the reaction scheme 

the reciprocal of the dimerization quantum yield (1/@,2) is linearly related 
to the reciprocal of the olefin concentration, as stated in the equation 

1 1 1 k, 
-=-+-- 
a*, a7 a7 k&U 

(VI 

In the foregoing, (II is the independently determined sensitizer intersystem 
crossing efficiency and +y is the dimerization reaction efficiency. Thus, the 
y are obtained from the intercepts of the linear plots according to eqn. 
(V), whereas the slope-to-intercept ratios yield the k,/kA. 

For dimerizations carried out at constant concentrations of A but 
at several different concentrations of added quencher Q, the quenching 
efficiency ( *O/*)cOrr, corrected for direct interception of %” by Q, depends 
linearly on f&l, as given by eqn. (VI). 

(3) 



(4) 

@o/@)co, = 
w9 kll 

l+[Q]/[A] =I+ k,+k,[A] [” WI) 

Through proper selection of sensitizers and quenchers, the energy-transfer 
steps can be made exothermic, and the rate constants for these reactions 
are expected to have the limiting value of 5 X IO9 M-l s-l. With this value 
assigned to the rate constants for reactions (3) and (4) and with the k,/kA 
ratios determined from eqn. (V), the slopes of the linear plots according ‘to 
eqn. (VI) yielded individual k, and kA values. Table 2 lists experimental 
data for C, PDA and NA as well as, for comparison, CP. 

The cycloaddition diriners from C, PDA and NA were isolated and 
characterized by nuclear magnetic resonance (NMR) spectroscopy. Triplet- 
sensitized irradiations of PDA and of NA in toluene yield about 90% of 
the corresponding S-truxinate derivative, the head-to-head all-trans cyclo- 
butane dimer (6). One of the minor dimers (5% yield) in the case of NA 
was identified as the fi-truxinate analog (/3). The corresponding reaction of 
methyl C, however, is less stereoselective; Uruxinate is formed in 63% and 
p-truxinate in 25% yield. 

The stereochemistry of the dimers was determined from the AABB NMR 
spectra of the cyclobutane protons, cf_ Table 3, where A represents carbox- 
ylate groups and B aryl groups. 

The assignment of the signals to HA, the cyclobutane protons on the 
carboxylate-substituted carbon atoms, and Hz, the cyclobutane protons 
on the aryl-substituted carbon atoms, was made on the basis of slight broad- 
ening of the latter due to weak long-range coupling with the aromatic 
protons. In the S isomers all vicinal couplings are similar (9.5 * 0.2 Hz) 

TABLE 2 

Triplet state lifetimes and photodimerization parameters 

A 7T kA Y 
(M-’ s-l) 

Methyl C 9.7 x 10’ 10.3 ns 8.8 x 106 0.5 
Diethyl PDA 1.4 x 10s 6.9 /_is 2.4 x lo6 0.35 
Methyl NA 1.0 x 105 10 #.S 8.9 x lo5 0.18 
Methyl CP 2.8 x lo3 360 w 3.8 x lo7 0.8 
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TABLE 3 

IH NMR data for the cyclobutane dimers of C, PDA and NA 

Dime?’ 

c m 
PDA (6) 
NA (6) 
C (0) 
NA (0) 

6 (ppm) J (Hz) 

HA HB JAB JAB' JAA' JBB. 

3.29 3.74 9.5 =O 9.4 9.4 
3.47 3.77 9.5 -0 9.7 9.7 
3.74 4.74 9.5 -0.1 9.7 9.7 
3.85 4.40 7.1 -1.1 10.2 10.2 
4.07 5.39 7.1 -0.9 9.5 9.5 

and the 1,3-couplings are almost zero. These values indicate that these 
cyclobutanes are puckered with the substituents in quasi-equatorial posi- 
tions. The 6 isomers, however, show distinct differences between the trans 
(7.1 Hz) and cis (9.5 or 10.2 Hz) vicinal couplings and have a relatively 
large negative 1,8coupling (-1.0 f 0.01 Hz) that is consistent with their 
trans configuration. 

3. Discussion 

To date, the energy-transfer method when properly applied has always 
resolved controversies surrounding triplet-energy determination, and the 
reliability of this experimental method is recognized [32]. For methyl C, 
diethyl PDA and methyl NA, no definitive triplet energies had been deter- 
mined before our work. For the ftist, calculated triplet energies ranged 
between 64.2 and 80.0 kcal mold1 [ 33,341, whereas the bounds on ex- 
perimental values were 56.1 and 64.2 kcal mol-’ [35 - 371. For diethyl 
PDA there is but one report of an unusual high energy phosphorescence 
[ 38 1, whereas for methyl NA we found no reports whatsoever. 

As pointed out by Balzani et al. [27], molecular triplet energy deter- 
minations can be based on vertical absorption, vertical emission of phos- 
phorescence, or differences in energy between the lowest vibrational levels 
(O-O levels) of the ground and triplet states. For molecules that do not 
change their configurations in the triplet state, these three values will be 
identical. However, these triplet energy differences are meaningful when 
molecules take on different equilibrium configurations in the different 
electronic states. It is the O-O triplet energy that is obtained from eqn. 
(II) by the method we used. 

In our three substrates, the most likely geometrical change to occur 
upon excitation from the ground state to the triplet state is twisting about 
isomerizable double bonds. There is ample precedent for such behavior, 
the “phantom” triplet state of stilbene with its perpendicular geometry 
being a well-known example [ 311. The AG#(O) which we have determined 
indicate that propensities to twist decrease in the order C, PDA and NA, 
and we must ask the reasons why. 
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For C (trans isomer), the AG#(O) of 1.6 kcal mol-l that we deter- 
mined is almost identical with the AG#(O) which best fits the energy-transfer 
data for trcns-stilbene [ 271, whereas the smaller AGf( 0) of 0.9 kcal mol-’ 
for PDA indicates that the barrier to configurational change upon excitation 
to the triplet state of this molecule is only about half as large as for C or 
stilbene. PDA and C differ in structure by the presence in the former of a 
second acrylate substituent. Because both acrylate substituents are para to 
each other across a benzene ring, PDA has two double bonds in conjugation 
through the intermediacy of an aromatic ring. There have been previous 
investigations of the influence of polyene conjugation of triplet states. 
These studies show for linear polyenes with aromatic end groups that an 
increase in the number of double bonds leads to lower triplet energies, 
longer triplet lifetimes and less twisting or configurational change in the 
excited state, This trend is evident, for example, when stilbene is compared 
with 1,4diphenyl-1,3-butadiene, although there is disagreement as to how 
much the triplet state of the latter is twisted [39, 401. We are aware of no 
previous investigations of the effects of conjugation where the relative 
placement of double bonds and aromatic ring is as in PDA. Our experi- 
mental results show that, in PDA relative to C, we also have a lower triplet 
energy, a much longer triplet lifetime and less geometrical change after 
excitation to the triplet state. 

For NA in comparison with C, there is an increase in the size of the 
aromatic substituent. Our results are consistent with previous determina- 
tions, which show that a change from phenyl to larger aryl substituents 
in substituted ethylenes shifts triplet state equilibria between planar and 
twisted forms in favor of the former and triplet lifetimes increase [41]. 
According to the model proposed by Arab et al, this equilibrium shift is 
due to “avoided crossing” between the lowest-lying ethylenic and arenic 
states, giving rise to dual minima at transoid and twisted geometries [ 421. 

4. Experimental details 

4.1. Apparatus 
Triplet-triplet absorption and energy transfer were measured using a 

fiash photoelectric apparatus. Two xenon flashlamps (Kemlite ZSHBO) 
were positioned on opposite sides of a sample cell holder inside a cylindrical 
housing whose inner walls were coated with highly reflective paint (Eastman 
white reflectance coating). The flash discharge energy was 156 3, corre- 
sponding to a 2 PF capacitor charged to 12.5 kV. Glass color filters (Coming 
9863) were placed between the flashlamps and the sample cell holder. The 
monitoring source was a quartz-halide 100 W lamp (Osram 64625) pow- 
ered by a regulated d.c. power supply (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 monochromator 
0.25 m long (JarreSAsh). The monitoring beam, after passing through the 
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sample cell, was focused on the entrance slit of the monochromator. Light 
intensity was measured as a function of time by using a photomultiplier 
tube (RCA 4463) mounted on the exit slit of the monochromator. The 
photomultiplier output was fed into a cathode follower amplifier and then 
into a wide-band digital storage oscilloscope (Nicolet model 1090). The out- 
put voltage of the photomultiplier, read directly in digital form on the oscil- 
loscope screen as a function of time, was linear with regard to the light inten- 
sity transmitted by the sample so that an observed change in voltage after 
flash excitation could be readily converted niathematically to a change in 
absorbance in the sample. Transient lifetimes were measured by the recovery 
rate of the monitoring beam after the excitation flash The kinetic analysis 
was performed using the method of Linschitz and Sarkanen [43,44]. 

The procedures for phosphorescence measurements have been de- 
scribed elsewhere [ 21. 

The steady state kinetic studies were carried out in toluene solutions 
degassed with three freeze-pump-thaw cycles; either K-4 or K-8 was the 
sensitizer. Samples were irradiated on a “merry-go-round” apparatus [45] 
using a PEK 200W super-high pressure mercury arc lamp. Samples con- 
taining K-8 were irradiated at 436 nm using the combination of a water- 
cooled Coming 5-58 glass filter and a Kodak 2A Wrattan filter to eliminate 
light of shorter wavelengths. With K-4 as the sensitizer, the light was filtered 
by Coming 5-58 and 3-75 glass filters. Dimers were analyzed by gas cbro- 
matography using a 1.5% Dexil on Chromosorb WSO/lOO column (l/8 
in X 6 ft), 

4.2. Methyl C 
Using K-4 sensitizer, a slope-to-intercept ratio of 11 was obtained from 

the linear plot of l/aPAp versus l/[A], where [A] was varied between 0.3 and 
3.0 M. A plot of (@O/@))corr uersus [Q ] for [A] = 0.8 M and using methyl 
1-pyrenebutyrate as quencher gave a slope of 37 M-l. Since the viscosity 
of this solution was 1.4 times higher than that of toluene, It, is assumed to 
be lower than 5 X lo9 M-’ s-l by this factor. 

4.3. Diethyl PDA 
A plot of l&, versus l/[A] (K-8 sensitizer), where [A] ranged be- 

tween 0.04 and 0.2 M, was linear; the slope-to-intercept ratio was 0.06 M. 
A plot of @o/%,, uersus [Q] (K-4 sensitizer), where [A] was kept con- 
stant at 0.2 M and with azulene as quencher (up to 0.0015 M), gave a slope 
of 7940 M- l. In a similar experiment using ferrocene as a quencher (up to 
0.001 M), a slope of 7890 M-’ was obtained. 

4.4. Methyl NA 
Using K-4 as sensitizer, a plot of l/G,,+ versus l//A], where [A] ranged 

between 0.1 and 0.4, gave a slope-to-intercept ratio of 0.117 M. A plot of 
(%#I%,, versus [Q] at [A] = 0.2 M and with azulene as quencher (up to 
5 X lOA M) gave a slope of 17 800 M-i. 
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4.5. Chemicals 
The benzene and toluene solvents for the experiments were Mallinck- 

rodt Nanograde and Kodak Spectrograde respectively, and were used as 
received. Methyl C (Chemicals Procurement Laboratories, Inc.) was used 
as received, whereas PDA was synthesized by condensing terephthalal- 
dehyde and malonic acid in the presence of piperidine [46]. Reaction of 
PDA with thionyl chloride gave PDA chloride, which was refhrxed in ethanol 
to yield the diethyl ester [ 471. 

Sources and purification procedures for most sensitizers are given 
elsewhere [2,3,163. Coronene and 4,5benzpyrene were purchased from 
Pfaltz and Bauer and were recrystallized from benzene and ethanol respec- 
tively. 1,2,4,5_Dibenzpyrene and 2,6-dimethylquinoline (Chemicals Pro- 
curement Laboratories, Inc.) were used as received, as was 9-chloroacridine 
(Molecular Probes). Acridine and phenazine (Kodak Laboratory Chemicals) 
were recrystallized from ethanol. 

Of the quenchers, azulene and ferrocene are described elsewhere [ 17). 
Methyl 1-pyrenebutyrate was prepared by esterification of 1-pyrenebutyric 
acid (Kodak Laboratory Chemicals) and was purified by recrystallization 
from hexane. 

Acknowledgment 
We thank Dr. Robert C. Daly for supplying us with a sample of methyl 

NA. 

References 

1 J. L. R. Williams, S. Y. Farid, J. C. Doty, R. C. Daly, D. P. Specht, R. Searle, D. G. 
Borden, H. J. Chang and P. A. Martic, Pure Appl. Chem., 49 (1977) 523. 

2 D. P. Specht, P. A. Martic and S. Farid, Tetrahedron, 38 (1982) 1203. 
3 W. 0. Herkstroeter, D. P. Specht and 6. Farid,J. Photo&em., 21 (1983) 325. 
4 E. Clar and M. Zander, Chem. Ber., 89 (1956) 749. 
5 H. V. Druschel and A. L. Sommers, AnaJ. Chem., 38 (1966) 10. 
6 I. V. Renge, Yu. E. Borisevich, M. Ya. Gubergrits and V. A. Kuz’min, Do&l. Phye. 

Chem., 248 (1980) 852; Dokl. Akacl. Nuuk SSSR. 248 (1979) 1167. 
7 D. F. Evans, 6, Chem. Sot., (1957) 1351. 
8 M. M. Moodie and C. Reid, Br. J. Ccmcer, 8 (1965) 380. 
9 M. Zander, Fresenius’ 2. Anal, Chem., 227 (1967) 331. 

10 S. P. McGlynn, M. R. Padhye and M. Kasha,J. Chem. Phys., 24 (1955) 688. 
11 K. Sandros, Acta Chem. Scond., 18 (1964) 2355. 
12 W. G. Herkstroeter and G. S. Hammond, J. Am, Chem. Sot., 88 (1966) 4769. 
13. F. D. Lewis and W. H. Saunders,& Am. Chem. Soc., 90 (1968) 7033. 
14 L. J. Leyshon and A. Reiser, J. Chem. Sot., Faraday Trans. II, (1972) 1918. 
15 D. G. Whitten, P. D. Wildes and C. A. DeRosier,J. Am. Chem. Sot., 34 (1972) 7811. 
16 W. G. Herkstroeter, J. Am. Chem. Sot.. 97 (1975) 3090. 
17 W. G. Herkstroeter, J. Am. Chem. Sot., 97 (1975) 4161. 
18 A. Farmilo and F. Wilkinson, Chem. Phys. Lett., 34 (1976) 575. 
19 W. G. Herkstroeter, 6. Am. Chem. SOC., 98 (1976) 330. 



86 

20 A. P. Chapple, J. P. Vikesland and F. Wilkinson, C&m. Phys. Lett., 50 (1977) 81. 
21 V. Balzani and F. Bolletta,b. Am. Chem. Sot., 100 (1978) 7404. 
22 S. Monti, E. Gardini, P. Bartolus and E. Amouyal, Cham. Phys. Lett., 77 (1981) 115. 
23 H. GGrner, J. Phye. Chem., 82 (1982) 2028. 
24 S. Monti, S. Dellonte and P. Bortolus, J. Photochem., 23 (1983) 249. 
25 G. S. Hammond and J. Saltie1.J. Am. Chem. Sot., 85 (1963) 2516. 
26 G. S. Hammond, J. Saltiel, A. A. Lamola, N. J. Turro, J. S. Bradshaw, D. 0. Cowan, 

R. C. Counsell, V. Vogt and C. Dalton, b. Am. Chem. Sot., 86 (1964) 3197. 
27 V. Balzani, F. Bolletta and F. Scandola, J. Am. Chem. Sot,, 102 (1980) 2162. 
28 G. Orlandi, S. Monti, F. Barigelletti and V. Balzani, Chem. Phys.. 52 (1980) 313. 
29 P. J. W. Debye, Trans. Electrochem. Sot., 82 (1942) 265. 
30 M. Eigen, 2. Phys. Chem. (Frankfurt am Main), 1 (1954) 176. 
31 J. Saltiel, G. R. Marchand, E. Kirkor-Kaminska, W. K. Smothers, W. B. Mueller and 

J. L. Char1ton.J. Am. Chem. Sot., 106 (1984) 3144. 
32 A. A. Lamola, in P. A. Leermakers and A. Weissberger (eds.), Energy Transfer and 

Organic Photochemistry, Vol. 14, Wiley-Interscience, New York, 1969, p. 115. 
33 K. Nakamura and S. Kikuchi, Bull. Chem. Sot. Jpn., 40 (1967) 1027. 
34 S. Oikawa, M. Tsuda, N. Ueno and K. Sugita, Chem. Phys. Lett., 74 (1980) 379. 
35 K. Nakamura and S. Kikuchi, Bull. Chem Sot. Jpn., 4X (1968) 197’7. 
36 M. Tsuda, S. Oikawa and R. Miyake, Nippon Shrurhin Gakkaishi, 35 (1972) 90, from 

Chem. Abstr. 78 (1973) 9744. 
37 P. Morliere, 0. Avice, T. Sa E Melo, L. Dubertret, M. Giraud and R. Santus, Photo- 

them. Photobiol., 36 (1982) 395. 
38 A. N. Nikitina, N. A. Ponomareva, L. A. Yanovskaya, V. A. Dombrovskii and V. F. 

Kucherov, Opt. Spectrosc., 40 (1976) 144. 
39 W. A. Yee, J. S. Horwitz, C. M. Einten and D. S. Kliger, J. Phys. Chem., 87 (1982) 

380. 
40 S. K. Chattopadhyay, C. V. Kumar and P. K. Das, J. Photochem., 26 (1984) 39, 
41 T. Wismontski-Knitted and P. K. Des, J. Phys. Chem., 88 (1984) 2803. 
42 T. Arai, T. Karatsu, H. Sakuragi and K. Tokumaru,.Chem. Lett., (1981) 1377. 
43 H. Linschitz and K. Sarkanen, J. Am. Chem. Sot., 80 (1968) 4826. 
44 W. G. Herkstroeter, in A. Weissberger and B. W. Rossiter (eds.), Physical Methods 

of Chemistry, Vol. 1, Part 3B, Wiley-Interscience, New York, 1972, pp. 570 - 572. 
45 F. G. Moses, R. S. H. Liu and B. M. Monroe, Mol. Photochem., 1 (1969) 245. 
46 P. Ruggli and A. Staub, He!u. Chim. Acta, 24 (1941) 899. 
47 F. Suzuki, Y. Suzuki, H. Nakanishi and M. Hasegawa, J. Polym. Sci,, Part A-l, 7 

(1969) 2319. 


