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Abstract: [10](9,10)Anthracenopha-4,6-diyne (I) gives an interesting photodimerization product (III) without any by-prod
uct, and the yield of III is independent of the concentration of I. The photodimerization takes place by a two-step mechanism 
through an intermediate with highly strained structure (II) which has been detected by means of the low-temperature trapping 
technique. The existence of this intermediate is of crucial importance for this somewhat novel photochemical reaction. 

In the course of the studies upon the intramolecular inter
actions between ^--electronic systems connected by methylene 
chains and their photochemical primary processes such as the 
photodimerization reactions of anthracenophanes and related 
compounds, we have found a very efficient photodimerization 
reaction of [10](9,10)anthracenopha-4,6-diyne (I) giving a 
tetramethylenecyclobutane derivative III. This reaction is 
somewhat peculiar in that the quantum yield of reaction is 
independent of the concentration of the reactant with no de
tectable side reaction. These results seem to indicate that the 
photochemical cycloaddition of I may not proceed through the 
direct reaction between excited and ground state molecules of 
I, but through intermediates which can react with each other 
to form III but cannot react with I in the ground state. 

We have confirmed the formation of the intramolecular 
photoadduct intermediate II from I, by trapping the inter
mediate at low temperatures. II has a highly strained cyclic 
butatriene structure. As it will be discussed in the following, 
the existence of this intermediate plays an essential role in this 
somewhat novel photochemical reaction. 

Experimental Section 

Materials. The determination of the structure of the final photo-
product III was reported in the literature.2 The preparation methods 
of I and [10](9,10)anthracenophane (abbreviated as [1O]AH) will 
be reported elsewhere.3 Methyltetrahydrofuran was distilled over 
metallic sodium wire. The other solvents were spectrograde and used 
without purification. 

Apparatus. A high-pressure mercury lamp or xenon lamp was used 
for irradiation of solutions. Absorption spectra were measured on a 
Cary 15 spectrophotometer. Fluorescence spectra were measured on 
an Aminco-Bowman spectrophotofluorometer which has been cali
brated so as to give correct quantum spectra. Fluorescence lifetimes 
were determined by use of a pulsed nitrogen gas laser as the exciting 
light source combined with a sampling oscilloscope and an X-Y re
corder. 

Sample solutions were deaerated by means of freeze-pump-thaw 
cycles. Preparations and deaerations of sample solutions were con
ducted in a dark room. 

For the measurements of the temperature dependence of the fluo
rescence lifetime, a cuvette was immersed in isopentane in a quartz 
Dewar and the temperature of isopentane was controlled by dropping 
liquid nitrogen. The temperature could be lowered to 120 K by this 
method. 

The quantum yields of photochemical reactions were determined 
by means of ferrioxalate actinometry. 

Results 

1. Relation between the Rate of Photodimerization and Light 
Intensity. The dependence of the formation rate of III, that is, 
the consumption rate of I in the initial stage of the reaction, 

upon the irradiating light intensity was examined. The 5 X 
1O - 5M solution of I in ethanol was irradiated at 405 nm, where 
the absorbance of the solution is so small (<0.2) that the ab
sorbed light is proportional to the irradiating light intensity. 
The same initial concentration of I was used for each mea
surement. The result of measurement is shown in Figure 2, 
which can be expressed as 

log (d[I]/dO/—o = log /o + constant (1) 

where /n is the irradiating light intensity. 
2. Relation between the Photodimerization Quantum Yield 

and the Concentration of I. The consumption yields, *, of I 
were measured for 1O - 4-1O - 6 M solutions of I in ethanol by 
means of ferrioxalate actinometry. As indicated in Figure 3, 
no dependence of $ on the concentration of I was detected. 

3. Effects of Oxygen and/or Radical Scavenger on the 
Photodimerization. The effect of oxygen on the consumption 
rate of I was examined by irradiating at 405 nm the 5.7 X 10 - 5 

M solution of I in ethanol saturated with oxygen. The reaction 
rate was not affected by the presence of oxygen. Furthermore, 
the effect of a radical scavenger such as hydroquinone upon 
the reaction was examined. To the 1.3 X 1O-4 M solution of 
I in ethanol, 5.2 X 1O-2 M hydroquinone was added, and the 
solution was irradiated with the high-pressure mercury lamp. 
It was confirmed that, just as in the absence of the radical 
scavenger, the photodimerization yield was 100%. 

4. Trapping of the Intermediate. The presence of the inter
mediate could not be detected by means of the conventional 
absorption spectral measurement owing to the rapidity of the 
reaction at room temperature. It seems also difficult to detect 
the intermediate by means of the laser photolysis method, 
because the predicted absorption coefficient of the intermediate 
might be much smaller compared with those of I and III. 

It might be possible to trap the intermediate in a rigid so
lution at low temperature. However, the absorption spectrum 
of I in rigid solution of methyltetrahydrofuran and/or the 1:1 
mixture of glycerol and ethanol at 77 K did not change on ir
radiation for several hours with a high-pressure 500-W mer
cury lamp. The experimental conditions for capturing the in
termediate were as follows. For a sample solution were re
peated very carefully the freezing-softening-UV irradiation 
cycles in a quartz Dewar containing liquid nitrogen. Irradiation 
was conducted by using a 500-W high-pressure mercury lamp, 
with Toshiba UV35 filter and CuSO4 solution filter. A thin 
quartz cell with the path length of 1 mm was used in order to 
ascertain the homogeneity of temperature over the sample 
solution. 

The absorption spectrum of the intermediate was observed 
at 77 K in a solution of a 1:1 mixture of glycerol and ethanol, 
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Figure 1. 
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Figure 2. The relation between the rate of the consumption of I and the 
irradiation intensity. 
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which was the most adequate solvent system for our purpose. 
The reproducibility of the measurement was confirmed. The 
variation of absorption spectrum on irradiation is shown in 
Figure 4. When the intermediate was irradiated in a rigid so
lution at 77 K at shorter wavelength, it was converted to I 
quantitatively. Without irradiation, the intermediate remains 
unchanged in rigid solution at 77 K, but it is converted quite 
easily to III by raising the temperature. 

5. Fluorescence Spectra and Lifetimes. The fluorescence 
spectra of [1O]AH and I are much the same except for a small 
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Figure 5. Fluorescence spectra of I and [1O]AH in ethanolat room tem
perature: —,I;-- -, [1O]AH. 
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Figure 6. The dependence of the fluorescence lifetime of I (T) in methyl-
tetrahydrofuran on the temperature. 

shift as shown in Figure 5. The results of measurements of the 
fluorescence lifetimes are shown in Table I. Fluorescence 
quantum yields of [1O]AH and I at room temperature were 1.0 
and 0.02, respectively. Therefore, the fluorescent state of I at 
room temperature undergoes a very rapid deactivation, com
pared with [10]AH. However, the fluorescence lifetime of I 
becomes longer up to the value of [1O]AH with decrease of the 
temperature from 300 to 77 K, as indicated in Figure 6. In 
order to examine the possibility of the rapid deactivation from 
the excited Franck-Condon state, the dependence of the flu
orescence quantum yield upon the excitation wavelength was 
measured. As shown in Figure 7, no such effect was observed, 
so that the reaction proceeds from the equilibrium fluorescent 
state. 

Discussion 

1. The Initial Process of I —• II. Experimental results suggest 
that the photochemical processes of I originate from the re
laxed state of the excited singlet. The following scheme for the 
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Table I. Fluorescence Lifetimes of I and [1O]AH in Ethanol (ns)" 

Room temp 77 K 

1O]AH 
<3.0 
20 

20 
20 

" Decay time of exciting pulse was 2.5 ns. 

deactivation process of the fluorescent state can be as
sumed. 

(2) I*—>I , I*—*-ll 

The reciprocal of the lifetime, 1/r = (&M + &R), may be 
written as follows. 

\/T= I/TQ + A exp(-AE/RT) (3) 

From the plot of 1 / r vs. 1 / T in Figure 6, the value of the ac
tivation energy AE was estimated to be 8.8 kJ/mol. This ac
tivation energy may be ascribed mainly to the process /CR, if 
we assume that the process kM of I is rather similar to the 
deactivation process of [1O]AH. This assumption seems to be 
reasonable since the fluorescence lifetime of I at 77 K is the 
same as that of [1O]AH. 

Considering that the fluorescence lifetime of I is 20 ns in a 
rigid solution at 77 K, the lifetime at room temperature can 
be estimated to be about 0.4 ns, which does not contradict the 
direct observation (r < 3 ns). Therefore, the rate of the reaction 
from the fluorescent state of I can be estimated to be 2.5 X 109 

s _ ' . This reaction rate is considerably smaller than the common 
vibrational relaxation rate of 10 l 2-101 4 s - ' , which is in 
agreement with the experimental result that no effect of the 
excitation wavelength on the fluorescence yield was ob
served. 

The reaction rate, 2.5 X 109 s~', is much larger than the rate 
of bimolecular encounter, ca. 106 s_1, estimated for &diff ~ 1010 

M - 1 s _ l and 1 0 - 4 M concentration of I. Thus, the intermo-
lecular process is not favored for the interpretation of the 
deactivation process. However, the intramolecular process does 
not mean the formation of triplet state or some radical, since 
it has been confirmed that oxygen as well as radical scavenger 
has no effect on the reaction of I. 

In view of the above facts, the process including the for
mation of the intramolecular adduct which is not in the triplet 
state and is not a radical is favored for explaining the feature 
of this reaction. 

2. Assignment of the Intermediate. The molecular structure 
of II indicated in Figure 1 could be thought of as the most 
reasonable intramolecular reaction intermediate. The inter
mediate II is composed of two benzene rings and an extremely 
strained butatriene skeleton. It has been reported4 that tetra-
fert-butylbutatriene shows absorption maxima at 300, 264, 
and 228 nm with extinction coefficients e of 3150, 32 400, and 
9050, respectively. Wavelengths of the absorption bands of II 
and tetra-tert-butylbutatriene are approximately coincident, 
but their extinction coefficients are not. The reason for this 
discrepancy might be due to the strain in II, but is not very clear 
at the present stage of the investigation. 

3. Formation Scheme of III from the Intermediate. Two 
possible mechanisms could be considered for the formation of 
III. 

II + 11 — III 

II + I - M I I 

(4) 

(5) 

The experimental results show that the mechanism of eq 5 is 
not acceptable, since the quantum yield of reaction does not 
depend upon the concentration of I. 
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Figure 7. The dependence of the fluorescence quantum yield of I in EPA 
on the excitation wavelength. 

If we assume the mechanism of eq 4, one might argue that 
the consumption rate of I should be proportional to the square 
of the irradiating light intensity, which contradicts the observed 
result in Figure 2. However, we can derive eq 1 by assuming 
the mechanism of eq 4 as follows. 

I • I * 

* R 
I* ^U 

II »-I 

II + II—»-III 

(6) 

(7) 

Under stationary condition, 

[I*J = (lTTT-) [I] = #°M 
Therefore, 

d[U}/dt = kR[I*] - Icx[U] - Ic2[IlY 

= * R # O [ I ] - *i[H] - ^ 2 [ I I ] 2 = 0 (8) 

Assuming that Zc2[II] » k), 

[II]2 = j3(kR/k2)io[l] 

Thus, 

- d [ I ] / d / = 2k2[U]2 = 2 0 * R / O [ I ] 

log ( -d [ I ] / d r ) , - o = lQg »o + log ( 2 0 * R [ I ] O ) (9) 

where [I]o is the initial concentration of I. The relation in eq 
9 between the consumption rate of I and light intensity z'n is 
coincident with the experimental result of eq 1. 

The assumption that ^2[II] » k\ seems to be reasonable, 
since the intrinsic lifetime of the intermediates appears very 
long, practically infinity, in view of the fact that they remain 
unchanged in the rigid solvent where they cannot move to form 
III by encounter collision. 

4. Role of Rigid Matrix in the Trapping of the Intermediates. 
The present intramolecular photochemical addition reaction 
was very sensitive to surroundings or the rigidity of solvents. 
It is necessary for the formation of the intermediate to occur 
that the solvent cage is sufficiently "soft". The result in Figure 
6 suggests that the reaction in methyltetrahydrofuran can take 
place in the range of viscosity considerably lower than that at 
the melting point. By lowering the temperature in methylte
trahydrofuran solution, the reaction can be stopped easily, 
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probably due to the rigidity of the solvent. On the contrary, the 
reverse photochemical reaction induced by irradiat ion of I I , 
that is, I I* - * I, occurs very effectively even in a rigid solution 
at 77 K. 

The above results may be explained as follows, (a) It might 
be necessary for the intramolecular adduct formation of I tha t 
some solvent molecules are pushed out, and not for the reverse 
reaction, or (b) the excess energy corresponding to the dif

ference between the Si states of II and I might be part ly used 
for softening the surroundings. 
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Abstract: Self-quenching (3B* + B - * 2B, &SQ) data in benzene and carbon tetrachloride are presented for a series of para,-
para'-disubstituted benzophenones: X = (CH3J2N, CH3O, CH3 , F, Cl, H, COOCH3 , CF3 , and CN. The &SQ'S correlate with 
(Tp

 + 's but in a discontinuous manner resulting in a minimum for the cases of X = F, Cl, H. Thus, the correlation for the elec
tron-donating X's gives a negative slope while the correlation for the electron-withdrawing X's gives a positive slope. Similar 
behavior is noted for phosphorescence quenching by a series of substituted benzenes of 4,4'-dimethoxybenzophenone, benzo
phenone, and 4,4'-bis(trifluoromethyl)benzophenone in 1,1,2-trichlorotrifluoroethane. These profiles are interpreted in terms 
of competing deactivation pathways via "n-type" and 'V-type" exciplexes. The variation of the /CQ'S with solvent for the benzo-
phenone-anisole system indicates no dependence on solvent viscosity and only a modest (factor of ~6) variation between freon 
solvents and acetonitrile. A general kinetic scheme for reversible exciplex formation is presented and developed in terms of the 
present systems. The low temperature emission observed from the benzophenone-jV.A'-dimethylaniline system is reinvestigat
ed and attributed as before to excitation of a ground state complex. 

The deactivation scheme of a romat ic aldehyde and ketone 
triplets in fluid a romat ic media a t room tempera ture is dom
inated by the nonradiat ive decay pa thways (Scheme I) as ev
idenced by very low phosphorescence q u a n t u m yields (<l>p 5 
1O - 3 ) . 1 In the past few years, very significant photokinetic 
work in several laboratories has shown that the nonradiat ive 
decay path in a romat ic solvents, in fact, is dominated by a bi-
molecular quenching process, step 5, tha t proceeds via a 
short-lived complex having some charge transfer charac 
ter.2 
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In addition to the above observations, a number of reports 
appeared in recent years of the self-quenching of aromatic 
aldehydes and ketones, step 6.3 In the course of investigating 
a series of para,para'-disubstituted benzophenones, we noted 
an apparent linear correlation between log ICSQ and crp

+ (p = 
— 1.7) for benzophenone and substituted benzophenones having 
p-Cl, F, CH3 , CH3O, and (CH3)2N.' Previously, Cohen and 
Guttenplan2a reported that the quenching rates of benzophe
none triplet by substituted benzenes increased with decreasing 
ionization potential of the latter. We found that a Hammett 
plot of their data also correlated well with <xp

+ giving a nega
tive p. We concluded that for benzophenone triplets both 

self-quenching and quenching by aromatic solvents proceed 
via exciplex 1 (hereafter called n-type exciplex) where there 
is some charge transfer character. In the n-type exciplex, the 
resulting charge polarization gives the triplet an acceptor 
role. 

In contrast to the above results, Schuster, Weil, and Hal-
pern21' found that electron-deficient benzenes quench benzo
phenone triplet faster than benzene. Accordingly, we found 
that a Hammett plot of their data tended towards a positive 
p. The apparent reversal of donor-acceptor roles is under
standable if a different exciplex (2) (hereafter called ir-type 
exciplex) were involved in these cases. Note that in the n-type 
exciplex electron transfer is facilitated between the ir system 
of the aromatic ring and the half-filled n orbital of Ti while in 
the ir-type exciplex, electron transfer is facilitated between the 
half-filled %* of Ti and the unfilled TT* of Q. 

If self-quenching and quenching by aromatic solvents are 
mechanistically similar, then we would also expect to find a 
changeover from the n- to the ?r-type exciplex at some point 
in the self-quenching mechanism for benzophenones having 
electron-withdrawing substituents. Further, the tendency of 
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