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Abstract: The photoreduction of benzophenone triplets in micellar solution leads to the generation of isolated radical pairs, 
whose behavior resembles that of biradicals. Radical-pair decay is controlled by intersystem crossing and by radical exit from 
the micelle. For example, the (C6H5) 2COH-cyclohexadienyl triplet radical pair in CTAC micelles undergoes intersystem 
crossing with fcISc = 1.7 X 106 s"1 and radical escape (sum for both radicals) with AL = 1.6 X 106 s"1, Application of moderate 
magnetic fields leads to a dramatic enhancement of the fraction of radicals that escapes from the micelles. The photolysis 
of benzophenone in micelles in the absence of added hydrogen donors leads to a radical pair formed by a (C6H5)2COH and 
a surfactant-derived radical. The partition of this radical pair into products is strongly influenced by the micellar environment 
and by the application of magnetic fields. The importance of taking these effects into account in the study of radical processes 
in organized assemblies using magnetic fields (NMR, EPR, etc.) is emphasized. 

Organized assemblies continue to attract the interest of pho-
tochemists.4"9 Recent reports have demonstrated that a con
siderable degree of product control can be achieved by working 
in organized systems such as micelles; the control exerted on the 
reaction can range from changes in the nature of the products 
or their distribution10"13 to several examples of isotope enrichment 
recently reported by Turro and co-workers.14"19 The interest in 
the field is further reinforced by the fact that understanding 
photoprocesses in simple organized assemblies can in turn lead 
to a better understanding of similar processes in biological systems. 

In the case of carbonyl compounds, some of the aspects that 
have received attention in micelles include their photoreduction,20"23 
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dimerization,11 Norrish type 18,12,13,15-19,24 a n (j ^ p 6 JJ reactions,2"7 

the dynamics of exit and entry processes,27,28 their spectral 
properties,29'30 and energy migration phenomena,27 Despite the 
wide range of areas that this list seems to cover, detailed quan
titative studies have been scarce. A few recent reports from 
Hayashi's,21'22'24 Turro's,31,32 Braun's,32 and our laboratory23'27'28 

have used laser flash techniques in the study of carbonyl triplets 
in micelles, thus leading to the first direct time-resolved exami
nation of their dynamic behavior. The picture that emerges from 
these experiments clearly shows that the understanding of the 
behavior of radical pairs is at least as important as the role of the 
precursor excited states and, in fact, far more sensitive to the 
microenvironment. 

In this study we have used laser flash photolysis techniques to 
address some of the problems mentioned above. In particular, 
we consider the possibility of triplet product formation, the control 
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Figure 1. Irradiation of 2.8 X 10"4M benzophenone in cyclohexane at 
20-s intervals (22 0C). 

exerted by the environment on the partition of radical pairs into 
products, the dynamics of radical exit and radical-pair intersystem 
crossing in micellar solution, and the effect of external magnetic 
fields. 

Results and Discussion 
It is generally accepted that radical reactions in micelles lead 

to the formation of ground-state products.8 Naturally, for most 
systems in which the formation of triplet products would be highly 
endothermic, one can safely assume that this is a good postulate. 
However, there are systems in which one can conceive that some 
reaction paths could be energetically feasible even if the products 
are formed in the triplet state. Since a triplet-derived radical pair 
confined to a micelle may persist in this spin state for hundreds 
of nanoseconds (vide infra), one could conceive that such a reaction 
path could play an important role in product formation. 

The photoreduction of benzophenone is well-known to occur 
by the mechanism of Scheme I.33,34 The para-coupling product 
(or ortho coupling) is usually referred to as an "LAT", which 
stands for light absorbing transient.34"42 While for the sake of 
consistency with earlier reports we will use the same nomenclature 
in this paper, it should be noted that this is a rather unfortunate 
choice of name, since the product is not a transient but in fact 
quite stable. We found that in the absence of oxygen and traces 
of acid, LATs can be preserved from a few hours to at least several 
days. LATs probably account for 1-2% of the products in ho
mogeneous solution. 

A simple examination of the structure of LATs and comparison 
with those of many other molecules with low-lying triplets43 suggest 
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Figure 2. Irradiation of 3.2 X 10"4 M benzophenone in SDS (0.1 M) at 
20-s intervals (22 0C). 
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Figure 3. Relative initial yields of LATs upon irradiation of 2.8 X 10"4 

M benzophenone in water in the presence of variable SDS concentrations 
(22 0C). 

that their triplet energy should be around or below 50 kcal/mol. 
Consistent with this, their fluorescence spectrum peaks at ~400 
nm.42 Since the C-C bond energy of the bond being formed can 
be expected to exceed 50 kcal/mol,44 one can conclude that, from 
an energetic point of view, formation of triplet LATs would be 
feasible. The next section addresses this question. 

On the Origin of LATs. Two samples containing benzophenone 
in cyclohexane and in sodium dodecyl sulfate (SDS) micelles were 
irradiated for several 20-s intervals. The UV spectra of the samples 
were recorded at the beginning of the experiment and after each 
irradiation period. The results are shown in Figures 1 and 2; the 
initial rate of LAT generation is around ten times larger in 
micellar solution, where it also leads to better-defined isosbestic 
points. In alcohol solutions, the behavior is intermediate, leading 
to two or three times the yield observed in cyclohexane, depending 
on the alcohol. 

In the system of Figure 2, the surfactant, SDS, is not only the 
micelle-forming agent but also the reagent donating a hydrogen 
in the photoreduction of benzophenone. Thus, it seemed important 
to establish that the enhancement of the yields of LATs was the 
result of the properties of SDS as a surfactant rather than as a 
reagent. Figure 3 shows a plot of the yield of LATs (in arbitrary 
units) as a function of SDS concentration. Quite clearly, the 
marked increase in yield occurs around the cmc,45 thus supporting 
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Figure 4. Effect of external magnetic fields on the yield of LATs ob
tained upon irradiation of 2 X 10~3 M benzophenone in 0.22 M SDS (V 
and O) and in 2-propanol (D). Two different magnets were used in the 
surfactant system (22 0C). 

Scheme II 

; K + RH 

the idea that the enhancement reflects the formation of micelles.46 

It should be noted that the plot does not show—and cannot be 
expected to show—the sharp features common in other cmc plots;47 

this is due to the double role of SDS as both surfactant and 
reagent. 

The results given above naturally encouraged our expectations 
of a triplet reaction path. In order to further elaborate our analysis 
of the system, we need to have a model mechanism on which to 
test the different possibilities. Scheme II shows the reaction paths 
considered. The photoreduction is assumed to occur exclusively 
from the triplet state and to lead to the formation of triplet radical 
pairs; these can lead to "conventional" products (which include 
LATs) following intersystem crossing. Exit of either radical from 
the micelle would destroy the germinate radical pair. Finally, 
we consider the possibility of LAT formation directly in the triplet 
state. 

A relatively simple experiment can help us decide on the relative 
importance of the triplet reaction path. Application of moderate 
magnetic fields should lead to Zeeman splitting of the triplet 
sublevels. This splitting should be sufficient to slow down con
siderably radical-pair intersystem crossing from the T+ and T_ 
sublevels.8 Thus, a reduction of intersystem crossing would be 
expected to enhance the relative efficiency of reaction paths not 
requiring intersystem crossing such as radical exit and our hy
pothetical triplet LAT formation. In other words, if LATs come 
from a triplet path, their yield should be increased in a field, while 
it would decrease if LATs reflect the chemistry of singlet radical 
pairs. Figure 4 illustrates the results of a series of experiments 

(45) Mysels, K. J.; Princen, L. H. J. Phys. Chem. 1959, 63, 1696-1700. 
(46) A similar type of behavior has been observed when the intensity of 

benzophenone phosphorescence is plotted against the concentration of sur
factant.32 
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of this type. Also included in the same figure are the results in 
2-propanol, in which the change is minimal, if any at all. We note 
at this point that studies of this type are subject to many ex
perimental complications, which are discussed in some detail in 
the Experimental Section. The results of these experiments 
conclusively show that LATs result mainly from singlet radical 
pairs, just as they do in homogeneous solution. This still leaves 
us in need of an explanation for the enhancement of LAT yields 
in micellar solution. We propose that the ketyl radicals generated 
in the decay of benzophenone triplets reside in the micelle in a 
highly polar environment, probably with the hydrogen-bonded 
hydroxyl group in or near the Stern layer in the same way in which 
type II biradicals do.27 The counterradical R- has the option of 
reacting at the central carbon atom or at the para position in the 
aromatic ring. The latter are expected to be located in a less polar 
environment. Since in our example the R- radical will be located 
in the hydrophobic part of the surfactant molecule, one could 
anticipate an enhancement of those reaction paths compatible with 
this characteristic, i.e., LAT formation. 

In micelles derived from other surfactants such as cetyltri-
methylammonium bromide (CTAB) and chloride (CTAC), our 
results parallel those in SDS. In all cases we observe a decrease 
in LAT yields upon application of a magnetic field. The initial 
yields of LATs are about 20 times higher in CTAC compared 
with CTAB. The result is entirely consistent with the change in 
benzophenone triplet lifetimes observed in these two surfactants. 
Table I shows the triplet lifetimes obtained by using laser flash 
photolysis in CTAC, CTAB, and when a fraction of the Cl" 
counterions is replaced by Br-.48 The shortening of the triplet 
lifetime in CTAB is attributed to benzophenone triplet quenching 
by Br" and is consistent with the benzophenone molecule residing 
near the micellar surface. The slow rate of formation of LATs 
in CTAB micelles is then attributed to the predominance of triplet 
quenching. 

Finally, laser flash photolysis experiments of the type to be 
described in the following sections show that the 320-nm ab
sorptions due to LATs are formed in the same time scale 
(100-1000 ns) in which ketyl-radical decay takes place. 

Transient Phenomena in the Absence of Added Hydrogen Do
nors. The previous section deals exclusively with the question of 
LAT formation when benzophenone is irradiated in anionic or 
cationic micelles. When similar samples are examined by using 
laser flash photolysis techniques, the results are indicative of 
complex reaction mechanisms. At 540 nm, where both the ketyl 
radical and the benzophenone triplet absorb, one observes relatively 
"clean" decay traces leading to a residual absorption that can be 
attributed to ketyl radicals. In earlier studies,28 we have indicated 
that the yield of ketyl radicals in SDS (as measured by this residual 
absorption) is only ~ 7 % of the value expected for quantitative 
photoreduction. As far as the decay trace is concerned, they could 
be reasonably fitted with first-order kinetics, even if, with hindsight 
(see below), one could argue that this should not be the case. 
When we recorded a series of transient spectra at different times 
after the laser pulse, we found that the initial spectrum (at the 
maximum in Figure 5A) clearly corresponds to that of triplet 
benzophenone, with \max — 525 nm. As one "slides down the 

(48) Bromide anions are expected to bind more strongly than chloride 
anions.49 
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Figure 5. Transient absorptions observed upon laser excitation of ben-
zophenone in SDS (0.22 M). Traces obtained at 540 and 600 nm (A and 
B) and deconvoluted trace (C, see eq 2) showing a profile for the time 
evolution of the ketyl radical concentration (27 0C). 

trace", one observes a gradual evolution toward the ketyl spectrum 
(\ma, 540 nm). An analysis of these data suggested that sub
stantial ketyl absorptions may be underlying the decay trace of 
Figure 5A. We note at this point that the traces obtained by us 
are consistent with similar ones obtained by Hayashi21 and by 
Braun, Turro, et al.32,50 We found that the triplet lifetimes can 
be obtained with less complications by monitoring the evolution 
of the signal at ~600 nm. We have shown earlier that at this 
wavelength the triplet state shows absorptions that (even if weak) 
are far larger than those due to the ketyl radical.28,51 In ex
periments of this type, we measured a triplet lifetime, TT = 320 
ns. 

In earlier work from this laboratory, we have demonstrated that 
in a system in which two transients overlap extensively, it is possible 
to deconvolute the signals if two wavelengths can be found in which 
the ratio of extinction coefficients for the two transients differ 
considerably.52 Equations la and lb give the transient optical 

A1 = <*& + «,KCK 

A2 = J C " + e,KCK 

(la) 

(lb) 

densities per unit optical path (A1 and A2) at two different 
wavelengths (600 and 540 nm, respectively, in this example). C1 

and CK are the concentrations of the triplet state and the ketyl 

(50) During a recent conference, we had the opportunity to compare our 
data with the results obtained by Braun, Turro, and co-workers.32 It is quite 
clear that where the experiments overlap, the agreement of the raw data is 
excellent. 
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radical, respectively, and the various t represent the extinction 
coefficients of each species at each wavelength. Multiplying eq 
lb by the ratio of triplet extinction coefficients (a) and subtracting 
from eq la leads to 

A-Oi2 = (6,K - ae2
K)CK 

where 

a = ̂  / V 

(2) 

(3) 

Thus, a plot according to eq 2 will show a time profile pro
portional to the concentration of ketyl radicals. Figure 5C shows 
the corresponding plot for SDS micelles. We note that the value 
of a is simply the ratio of experimental optical densities at 600 
and 540 nm before significant triplet decay takes place. 

The ketyl concentration profile of Figure 5C provides conclusive 
proof that ketyl radicals are formed in good yields but that the 
majority of the radical pairs decay during, or overlapping with, 
the triplet-state process. Previous studies, while recognizing the 
problem, did not provide a time-resolved analysis of the evolution 
(formation and decay) of ketyl radicals.21,22,32 

In principle, the deconvoluted traces can be analyzed by using 
a mechanism including a first-order formation step and a decay 
combining chemical processes and exit from the micelle. In our 
view, an analysis of this type cannot be expected to lead to accurate 
kinetic parameters. The alternative approach, preferred by us, 
consists of addition of a good hydrogen donor to the micelle so 
that triplet decay becomes fast enough that for all practical 
purposes it can be ignored. This approach is presented in the next 
section. 

In order to provide at least an estimated value for k]SC for the 
radical pair formed by reaction of triplet benzophenone with SDS, 
we evaluated the integral under the curve in Figure 5C and then 
used the approach described in earlier studies53 that allows for 
comparable rates of formation and decay of the transient of 
interest. The value estimated was kisc ~ 3 X 106 s"1. 

Transient Phenomena in the Presence of 1,4-Cyclohexadiene.54 

The selection of a substrate that would photoreduce benzophenone 
triplets in micellar solution proved to be a rather difficult task. 
While many molecules are known to react with benzophenone 
triplets,33 few of them can be expected to be largely resident in 
the micellar phase and to be sufficiently good quenchers that a 
few molecules would compete favorably with 60-100 surfactant 
molecules. A series of molecules bearing allylic hydrogens have 
recently been shown to photoreduce benzophenone efficiently;51 

among them, 1,4-cyclohexadiene quenches with &q = 2.9 X 108 

M"1 s"1 in homogeneous solution, and 94% of the quenching events 
lead to ketyl radical formation, reaction 4. 

OH 

(4) 

In the case of 0.22 M SDS, we found that 0.023 M 1,4-
cyclohexadiene reduces the lifetime of triplet benzophenone to 
only 19 ns (as monitored at 600 nm). Under these conditions, 
the traces at 540 nm can be regarded as a direct measure of the 
behavior of the ketyl radical. Under these conditions, the yields 
of LATs are depressed considerably. 

A few characteristics of the decay of the radical pair produced 
in reaction 4 deserve some comment. First, there is the question 
of dimensionality; radical-radical reactions in homogeneous so
lution are usually bimolecular and second order. In relatively short 
time scales in micellar solution, these decay processes will still 
be bimolecular, but they will be expected to follow first-order 
kinetics. These ideas have been developed in considerable detail 
in a recently published stochastic model for reactions in micellar 
solution.55,56 From a conceptual viewpoint, we find it useful to 

(53) Scaiano, J. C. J. Photochem. 1981, 16, 71-74. 
(54) A preliminary account of this part of the work has been published/ 
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Figure 6. Decay traces observed at 540 nm for benzophenone in sur
factant solutions in the presence of sufficient 1,4-cyclohexadiene to 
quench quantitatively the triplet state: (A) CTAC (0.043 M), H=O; 
(B) SDS (0.22 M), H = O; (C) SDS (0.22 M), H = 2000 G (27 0C). 

think about the confined radical pair as a biradical in which the 
radical sites are held in close vicinity by a physical boundary rather 
than a molecular framework. In this sense the interpretation of 
the predicted (and observed) first-order decay is straightforward. 

Second, there is the consideration of radical exit processes (£,k. 
in Scheme II); the germinate radical pair is effectively destroyed 
when either radical exits from the micelle. We refer to these as 
escape processes. However, escape processes do not destroy the 
chromophore monitored in our experiments, i.e., the ketyl group. 
In other words, escape processes destroy the germinate nature of 
the radical pair, while at the same time they make the detectable 
chromophore long-lived enough that in the time scale of our 
experiments, it can be regarded as a stable species. In fact, the 
kinetic analysis of such a system is straightforward and mathe
matically identical with the case of Norrish type II biradicals 
reacting with hydrogen donors that have been discussed in detail 
elsewhere.57 Figure 6A shows a representative trace obtained 
in CTAC micelles and monitored at 540 nm. The decay part of 
the trace obeys first-order kinetics and leads to a rate of decay, 
êxpti = 3.3 X 106S"1, that corresponds to the sum of the different 

decay processes, i.e.: 

lexptl = klsc + £*_ (5) 

The long-lived absorption observed after the initial decay is 
complete and corresponds to the fraction of radical pairs that 

(55) Hatlee, M. D.; Kozak, J. J. J. Chem. Phys. 1980, 72, 4358-4367. 
(56) Hatlee, M. D.; Kozak, J. J.; Rothenberger, G.; Infelta, P. P.; Gratzel, 

M. J. Phys. Chem. 1980, 84, 1508-1519. 
(57) Encinas, M. V.; Wagner, P. J.; Scaiano, J. C. / . Am. Chem. Soc. 

1980, 102, 1357-1360. 
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Figure 7. Escape plot for Ph2COH radicals in CTAC (O) and CTAB 
(A) micelles as a function of the external field (27 0C). 

underwent escape processes. Thus, the ratio of end (or plateau) 
to initial absorption is a measure of the importance of escape 
processes according to eq 6 (see Scheme II).58 Combination of 

(end or plateau OD) ]C&-

(initial OD) ~ fc]SC + £*-
(6) 

eq 5 and 6 leads to rates of escape (£/c_) of 1.6 X 106 and 4.4 
X 106 s"1 for CTAC and SDS, respectively. For the rate constants 
for intersystem crossing, the values are 1.7 X 106 and 5.8 X 106 

S-', respectively. 
As in the case of LAT formation, a good test of the mechanism 

is the application of magnetic fields. For practical reasons our 
laser flash photolysis experiments are limited to fields below 2500 
G. Examination of the mechanism of Scheme II, ignoring triplet 
LAT formation for the reasons given before, suggests that a 
slowdown of intersystem crossing (due to Zeeman splitting of 
triplet sublevels) should lead to an increase in the fraction of 
radicals that undergoes escape processes. Such an enhancement 
is indeed observed, as shown in Figure 7 for CTAC and CTAB 
micelles. It is important to note that while benzophenone triplets 
behave quite diferently in CTAC and CTAB micelles (see Table 
I), the radical pairs show essentially identical behavior (Figure 
7). This supports our proposal that the effect of magnetic fields 
is largely on the radical pair, not on the triplet state. In this sense, 
it should be noted that triplet-state lifetimes were not affected 
(±10%) by application of magnetic fields (H < 2500 G) in SDS, 
CTAC, or CTAB micelles. A plot of "escape" vs. H for SDS 
micelles shows essentially the same features as that in Figure 7 
but with substantially lower dispersion of the data; a plot of this 
type has been included in an earlier communication.23 

An interesting observation in these experiments is that while 
the fraction of ISC vs. escape changes substantially with the 
application of a field (compare Figure 6, B and C), the experi
mental rate constant associated with the decay is virtually the same 
at zero or 2000 G. This is in fact to be expected if applied fields 
around 2000 G completely prevent intersystem crossing from T+ 

and T_, while the process from T0 remains unaffected. At low 
fields (a few hundred gauss), apparently slower kinetics can be 
expected and are indeed observed.59 

(58) The slow component in the case of CTAC tends to show some decay 
(not entirely flat) even in this time scale. Conceivably, this may be due to 
traces of electron-acceptor impurities in the surfactant. In SDS (see ref 23 
for representative traces), the slow component shows no decay in the sub-
microsecond time scale. 

(59) No attempt is made to fit quantitatively the data in this intermediate 
(e.g., ~400 G) range, since the decay processes are clearly a combination of 
several different kinetic steps. 



5678 J. Am. Chem. Soc, Vol. 104, No. 21, 1982 Scaiano, Abuin, and Stewart 

Table II. Summary of Kinetic and Escape Data for the 
Benzophenone Ketyl-Cyclohexadienyl Radical Pair at 27 0C 

surfactant 

SDS (0.22 M) 
SDS (0.22 M) 
SDS (0.22 M) 
SDS (0.22 M) 
CTAC (0.05 M) 
CTAC (0.05 M) 
CTAB (0.043 M) 
CTAB (0.043 M) 

field and 
carbonyl 

0,12C 
2000, 12C 

0, 13C 
2000, 13C 

0,12C 
2000, 12C 

0, 12C 
2000, 12C 

^exptl/ 
104S-' 

10.2 ± 0.5 
10.3 ± 0.7 
11.2 ± 0.5 
10.6 ± 0.7 

3.3 ±0.7 
3.0 + 1.0 
2.2 ± 1.0 
3.0 ± 1.0 

escape 
fraction. 

% 
43 
73 
39 
73 
58 
81 
61 
83 

Table II summarizes the kinetic and escape data obtained under 
different experimental conditions. A few experiments using 
benzophenone-13C in SDS have also been included. The effect 
of magnetic isotopes is quite small, as could be expected from the 
small value of the 13C hyperfme coupling constant in the radical 
Ph2COH in comparison with other radicals (such as PhCH2 or 
PhCH2CO)60 in which magnetic isotope effects are considerably 
larger.8 

It is interesting to note that the yield of radical escape that can 
be achieved at relatively high fields is limited by the model (see 
Scheme II) to the amount at zero field plus two-thirds of the 
difference with 100%. For example, in SDS micelles, in which 
43% of the radical pairs undergo escape processes at zero field, 
only 81% at most could escape at high field.61 The measured 
escape at 2000 G is 73%. A number of factors may contribute 
to make this yield lower than the theoretical value: i.e., the earth's 
magnetic field is not zero (which leads to overestimates of the 
theoretical value); the "plateau" may not be fully reached at 2000 
G; hyperfine mechanisms8 that could become of importance at 
high fields and when Ag is large may somewhat increase ^180 from 
the T0 level; some Ph2COH radicals may be lost in side reactions 
within the micelle; or the extinction coefficient of Ph2COH may 
be slightly different for the escape radicals. While all these effects 
are expected to be small, their composite effect may be responsible 
for the observed difference. 

In the case of CTAC and CTAB micelles (see Figure 7), the 
theoretical limit is 86% escape and the observed value around 82%. 
In general, the data in this system are subject to considerably more 
error than in the case of SDS; this is due to the lower surfactant 
solubility, which requires lower benzophenone concentration to 
maintain low occupancy levels, and in the case of CTAB, part 
of the triplets are lost via bromide quenching, which also reduces 
the signal-to-noise ratio. 

Dynamics of Radical Pairs in Micelles 
To understand the behavior of the radical pairs presented in 

the previous three sections, one must realize that their generation 
under our experimental conditions occurs almost exclusively in 
the micellar aggregates. For benzophenone triplet in SDS, the 
ratio of entry (k+) and exit (A:_) rate constants has been estimated 
as ~26 000 M-1. Since for [SDS] = 0.22 M the micellar con
centration is 3.4 X 10~3 M, one can estimate that only around 1% 
of the ketone triplets will reside in the aqueous phase. Aqueous 
photoprocesses seem unlikely to play a role in our experiments. 
In the case of CTAC and CTAB experiments, our surfactant 
concentrations were lower than for SDS, but the rates of exit from 
the micelle are known to be substantially smaller in CTAC and 
CTAB,62 thus compensating for the decrease in micellar con
centrations. 

In the case of 1,4-cyclohexadiene, the values of the exit-entry 
parameters have not been reported, but if we assume them to be 
similar to those for 1,3-cyclohexadiene,63 then about one-half of 

(60) Berndt, A.; Fischer, H.; Paul, H. In "Magnetic Properties of Free 
Radicals", Part B; Fischer, H., Hellwege, K. H., Eds.; Springer-Verlag, Berlin, 
1977; Sections 3.2.3, 4.4.4.1, and 4.7.2.2.3. 

(61) I.e., 43 + V3(IOO-43) = 81. 
(62) Almgren, M.; Grieser, F.; Thomas, J. K. J. Am. Chem. Soc. 1979, 

101, 279-291. 

the molecules can be expected to be resident in the micelle. This 
does not in itself represent a complication, since the molecules 
of 1,4-cyclohexadiene play a role only when they react with a 
benzophenone triplet. The location of the latter will therefore 
determine the site where the radical pairs are generated. It should, 
however, be noted that if uncorrected occupancy levels for 1 ,4-
cyclohexadiene are calculated directly from our data, they will 
be about twice the true value. 

The radical pairs will then be generated in the highly polar 
intramicellar environment in which the ketone resides,27"29'64 

probably near the Stern layer, as suggested by de Mayo10 and by 
the efficient quenching by bromide anions (see Table I). In the 
absence of added donors, the radical pair will consist of a ketyl 
radical and a surfactant-derived radical. The sum of exit rate 
constants for those two radicals in SDS will equal 7% of the rate 
of radical-pair decay, i.e., ~2 X 105 s"1. Thus, the exit rate of 
4.4 X 106 s"1 measured when 1,4-cyclohexadiene is added to the 
micelle must be almost entirely due to the exit of the cyclo-
hexadienyl radical. The value compares well with values of 5.6 
X 106 s"1 for 1,3-cyclohexadiene63 and 4.4 X 106 s"1 for triplet 
benzene.62,65 Fair agreement is also obtained in the case of CTAC 
micelles, where the exit rate of 1.6 X 10"6 s"1 compares well with 
the value of 7.5 X 105 s"1 reported for benzene in CTAB.62 

The rate constants obtained for radical-pair intersystem crossing 
(ketyl-cyclohexadienyl) of 5.8 X 106 and 1.7 X 106 s"1 in SDS 
and CTAC, respectively, compare well with many biradical 
lifetimes obtained for Norrish type II biradicals in which similar 
radical centers are involved.27,66,67 The values also agree well with 
the rate constant for intersystem crossing of 5.3 X 106 s"1 measured 
by Closs and Miller68 for the biradical derived from 6,6-di-
methyl-7,8,9,10-tetrahydro-5(6/f)-benzocyclooctenone, in which 
the radical centers are located in 1,8 relative position. We were 
rather surprised by the parallel between the rates of escape and 
of intersystem crossing (CTAC and SDS) that lead to comparable 
values for the escape fraction in various surfactants (see Table 
II). At this point (with only two values), it is not clear whether 
this parallel is fortuitous or whether it simply reflects an increase 
in micellar volume from SDS to CTAC or CTAB. 

The increase in LATs yields, observed in micellar solution and 
to some degree in polar solvents, must reflect the orientation of 
the ketyl radical and the solvation of the hydroxy group that 
combine to make the reaction at the ring positions more favorable. 

LAT formation, while an interesting process in itself, is a 
complicating factor in the study of benzophenone photochemistry 
in micelles. For example, laser photolysis experiments monitored 
at 320 nm reflect LAT generation rather than the main photo-
processes taking place. In the absence of added hydrogen donors, 
triplet benzophenone in SDS micelles has a lifetime of ~320 ns, 
while the radical pair lives ~300 ns. When one considers that 
the triplet-state and the ketyl-radical spectra overlap extensively,69 

it seems essential to take into consideration these effects to properly 
understand the behavior of each species. 

Finally, it seems reasonable to assume that, while quantitatively 
different, the same type of qualitative effects could be expected 
in other organized systems such as microemulsions, vescicles, 
membranes, liquid crystals, or cells. Therefore, it seems important 
to emphasize that in systems involving the generation of radical 
pairs, magnetic fields could be dominant factors in determining 
the dynamics and mechanisms involved; if one considers that 

(63) Selwyn, J. C; Scaiano, J. C. Can. J. Chem. 1981, 59, 663-668. 
(64) Menger, F. M.; Bonicamp, J. M. J. Am. Chem. Soc. 1981, 103, 

2140-2141. 
(65) Turro et al.31 have proposed that processes that take place in the 10"4 

s time scale and involve PhCH2 radicals in CTAC micelles do not compete 
with exit from the micelle. The apparent inconsistency with our results may 
be due to an overestimation of the radical scavenging ability of Cu2+ ions. Our 
own experiments indicate that the reaction of PhCH2 and Cu2+ in water is 
substantially slower than diffusion controlled: Ferraudi, G. F.; Scaiano, J. 
C, unpublished work. 

(66) Small, R. D., Jr.; Scaiano, J. C. J. Phys. Chem. 1977, Sl, 2126-2136. 
(67) Das, P. K.; Encinas, M. V.; Small, R. D., Jr.; Scaiano, J. C. / . Am. 

Chem. Soc. 1979, 101, 6965-6970. 
(68) Closs, G. L.; Miller, R. J. / . Am. Chem. Soc. 1981,103, 3586-3588. 
(69) For example, see: Topp, M. R. Chem. Phys. Lett. 1975, 32, 144-149. 
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magnetic fields are frequently applied in studies employing NMR 
spectroscopy, EPR techniques, or even magnetic stirrers, the 
evaluation of these effects seems of critical importance. 

Experimental Section 
Materials. Benzophenone (Aldrich) was recrystallized twice from 

ethanol; benzophenone-13C (carbonyl 13C), 90% isotopic purity from 
Merck Sharp and Dohme, was used as received. 1,4-Cyclohexadiene 
(PCR) was chromatographed on alumina and distilled twice. Gas 
chromatography showed that it was free from 1,3-cyclohexadiene and 
benzene; low yields of formation of the latter were observed in the ex
periments described in this paper. Sodium dodecyl sulfate, SDS (BDH, 
specially purified), was used as received. Cetyltrimethylammonium 
chloride, CTAC, was obtained as a 50% solution from K & K and 
precipitated with acetone. Repeating this procedure did not seem to 
affect the benzophenone triplet lifetimes. Cetyltrimethylammonium 
bromide (CTAB) from BDH was used as received. 

Steady-State Photolysis. All irradiations were carried out under ox
ygen-free conditions and by using the same sample cells as in the laser 
experiments (see below). A Hanovia 150-W Xe/Hg lamp installed in 
a Bausch & Lomb housing was used for these experiments. Two dif
ferent magnets were employed: one was a Varian system capable of fields 
of up to 20000 G. The other was a home-built magnet capable of fields 
of up to 2500 G. Both were calibrated by using a Varian E-500 NMR 
gaussmeter. In both systems the lamp was located 50-80 cm from the 
center of the magnet. In the high-field system we observed that there 
was enough leakage to substantially affect the arc in the lamp. A screen 
was placed past the cell holder and behind the magnet, so as to have a 
clear projection of the cell and cell holder. We found that frequently this 
image would reveal dramatic changes in the beam shape and alignment. 
When this was the case, reversing the field direction would modify sub-

Cyclobutane derivatives have been of considerable interest with 
regard to the mechanisms of thermal cleavage of hydrocarbons,2 

the Cope rearrangement,3 the factors that lead to accelerated 
solvolysis rates,4 and the potential function for bond angle de
formation.5 Most of these studies require a knowledge of the 
enthalpies of formation of the compounds. These data are 
available for cyclobutane6 and for some of its derivatives such as 
cyclobutene7 and bicyclo [1.1.0] butane.7 The enthalpies of hy-
drogenation of bicyclo[2.1.0]pentane and bicyclo[2.2.0]hexane 
have been determined,8 and from these data the enthalpies of 

(1) (a) Yale University, (b) NRCC. Present address: Central Research 
Department, Experimental Station, E. I. du Pont de Nemours and Co., 
Wilmington, DE. 

(2) Benson, S. "Thermochemical Kinetics"; Wiley-Interscience: New 
York, 1976. Gajewski, J. J. "Hydrocarbon Thermal Isomerizations"; Aca
demic Press: New York, 1981. 

(3) Gajewski, J. J.; Conrad, N. D. J. Am. Chem. Soc. 1978, 100, 6268. 
(4) Wiberg, K. B.; Hess, B. A., Jr.; Ashe, A. J., III. Carbonium Jons 1972, 

3, 1295. 
(5) Wiberg, K. B.; Ellison, G. B.; Wendoloski, J. J. J. Am. Chem. Soc. 

1976, 98, 1212. 
(6) Kaarsemaker, S.; Coops, J. Reel. Trav. Chim. Pays-Bas 1952, 71, 261. 
(7) Wiberg, K. B.; Fenoglio, R. J. Am. Chem. Soc. 1968, 90, 3395. 

stantially the LAT yields measured. We found that the simplest practical 
solution to this problem (in addition to supplementary magnetic shielding 
in the lamp housing) was to locate small permanent magnets near or 
attached to the housing, so that their effect would override any changes 
due to leakage. In addition, the screen mentioned before provided the 
means for a simple visual check. Experiments at high fields were always 
repeated reversing the field direction. 

UV spectra were recorded on a Varian 219 spectrophotometer. 
Laser Flash Photolysis. The samples, usually 1 or 2 mL, were con

tained in Suprasil cells made of rectangular (3X7 mm) tubing. Oxy
gen-free nitrogen was used to deaerate the solutions. A Molectron UV-24 
nitrogen laser (337.1 nm, ~8 ns, up to 10 mJ) was used to excite the 
samples. Transient absorptions were monitored by using a detection 
system with nanosecond response. The signals, initially acquired by an 
R-7912 Tektronix transient digitizer, were processed by a PDP-11/03L 
computer, which also controlled the experiment and provided suitable 
storage and hard-copy facilities. Further details have been reported 
elsewhere.70 Experiments in a magnetic field were carried out with the 
home-built magnet mentioned before. 
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formation may be obtained. However, such data are not available 
for most of the compounds in which cyclobutane is fused onto 
another ring. Some molecular mechanics calculations have been 
carried out,9"13 but one cannot be sure that the parameters used 
are appropriate for compounds that have relatively unusual bond 
angles. Similarly, some ab initio SCF calculations14'15 have been 
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Abstract: The energies of 1,2- and 1,3-bridged cyclobutanes have been calculated with several basis sets. The differences 
in energy between isomeric compounds are essentially constant when extended basis sets (6-31G* and 6-31G**) are used. 
The geometries of the compounds are discussed, and it is concluded that the published structure for bicyclo[2.1.1]hexane must 
be incorrect. The only unusual geometries are found for trans-bicydo [2.2.0] hexane and "windowpane". The enthalpies of 
formation are estimated on the basis of the calculated energies along with zero-point energies and the change in enthalpy from 
0 to 298 K. The strain energies derived from these results are discussed in the context of the reactions of the compounds. 
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