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important dimensionless aggregate parameters 
have been defined as follows. 

Coulombic efficiency 

<£coui = (FIQi) f Idt 

Intensity parameter (accessible experimentally) 

a); = Itt
l/'/ADl/,C 

Redox reaction rate parameter (accessible theoretically) 

Wn = Ntt
l/'IADl/'C 

T-route efficiency parameter 

a = 4>t4>tt4>tl(\ - g) 

T-route quenching parameter 

/3 = /(0^«4>f/8fcar
2C(l - gy 

Data are plotted according to log w„ = av + 6„(*r/ff)1/,. 
When y = i, a and b refer to values obtained from ex­
perimental intensity-time data, and when y = n, the 
plots refer to simulated reaction rate data. 
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Abstract: The gas-phase fluorescence yields of two phenylcyclopropanes show a dramatic increase as compared 
to monoalkylbenzenes. This increase has been explained by a decrease in the intersystem crossing rate constants. 
The gas-phase photolysis of rra«,s-methylphenylcyclopropane gives the cis isomer as the major product and, by 
a different route, /ra«.s-l-phenylbut-l-ene and l-phenyl-2-methylprop-2-ene in much lower quantum yields. The 
same products, in the same ratio, are obtained on benzene photosensitization. Evidence for and against triplet 
and singlet mechanisms in the direct photolysis is presented. 

There have been several reports of the liquid-phase 
photolysis of phenylcyclopropanes1 - 7 and in general 

there seem to be five major reaction paths (Scheme I). 

Scheme I 

Ph 

*i - A 
CH^R PhCH2R 

PhCH=CH-CH2CH2R 

PhCH2CH2-CH=CHR 

Ph-CH 2 CH=CH-CH 2 R 

Ph—CH=CH-CH2R + :CH, 

(1) G. S. Hammond, P. Wyatt, C. D. DeBoer, and N. J. Turro, J. 
Amer. Chem. Soc, 86, 2532 (1964). 

(2) R. C. Cookson, M. J. Nye, and G. Subrahmanyam, Proc. Chem. 
Soc., London, 144 (1964). 

(3) H. Kristinsson and G. W. Griffin, / . Amer. Chem. Soc, 88, 378 
(1966). 

(4) H. Kristinsson and G. W. Griffin, Tetrahedron Lett., 3259 (1966). 
(5) P. H. Mazzocchi, R. S. Lustig, and G. W. Craig, / . Amer. Chem. 

Soc, 92, 2169 (1970). 
(6) D. B. Richardson, L. R. Durrett, J. M. Martin, Jr., W. E. Put-

man, S. C. Slaymaker, and I. Dvoretzky, ibid., 87, 2763 (1965). 
(7) E. W. Valyocsik and P. Segal, J. Org. Chem., 36, 66 (1971). 

On the other hand, sensitization in solution results in 
clean geometric isomerization with little contribution 
from any of the other processes. 1^ The gas-phase 
photochemistry of phenylcyclopropanes has received 
very limited attention. The available data indicate 
rather similar behavior to the solution photochemistry, 
but with olefin formation becoming much more impor­
tant.8a Since almost all the available data on the 
photochemistry of these molecules are rather qualita­
tive, and the nature of the excited states, from which 
reactions occur on direct excitation, in many cases re­
mains in doubt, it was decided to make a quantitative 
study of the gas-phase photochemistry of trans-l-
phenyl-2-methylcyclopropane (I). This molecule rep­
resents the simplest phenylcyclopropane structurally 
capable of undergoing all the known photochemical 
reactions of this class. Furthermore, it was felt that a 
knowledge of the fluorescence of phenylcyclopropanes 
was necessary to obtain a better understanding of these 
molecules. 

(8) (a) J. K. Foote, Ph.D. Thesis, The University of California, River­
side, 1966; (b) J. A. Bell, / . Amer. Chem. Soc, 87, 4966 (1965). 
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Table I. Fluorescence Quantum Yields" of Phenylcyclopropanes Compared to Related Alkylbenzenes 

• X, n m T1Mi," 

248 254 260» 267 272* 274 nsec 

rc-Propylbenzene 0.090 0.230 0.280 0.290 145 
jec-Butylbenzene 0.085 0.240 0.280 0.280 170 
Phenylcyclopropane 0.100 0.205 0.400 0.470 0.480 130 
/ra«.s-Methylphenylcyclopropane 0.100 0.200 0.380 0.470 0.470 0.47 140 
Benzylcyclopropane 0.900 0.210 0.250 0.250 150 

° Excludingany error in the absolute quantum yield ofthe benzene standard, the mean error in these values is ±5%. h AU measurements 
were carried out on 1-5 mm of vapor, and 50 mm of rc-butane was added to each molecule when irradiated near its 0-0 band to test for 
any low-pressure effects. c Calculated [S. J. Strickler and R. A. Berg, J. Chem. Phys., 37, 814 (1962)] from the solution absorption 
spectra. 

Experimental Section 
Materials, trans- and c/.s-l-methyl-2-phenylcyclopropane (I 

and II) were prepared by the method of Simmons and Smith9 using a 
mixture of cis- and /ra«,s-l-phenylprop-2-ene. The isomeric phenyl­
cyclopropanes were separated and purified using a 20 ft X 0.25 in. 
20% FFAF on Chromosorb P (45-60 mesh) vpc column. The 
rrawj-methylphenylcyclopropane was purified to better than 99.95 % 
before use and the major impurity was the cis isomer. l-Phenyl-2-
methylprop-2-ene, cis- and rra/w-l-phenylbut-2-ene, phenylcyclo­
propane, and allylbenzene were obtained from Chemical Samples 
Co., Columbus, Ohio, and purified on the FFAF column before 
use. 4-Phenylbut-l-ene and cis- and frans-l-phenylbut-l-ene were 
obtained from K and K Laboratories, while the remaining two 
phenylbutenes were obtained from the chemistry department's 
stockpile and their structures checked by nmr analysis. Toluene, 
benzene, «-propylbenzene, sec-butylbenzene, p-xylene, «-butane 
and ci'.y-but-2-ene were Phillips research grade and were used without 
further purification. trans-Penta-l ,3-diene (piperylene) and benzyl-
cyclopropane were obtained from Aldrich Chemical Co. 

Fluorescence. A T-shaped cell 10 cm in length with the observa­
tion window centered 4 cm from the front window was housed in 
an oven which was held at 40°. A 1000-W Hanovia high-pressure 
xenon lamp was used as the light source. In all the fluorescence 
experiments the Bausch and Lomb high-intensity monochromator 
had 1-mm slits (a linear reciprocal dispersion of 1.6 nm). An 
RCA 935 phototube was used to measure absorption and IP 28 
photomultiplier tube for the emission. The cell was calibrated 
with respect to emission by using benzene and taking Qi (10 mm 
at 253 nm) to be 0.18.10 Using this calibration, the literature 
values for Qf(toluene)u and Qt(p-xylene)12 from 240 nm to the 
respective 0-0 bands could be reproduced within the quoted error 
limits. There was no measurable difference in Qi for toluene 
irradiated at its 0-0 band at 40 or at 21 °.n Fluorescence spectra 
were measured in acetonitrile using an Aminco-Bowman spectro-
fluorimeter, and the absorption spectra were measured using a 
Cary 14 spectrometer. 

Photolysis. The photolysis apparatus and procedure have been 
described previously.13 AU of the photolyses were run at 3-5 mm 
of I and at 45 °. The ferrioxalate method of Hatchard and Parker14 

was used for actinometry. The expression used for obtaining 
the true number of quanta absorbed15 can be derived from the 
paper of Hunt and HiU16 with an added correction (1 — /(a»/l — 
/H2O) for the different phases used in actinometry and in the photoly­
sis of I. 

h = W - AAV)(I - A a s / i - / H , o ) X 

{1 - A/AoJ/gaJl + AoVAa(l - / g a s ) 2 ] ) " 1 

/a = light absorbed in quanta per second, /; ' = light incident just 
inside the front window of the ceU at a time t, if the cell were filled 

(9) H. E. Simmons and R. D. Smith, J. Amer. Chem. Soc, 81, 4256 
(1959). 

(10) J. A. Poole, J. Phys. Chem., 69, 1343 (1965); W. A. Noyes, 
Jr., D. Harter, and W. A. Mulac, /. Chem. Phys., 44, 2100 (1966). 

(U) C. S. Burton and W. A. Noyes, Jr., ibid., 49, 1705 (1968). 
(12) W. A. Noyes, Jr., and D. A. Harter, J. Amer. Chem. Soc, 91, 

7585 (1969). 
(13) K. Salisbury, J. Chem. Soc. B, 931 (1971). 
(14) C. G. Hatchard and C. A. Parker, Trans. Faraday Soc., 52, 518 

(1956). 
(15) K. Salisbury and S. Jones, in preparation. 
(16) R. E. Hunt and T. L. Hill, J. Chem. Phys., IS, 111 (1947). 

with an aqueous solution when an experiment was carried out h* = 
/i0Ao'/Ao0, A0'/A

0 = the ratio of the phototube readings for the empty 
ceU at the time of actinometry (A%) and at the time of the experi­
ment (A0'), A/Ao' = the ratio of the phototube readings for the empty 
cell and the cell filled with reactant, Ao'/Aa = the ratio of the photo­
tube readings with an empty cell (A0

1) and with the cell removed 
(Aa), /gas = the Fresnel reflection coefficient for a quartz-gas inter­
face, and/Hso = the Fresnel reflection coefficient for quartz-water 
interface." The variation of phototube sensitivity was determined 
by the sodium salicylate film method and found to be close to the 
manufacturer's data. The gas chromatographic separation of the 
products ofthe reaction proved to be a considerable problem. The 
column used for quantitative measurements was a 50 ft X 0.02 in. 
m-bis(m-phenoxyphenoxy)benzehe on Apiezon (MBMA) Golay 
column. This column is capable of separating all the phenyl­
butenes (geometric and structural isomers) and also separates the 
geometric isomers I and II. However, the m-methylphenylcyclo-
propane and rran,s-l-pheny]-but-2-ene have identical retention 
times. Numerous columns were used in an attempt to achieve a 
separation of these two compounds. Included among these were 
40 ft X 0.125 in. diisodecyl phthalate, 30 ft X 0.125 in. tricresyl 
phosphate, 25 ft X 0.125 in. Carbowax 20 M, and 30 ft X 0.125 
in. FFAP columns. AU the above columns failed and only when a 
150 ft X 0.02 in. MBMA column was used was partial success 
achieved. This column is capable of a partial separation but in 
the case of ratios of II to the l-phenyl-2-butene greater than 12 to 1 
the latter would not be detected. The 150 ft MBMA column was 
used to detect the presence of l-phenylbut-2-ene in the direct 
and sensitized photolysis. 

Preparative photolysis was carried out using 100-ml quartz bulbs 
and irradiating in a Rayonet reactor (with the low-pressure mercury 
bulbs). After photolysis the ds-methylphenylcyclopropane was 
separated by chromatography and its structure confirmed by nmr 
analysis. The other two products, III and IV, could not be ob­
tained in this way because of their low quantum yields of formation 
and the smaU difference in the retention times between them and I 
and II on the preparative column. The structures of III and IV 
are supported by the high-resolution chromatography results. Fur­
ther support for the structure of III comes from the fact that when 
the crude gas-phase photolysis reaction mixture was dissolved 
in heptane and irradiated at 300 nm (only III should absorb at 
this wavelength), the concentration of III decreased and a new 
compound with a retention time identical with that of c/'j-l-phenyl-
but-1-ene was formed. 

The sensitized photolysis of I by benzene (irradiated at 254 nm) 
was carried out as follows. The cell was filled with 4.5 ± 0.2 mm 
of I (measured by chromatography and absorbance) and the trans­
mitted light measured (Zt1)- After introducing 38 mm of benzene 
and allowing the gases to mix for 3 hr, the transmitted light (Zt

M) 
was again measured. The fraction of light absorbed directly by I 
is given by 

T(W - ( T - T M̂  l p g 1 ^ /a(I) -(/o h Ww* 
Under the conditions used, 74% of the total light absorbed was 
absorbed by the benzene and corrections were made for direct 
absorption by I. Corrections were also made to account for the 
formation of products by direct absorption. 

(17) For the refractive indices of water at a large number of wave­
lengths, see N. E. Dorsey, "Properties of Ordinary Water Substance," 
Reinhold, Princeton, N. J., 1940, p 285. 
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Results 
Fluorescence Yields. The vapor-phase fluorescence 

quantum yields of I were obtained for exciting radiation 
at the 0-0 band and at wavelengths down to 248 nm 
(Table I).18 Since the values of QF were found to be 
very high compared to other alkylbenzenes, the fluores­
cence of phenylcyclopropane (VI) and benzylcyclo-
propane (VII) was studied. To allow direct compar­
ison with the open-chain analogs, the fluorescence 
quantum yields of n-propylbenzene and sec-butyl-
benzene were also measured. The radiative lifetimes of 
these molecules were calculated in order to detect any 
trends which would account for the changes in the 2 F ' S . 
One value for QF of phenylcyclopropane in the vapor 
phase is available. The value obtained by Foote8a at 
253.7 nm was 0.225 using benzene as a standard and 
taking gF(253.7, nm) = 0.22. Adjusting this latter 
value to 0.18, the value used in the present work, QF 

(phenylcyclopropane at 253.7), becomes 0.18. This is 
within the absolute error of the value in Table I. 

Product Formation. On the photolysis of trans-l-
methyl-2-phenylcyclopropane (I) in the aromatic ab­
sorption region three major products could be detected. 
The most important product was m-methylphenyl-
cyclopropane (II), while /rans-l-phenylbut-l-ene (III) 
and l-phenyl-2-methylprop-2-ene (IV) were also formed. 
As discussed in the Experimental Section, trans-l-
phenylbut-2-ene (V) may also be formed, but its 
quantum yield of formation must be <&n/12. Toluene 
and benzene were observed as minor products ( $ < 5 X 
10_ 3). However, on irradiation of an empty (pumped 
out) cell, which had been used for more than three 
photolyses without cleaning, the toluene and benzene 
were formed in significant amounts. These products 
may therefore be formed either partly or solely by 
polymer photodegradation. The formation of IV has 
no precedent in the solution photolysis of phenylcyclo-
propanes. However, the benzene-sensitized photol­
ysis of l,2-dimethylcyclopropane8b results in the for­
mation of 3-methyl-l-butene. The latter must be 

Table II. The Wavelength Dependence 
of Product Quantum Yields 

A, 

nm 

275 
271 
267 
254 
248 
240 

# I I 

0.12±0.01 
0 .12±0.01 
0 .12±0.01 
0 .13±0.01 
0 .10±0.01 

<0.005 

# I I I 

0.011 ±0.001 
0.011 ±0.001 
0.012 ±0.001 
0.015 ±0.002 
0.015 ±0.002 

$ I V 

0.007 ±0.0015 
0.007 ±0.0015 
0.007 ±0.0015 

formed by a process similar to, though not identical 
with, the process involved here (Scheme II). Table II 
shows the wavelength dependence of quantum yields of 

Scheme II 
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(18) K. Salisbury,/. Chem. Soc. D, 934(1971). 

Pressure mm Ha 

Figure 1. (a) The effect of added «-butane (filled symbols) and 
cw-but-2-ene (empty symbols) on the quantum yields of formation of 
II ( • , O) and III (A, A). The wavelength was 267 nm, 2.0-mm slits 
were used, and the temperature was 45°. (b) The effect of added 
n-butane (T) and c/.s-but-2-ene (V) on the quantum yields of forma­
tion of IV. The wavelength was 267 nm, 2.0-mm slits were used, 
and the temperature was 45°. 

formation II, III, IV. Chromatographic analysis using 
authentic samples of all the remaining phenylbutenes, 
the phenylpropenes, 1-methylindane, and 1-methyl-
indene showed that they were not products under the 
conditions used. The effect of wavelength on the 
quantum yields is small for <i>n and $ m until 240 nm, at 
which point there is a rapid drop in efficiencies of these 
processes. Such behavior seems to be typical of pro­
cesses which emanate from the singlet state of benzenoid 
compounds1213 and has been attributed to the in­
creased efficiency of reactions to form unstable isomers 
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50 

Figure 2. The effect of added piperylene on the quantum yields of 
formation of II (A) and on the fluorescence quantum yields of I (•). 
The wavelength was 267 nm, 1-mm slits were used for the fluores­
cence work and 2.0-mm for product quantum yield measurement, 
and the temperatures at which the experiments were run were 40 and 
45°, respectively. 

of the benzenes with increase in vibrational energy in the 
first excited singlet states. 

Figure 1 shows the effect of added «-butane and cis-
but-2-ene on the quantum yields of formation. There 
is no effect on $ n . In the case of <f>ni and $iv, how­
ever, there is quenching, although the processes in­
volved seem to be complex. There is considerable 
scatter in this quenching, and although part of this may 
be attributed to the low quantum yields, especially at 
high pressures, with the resulting need for long irradi­
ation times and analyses of small amounts of products, 
there may be other factors involved. Certainly, poly­
merization increases with increasing pressures of added 
gases. In several of the cz's-but-2-ene quenching 
experiments, the butene was analyzed at the end of the 
experiments to determine the extent of geometric 
isomerization. It was hoped that in this way a 
triplet quantum yield might be obtained (the method 
of Cundall19). No detectable isomerization (<0.20%) 
occurred in agreement with the lack of product 
quenching by the butene. The maximum pressure of 
butene for which an analysis was carried out was 50 
mm and the maximum number of quanta absorbed 
2 X 1019. Figure 2 shows the quenching of geometric 
isomerization of I on addition of /raras-piperylene 
(slope = 0.0192, average error = 0.040). Also shown 
is the fluorescence quenching on the addition of piper­
ylene (slope = 0.0255, average error = 0.020). In the 
quenching of formation of III and IV the scatter was 
extremely large and, since any interpretation of the 
quenching, which would include a complex vibrational 
quenching plus electronic quenching, would be difficult, 
the results will not be presented. 

A few solution experiments were carried out. On 
irradiation of a heptane solution of I, hydrocarbon II 
was the major product and although III was a detect­
able product, the ratio of $ n i to ^ n was lower by at 
least an order of magnitude than in the gas phase, 
below 100 mm. The formation of IV was not detect­
able. 

(19) R. B. Cundall and D. G. Milne, / . Amer. Chem. Soc, 83, 3902 
(1961); R. B. Cundall, F. J. Fletcher, and D. G. Milne, / . Chem. Phys., 
39, 3536 (1963); R. B. Cundall, F. J. Milne, and D. G. Milne, Trans. 
Faraday Soc, 60, 1146 (1964); R. B. Cundall and A. S. Davies, ibid., 
62, 1151 (1966). 

50 
Pressure mm Hg 

10.0 

Figure 3. The effect of added <M-but-2-ene on the benzene-sen­
sitized formation of II. The wavelength was 254 nm, 2-mm slits 
were used, and the temperature was 45°. 

Sensitized Photolysis. Sensitization of I by benzene 
irradiated at 254 nm results in the formation of the same 
three products as observed on direct photolysis. The 
quantum yield of formation of II by sensitization was 
0.085 ± 0.0080, while the yields of III and IV were 
0.0060 ± 0.0010 and 0.0030 ± 0.0007. The ratio of 
quantum yields of formation of the three products is, 
within a large experimental error, the same as direct 
photolysis. To confirm that triplet energy transfer was 
involved in the sensitization, c/s-but-2-ene was added to 
the benzene and methylphenylcyclopropane (Figure 3; 
slope = +0.0110, average error = 0.040). Since butene 
does not affect the efficiency of formation of II on di­
rect excitation (Figure la) and 2-butene does not quench 
benzene singles, Figure 3 represents the competitive 
quenching of benzene triplets by the 2-butene and meth­
ylphenylcyclopropane. The variation of the ratio of 
$ n to $ m and $ i V with increasing butene pressure is to 
a good approximation the same as observed in the 
direct photolysis. Any small differences would be 
hidden by the uncertainties in measuring $ i n and <E>IV 

at high pressures. 

Discussion 
The fluorescence quantum yields of the phenylcyclo-

propanes I and VI are considerably larger than those of 
any monoalkylbenzene. The interposition of a meth­
ylene between the benzene and cyclopropane rings, as 
in benzylcyclopropane, destroys this fluorescence en­
hancement. To determine the cause of the increased 
QF's, it is necessary to consider changes in the rates of 
all of the processes by which the first excited singlet 
state may decay. In Scheme III, ki is the radiative rate 

Scheme III 

hv + I 
1I 

GF = kilh 

>• 1I 

*-I + hv1 

>- n 
> i 

>• products + I 

+ fc, + k% + kt 

(D 
(2) 

(3) 

(4) 

constant, k2 is the intersystem crossing rate constant, ks 

is the rate constant for internal conversion, and Ar4 is the 
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sum of the unimolecular rate constants which result in 
chemistry (Zc4 may include a chemical internal conver­
sion process such as suggested by O'Connell and co­
workers20). The radiative lifetimes (l/fa) may be ob­
tained from the absorption spectra and as is shown in 
Table I. There is only a small decrease in Trad on 
going from alkylbenzenes to the phenylcyclopropanes, 
not enough to account for the increase in Q?'s. The 
effect of the cyclopropyl substituent on fa is unknown, 
but since internal conversion is of little importance in 
alkylbenzenes, fa is probably not important here. 
Thus, there remains only one possibility; namely, that 
there is a decrease in intersystem crossing rate constant 
(fa) compared to the monoalkylbenzenes. The reason 
for such a decrease in fa is being sought in modern 
theories of radiationless transitions. It has been sug­
gested that a ring opening in an excited singlet state 
followed by a rapid ring closure to a ground-state 
molecule may provide an efficient route for internal 
conversion in arylcyclopropanes.20 If such a process is 
in operation for singlet to ground state internal con­
version in phenylcyclopropanes, then an even larger de­
crease in fa would be necessary to account for the in­
crease in the QF's. 

The difference in the variation of product quantum 
yields and fluorescence quantum yields with varying ex­
citation wavelengths can be explained in one of two 
ways, (i) If the observed chemistry occurs directly 
from the singlet state, in the case of HI and IV via the 
trimethylene species VIII and IX (Scheme IV), the rate 

Scheme IV 

^ 3 2 * III 

Ph 

vm 

,A/ hX iv 
Ph 

IX 

constants for formation of these intermediates may in­
crease with increasing vibrational energy in the singlet 
state. In competition with these processes, reactions to 
form unstable isomers (benzvalenes) are also probable 
processes with increasing vibrational energy.21 If the 
radiative rate constant (fa) is independent of the excited 
singlet vibrational level,22 the results would be ex­
plained, (ii) Equally possible, the chemistry may 
emanate from the triplet manifold via the same tri­
methylene species, and the observed trend in QF and 
product yields may reflect an increase in intersystem 
crossing rate constant with increasing vibrational 
energy in the excited singlet state.22 Competitive 
benzvalene formation and a constancy of fa would 
again give the observed results. Certainly the triplet 
state can give the three products as is conclusively shown 
by the benzene sensitization experiments. 

(20) E. J. O'Connel, Jr., G. Martin, and J. T. Lis, / . Chem. Soc. D, 
95 (1970). 

(21) D. Phillips, J. Lemaire, C. S. Burton, and W. A. Noyes, Jr., 
Ativan. Photochem., 5, 329 (1968); W. A. Noyes, Jr., and D. A. Harter, 
J. Phys. Chem., 75, 2741 (1971). 

(22) W. R. Ware, B. K. Selinger, C. S. Parmenter, and M. W. 
Schuyler, Chem. Phys. Lett., 6, 342 (1970). 

That czs-but-2-ene (up to 400 mm) is unable to 
quench any of the electronic states involved in product 
formation is evident from Figure 1. Here <J>n is com­
pletely unaffected, while the quenching of formation of 
III and IV is only vibrational quenching the same as ob­
served for n-butane. Now 2-butene is known to be a 
quencher of aromatic triplet states, and this quenching 
can be monitored by geometric isomerization of the 
olefin. The triplet energy of phenylcyclopropane as 
found by oxygen perturbed singlet-triplet absorption23 

is ca. 81 kcal mol -1 . Since p-xylene has a triplet en­
ergy24'26 of ca. 81 kcal mol - 1 and is an efficient sen­
sitizer of butene isomerization, the absence of geo­
metric isomerization on addition of 50 mm of cis-
but-2-ene confirms the absence of electronic quenching. 
However, if the lifetime of the triplet is very short, this 
lack of quenching can be explained. It seems that this 
could be the case, for in the benzene sensitized photol­
ysis of I a linear Stern-Volmer plot (Figure 3) is ob­
tained on addition of cw-but-2-ene. Such linearity can 
only be explained by competitive quenching of the 
benzene triplet (3BXu) by the butene and by I. Any 
quenching of triplet I by butene would show as a devia­
tion from linearity. Again the results can be explained 
in one of two ways; either by very fast reaction from the 
triplet manifold so that the triplet is too short-lived to 
be detected, or reaction from the singlet state with an 
intersystem crossing rate constant too low to populate 
the triplet state to a measurable extent. 

We shall look more closely at the quantitative im­
plications of the two possibilities. If all the reactions 
occur from the singlet state, then the lack of detectable 
sensitized isomerization of cw-but-2-ene under the condi­
tions used sets a maximum value of 3>T = 0.05.26 

Since the singlet-state natural lifetime T = Q-F^^d, 
T = 66 nsec (on irradiation near the 0-0 band), and 
since $ T = far, fa < 7.6 X 105 sec -1. This value is 
more than an order of magnitude lower than the inter­
system crossing rate constants for alkylbenzenes; e.g., 
for toluene11 faSc = 1-98 X 107 sec -1 and for p-xylene12 

fcisc = 1.08 X 107 sec-1. On the other hand, the 
intersystem crossing rate constants in some constrained 
phenylalkenes do seem to be very low.29 In the case of 
a triplet mechanism, it can be seen that the intersystem 
crossing rate constant would still be low compared to 
monoalkylbenzenes, having a maximum value (when 
$ T = 1 _ QF) of 7.9 x 106 sec-1. In addition, if # T is 
assumed to be 0.52 and making the same assumptions as 
before about collision diameter and energy transfer 
efficiency, from the absence of energy transfer to butene 
we can set an upper limit of 10-8 sec on the lifetime of 
the triplet. 

The quantum yields of formation of the three prod­
ucts are measurably lower on sensitization with ben-

(23) D. F. Evans, J. Chem. Soc, 2753 (1959). 
(24) Y. Kanda and R. Shimada, Spectrochim. Acta, 17, 279 (1961). 
(25) L. A. Blackwell, Y. Kanda, and H. Sponer, J. Chem. Phys., 32, 

1465 (1960). 
(26) In this calculation, we have assumed a minimum lifetime of 0.1 

jiisec for the triplet of I, a collision diameter of 10~: cm, and that only 
1 collision in 20 will be effective in transferring electronic energy (see 
later and ref 27 and 28). 

(27) A. Morikawa and R. J. Cvetanovic, Can. J. Chem., 46, 1813 
(1968). 

(28) G. A. Haninger, Jr., and E. K. C. Lee, J. Phys. Chem., 73, 1815 
(1969); 71, 3104 (1967). 

(29) J. Saltiel, O. C. Zafiriou, E. D. Megarity, and A. A. Lamola, 
/ . Amer. Chem. Soc, 90, 4759 (1968). 
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zene than in direct irradiation, and since $ T for benzene 
vapor is 0.65 ± 0.05,30 necessarily higher than 3>T for I, 
this suggests that at least some reaction may be oc­
curring from the singlet state. The indications are that 
the reactions may occur from either or both electronic 
states on direct irradiation. The very low value of the 
intersystem crossing rate constant necessary for a 
singlet mechanism has, as yet, found no theoretical 
justification and therefore tends to rule against this as 
an exclusive pathway. In many ways the uncertainties 
present in the mechanistic interpretation of this system 
are similar to those experienced in the direct irradiation 
of stilbenes,31 and it is clear that some of the simple 
tests for the electronic states involved which have been 
used in phenylcyclopropane photochemistry4 must be 
viewed with skepticism. Although no direct com­
parisons can be made between the work of Foote on the 
gas-phase photochemistry of phenylcyclopropane and 
the present study (since a simple alkyl substituent on 
occasions can have profound effects on the photo­
chemistry of a system), there seem to be some obvious 
differences in the photochemistry of the systems. The 
quantum yields of the three major products, alkyl-
benzene, cis-l-phenylprop-l-ene and //-anj-l-phenyl-
prop-1-ene, are very much higher than the quantum 
yields of olefins in this study ($253.7 allylbenzene at 
46° = 0.27 and $253.7 cw-1-phenylprop-l-ene at 46° = 
0.19). The effect of pressure was reported to give a 
linear positive Stern-Volmer plot up to ca. 2.0 mm in 
contrast to the present work. Foote came to the con­
clusion that the three major olefinic products were 
formed by reaction from the triplet state. However, all 
his evidence can be accommodated within the frame­
work of either of the mechanisms presented here. 

The Nature of the Intermediates. From the be­
havior of the three products toward vibrational 
quenching it seems clear that isomerization involves a 
different intermediate from olefin formation. Con­
siderable theoretical interest in trimethylene has been 
recently generated.32 However, firm conclusions con­
cerning the structure of the ground-state trimethylene 
or its excited states have yet to be reached. It is sug­
gested here that cis-trans isomerization may involve a 
" 7r-cyclopropane" in which the true diradical character 
may not have developed. That the intermediate VIII 
in the formation of trans-1 -phenylbut- 1-ene (III) does 
not feed into the isomerization pathway is indicated by 
the fact that although formation of III is quenched by 
increasing pressure, there is no enhancement of geo­
metric isomerization (Figure I).33 The effect of vibra­
tional quenchers on the formation of III and IV can be 
explained by a vibrational quenching of the hot radicals 
VIII and IX, which at low pressures may undergo de­
structive fission, thus enhancing the product formation, 
while at higher pressures so much vibrational energy is 
removed that the activation energy for product for­
mation (i.e., for hydrogen shifts) is unavailable.34 

(30) J. B. Birks, "Photophysics of Aromatic Molecules," Wiley, 
New York, N. Y., 1970, p 293. 

(31) J. Saltiel and E. D. Megarity, J. Amer. Chem. Soc, 88, 2336 
(1966); J. Saltiel, ibid., 90, 6394 (1968); W. M. Gelbart and S. A. Rice, 
J. Chem. Phys., 50, 4775 (1969). 

(32) R. Hoffmann, / . Amer. Chem. Soc, 90, 1475 (1968); K. G. 
Bergman, and W. L. Carter, ibid., 91, 7411 (1969). 

(33) It should be pointed out that even if formation of III and IV 
were completely diverted to the formation of II, only a 5 % increase in 
$ n would be expected. While it is felt that this increase would be 
detected, some doubt must remain. 

This may be an oversimplified picture, and since the 
scatter in the Stern-Volmer plots for quenching of III 
and IV is large, no attempt will be made to pursue this 
quantitatively. 

Quenching of the Excited Singlet State by trans-
Piperylene. For the fluorescence quenching of I by 
piperylene 

1I + [Pip] • I + [pip]* (5) 

and 

QFJQF = 1 + rklpip] 

Now, since r = 66 nsec and the slope of the Stern-
Volmer plot (Figure 2) is 5.16 X 102 1. mol"1, k-0 = 
7.8 X 109 mol I. -1 sec-1. This figure is close to the 
piperylene quenching rate constants for other benzenoid 
singlets; e.g., the mean value for the quenching of the 
xylenes is 1.40 X 1010LmOl-1SeC-1.12 

Since up to 400 mm of butene had no effect on the 
quantum yield of II, no contribution due to triplet 
quenching would be expected in the quenching of 
geometric isomerization on the addition of piperylene. 
This is clearly the case, as is seen in Figure 2. In fact, 
the slope of the product quenching plot is lower (by 
20%) than the fluorescence quenching plot. This 
difference is only just outside the estimated error but 
may reflect some naivity in the mechanism.35 

Methylphenylcyclopropane Quenching of Benzene 
Triplets. A question which has aroused some interest 
in the literature recently is concerned with the im­
portance of self-quenching of aromatic triplets.36 

3Ar + Ar Ar + Ar 

Now the competitive quenching of benzene triplets by 
I and m-butene can provide some information on the 
efficiency of the benzene to methylphenylcyclopropane 
triplet energy transfer process. Using Scheme V 

Scheme V 

Be — > • 3Be 

3Be + Bu —>- 3Bu + Be 
3Be + I — > 3I + Be 

3Be — > Be 
3Be + Be —>• Be + Be 

3I —>• II 

—>- other products 

(6) 

(7) 

(8) 

(9) 

(10) 

(H) 

(12) 

it can be shown that 

$o/S = 1 + [Bu] 
/C1 

_ks[l] + &» + [Be]A:io 
(13) 

where <t>0 is the quantum yield of II on triplet energy 
transfer from benzene in the absence of butene and $ 
the quantum yield with added butene. From the slope 
in Figure 3 

(34) If the singlet excited state is involved in the reaction, III and 
IV may be formed by a concerted process, but in this case the increase 
in # I I I and *iv on the addition of low pressures of gas, followed by a 
decrease as the pressure is increased further, would be difficult to ex­
plain. 

(35) For example, collisions between piperylene and I may affect 
the intersystem crossing rate constant(s). 

(36) C. S. Burton and H. E. Hunziker, Chem. Phys. Lett., 6, 352 
(1970). 
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ki/(ks[l] + fci + [Belfco) = 225 1. mol"1 

If we neglect24-26 the fc9 + [Be]^i0 term in eq 13, and 
since [I] = 2.20 ± 0 . 1 X 1O-4 mol I.-1, a minimum 
value for kg/hi is 20. This very interesting piece of in­
formation shows that the quenching rate constant ks is 
one of the largest measured for quenching of benzenoid 
triplets by organic molecules. Lee and Haninger28 

and Morikawa and Cvetanovic27 have obtained values 
of 14 and 16, respectively, for kq/k7, where kq is the 

The electronic absorption spectrum of ketene has 
been the subject of investigation by many spectros-

copists. Among the first to measure the spectrum of 
this molecule were Lardy in 19241 and Norrish, Crone, 
and Saltmarsh in 1933.2 More recently, Dixon and 
Kirby,3 Rabalais, McDonald, Scherr, and McGlynn,4 

and Laufer and Keller5 have recorded and analyzed the 
spectrum of ketene. Despite these detailed studies the 
nature of the low-energy excited states of this molecule 
have not been well characterized. Moreover, there is 
disagreement among recent studies in so fundamental 
a question as whether or not the ketene spectrum re­
sults only from spin-allowed transitions. Hence, a 
theoretical study of the geometries and energies of low-
lying electronic states of ketene would be of value in 
answering questions posed by spectroscopic studies of 
this molecule. 

Ketene is also of interest to photochemists, since 
irradiation of ketene has often been used as a source 
of both singlet and triplet methylene radicals. Spin 
conservation rules require that triplet ketene be the 
precursor of triplet methylene and that singlet ketene 
be the source of singlet methylene. Undoubtedly, 
an understanding of the mechanism of photolysis in 
ketene will be aided by a description of the electronic 
structures of states involved in photochemical processes. 

(1) G. C. Lardy, J. Chim. Phys., 21, 353 (1924). 
(2) R. G. W. Norrish, H. G. Crone, and O. D. Saltmarsh, / . Chem. 

Soc, 1533 (1933). 
(3) R. N. Dixon and G. H. Kirby, Trans. Faraday Soc, 62, 1406 

(1966). 
(4) J. W. Rabalais, J. M. McDonald, V. Scherr, and S. P. McGlynn, 

Chem. Rev., 71, 73 (1971). 
(5) A. H. Laufer and R. A. Keller, / . Amer. Chem. Soc., 93, 61 (1971). 

quenching rate constant for quenching by 1,3-butadiener 
The value of 20 for k$/k7 obtained here implies that 
triplet energy transfer between benzene derivatives is 
very efficient. 
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Recently, ab initio self-consistent field (SCF) con­
figuration interaction (CI) calculations have been re­
ported for a rather large group of small molecules.6'7 

These studies have shown that minimal basis calcula­
tions can approximate the excitation energies of low-
lying molecular electronic states quite well. In those 
cases where the excited state geometries have been 
determined experimentally, there was satisfactory agree­
ment between calculated and experimental values for 
bond angles and bond lengths. It would therefore 
seem appropriate to carry out ab initio calculations on 
ketene in order to describe the geometries and elec­
tronic structures of the low-energy states of this mole­
cule. This paper reports the results of such calcula­
tions. An analysis of these results should provide 
some insight into the spectroscopic and photochemical 
behavior of ketene. 

Method of Calculation 

For a molecule with 2n electrons the closed-shell 
ground state wave function can be written in the form 
of a single determinant 

* = \HDH2). • .*„(2n - l)U2n)\lVan)l = 
11122...nn\ 

in which n orbitals are each occupied by two electrons. 
A molecular orbital ^4 may be expressed as a linear 
combination of atomic basis functions #„ (the LCAO 

(6) R. Ditchfleld, J. E. Del Bene, and J. A. Pople, ibid., 94, 703 (1972). 
(7) R. Ditchfleld, J. E. Del Bene, and J. A. Pople, ibid., in press. 
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Abstract: Ab initio SCF and SCF-CI calculations with a minimal STO-3G basis set have been performed on the 
low-lying electronic states of ketene. Vertical excitation energies to the 3A2,

 1A2, and 3A1 states are calculated. 
These states are then geometry optimized, and 0-0 transition energies are obtained. The calculated excitation 
energies are compared with experimental data, and the transitions which give rise to the long wavelength bands in 
the uv spectrum are identified. The A2 states are found to arise from TT -* ir'* transitions. The lowest triplet 
state of ketene results from optimization of the 3Ai state, which arises from a •K -*• IT* transition. Potential curves 
for the dissociation of ketene into CH2 and CO are also presented and used as a basis for discussion of the photo­
chemistry of this molecule. 
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