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Figure 7. Schematic representation of relative energy contents of 
parent and fragment ions with total composition C4H8

+, with re
spect to the lowest energy form (butene-2 ion). Also shown are 
assumed energy deposition probability functions corresponding to 
ionization of butene-2 and butene-1 by 70-eV electrons. The 
shaded portion corresponds to the fraction of ions capable of yield
ing C3H5

+ fragments. 

conveniently by considering the heats of the formations 
of all major species of total composition C4H8

+ (Table 
III). The last column lists the energy above that of the 
most stable structure (rran.s-2-butene ion) and reflects 
the minimum potential internal energy of the ion result
ing from ionization of a given structure. All energy 

The photochemistry of ketones has been the subject 
of many investigations.1 The lowest excited sin

glet of aliphatic ketones is generally accepted to be 
n,7r* in character and to exhibit a high intersystem 
crossing yield to the triplet. Data on absorption spec-

(1) J. G. Calvert and J. N. Pitts, Jr., "Photochemistry," John Wiley 
and Sons, Inc., New York, N. Y., 1966, Chapter 5. 

states are accessible to 70-eV electron impact, but the in
ternal energy distribution above the ground state should 
vary depending on the ionization threshold. The second 
derivative of the total ionization efficiency curve by elec
tron impact is thought to correspond approximately to 
the initial internal energy distribution of the ion,30 and 
the general features of this curve do not vary greatly be
tween similar compounds.30'31 As a consequence cy-
clobutane ion will initially have a considerably higher 
internal energy content than the other isomers because 
the zero is considerably offset; it should therefore frag
ment considerably more. This is borne out by the 70-
V mass spectra of these compounds (Table IV). The 
rationale is perhaps best demonstrated graphically by 
overlaying the estimated energy deposition distribution 
function of these molecules on the energy scheme, as 
demonstrated in Figure 7. The proportion of initial 
molecular ions capable of dissociation is much larger 
when the heat of formation of the parent ion is greater. 
The dissimilarities of the spectra of isobutylene and 
methylcyclopropane and those of the other isomers in
dicate that in the C4H8 system thermodynamic aspects 
dominate the fragmentation mechanism and the general 
features of the mass spectrum, and that the original 
structure enters primarily through its effect on the heat 
of formation of the analogous parent ion structure. 
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(30) W. A. Chupka and M. Kaminsky, /. Chem. Phys., 35, 1991 
(1961). 

(31) W. A. Chupka and T. Berkowitz, ibid., 47, 2921 (1967). 

tra have emphasized the importance of both structural 
and solvent effects on the n,7r* transitions of the car-
bonyl group.2-6 Fluorescence studies of carbonyl 

(2) W. A. Noyes, Jr., G. B. Porter, and J. E. Jolley, Chem. Rev., 56, 
49 (1956). 

(3) W. R. Mountcastle, D. F. Smith, and E. J. Grove, J. Phys. Chem., 
64, 1342 (1960). 

Structural Effects on Electronic Relaxation Processes of 
Aliphatic Ketone Triplets at 77 0K 

M. O'Sullivan and A. C. Testa 
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Abstract: The phosphorescence quantum yields and lifetimes of aliphatic ketones have been determined at 77 0K 
in EPA. The results indicate that the a-CH stretching mode is a significant factor in radiationless decay, i.e., Ti «*-»• 
S0. The phosphorescence quantum yields of the carbonyl compounds were observed to increase with alkyl sub
stitution at the a carbon, and the phosphorescence wavelength maxima remained constant at 450 ± 3 nm. The 
results show that the natural radiative lifetime for phosphorescence is constant, while radiationless deactivation 
of the triplet is slowed down by substitution. The phosphorescence yield of di-f-butyl ketone in EPA at 77 0K was 
determined to be 0.89 ± 0.10, which is greater than that of acetone by a factor of 21. Deuterated acetone exhibits 
enhanced phosphorescence relative to ordinary acetone. A comparison of absorption and phosphorescence data 
illustrates that the natural radiative lifetime for singlet and triplet are constant for the nine aliphatic ketones studied. 
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compounds, with the exception of acetone and a few 
simple ketones,2 '6-13 have been given little attention. 
The phosphorescence quantum yield of acetone in 
EPA at 770K has been reported to be 0.043.14 Mech
anisms accounting for emission properties have been 
proposed,9'12'15 but radiationless decay paths have not 
yet been characterized. 

It would be of interest to study the phosphorescence 
of a series of ketones for the purpose of gaining some 
insight concerning the factors influencing radiationless 
decay processes in these compounds. Aliphatic ke
tones are ideally suited for this type of study since the 
triplet yield is essentially unity in all cases. Ross, 
et ah,16 have indicated that C-H stretching can be a sig
nificant factor in radiationless deactivation, which 
should be diminished by deuteration. In this inves
tigation the phosphorescence yields and lifetimes of a 
series of aliphatic ketones, which may be considered as 
derivatives of acetone with substitution at the a carbon, 
have been measured. 

Experimental Section 

Materials. Zone-refined acetone (James Hinton, Valparaiso, 
FIa.) was used as received. Deuterated acetone-^ was obtained 
from Merck Sharp and Dohme, Ltd., Montreal, Canada. 2-
Butanone, 3-pentanone, and 2,4-dimethyl-3-pentanone were ob
tained from Matheson Coleman and Bell; di-f-butyl ketone from 
K and K Laboratories, Inc., Plainview, N. Y.; and methyl cyclo-
pentyl ketone, methyl cyclohexyl ketone, and dicyclohexyl ketone 
from Chemical Samples Co., Columbus, Ohio. These compounds 
were vacuum distilled prior to use and their purity checked with a 
6 ft, 1U in. o.d., Carbowax 20 M column on a Perkin-Elmer Model 
154B gas chromatograph. Spectrograde (Matheson Coleman and 
Bell) EPA was used as received since emission studies indicated no 
interfering spectral properties. 

Apparatus and Procedures. Absorption spectra were obtained 
with either a Bausch and Lomb Model 505 or a Beckman Model 
DU spectrophotometer. The natural radiative singlet lifetime, 
TF0, was estimated from the integrated absorption of the lowest 
transition of the ketone. 

Phosphorescence measurements were made with a quartz dewar 
and an Aminco grating monochromator equipped with a rotating 
motor shutter assembly. The output from a 1P21 photomultiplier 
tube was amplified and displayed on a Moseley Model 703OA XY 
recorder. The emission spectra were measured at 770K in 
EPA from frozen air saturated solutions. Phosphorescence life
times were measured with a xenon flash lamp and a Tektronix 
545B oscilloscope. The phosphorescence of acetone and acetone-rfe 
are unaffected by dissolved oxygen. 12>" 

All ketones were excited with 313-nm light which was isolated 
from an Osram 100 W/2 high pressure mercury lamp with a Schott 

(4) C. N. R. Rao, G. K. Goldman, and A. Balasubramanian, Can. 
J. Chem., 38, 2508 (1960). 

(5) M. Dertooz and J. Nasielski, Bull. Soc. Chim. Beiges, 70, 794 
(1961). 

(6) R. E. Hunt and W. A. Noyes, Jr., /. Am. Chem. Soc, 70, 467 
(1948). 

(7) W. E. Kaskan and A. B. F. Duncan, J. Chem. Phys., 16, 223 
(1948). 

(8) W. E. Kaskan and A. B. F. Duncan, ibid., 18, 432 (1950). 
(9) H. J. Groh, G. W. Luckey, and W. A. Noyes, Jr., ibid., 21, 115 

(1953). 
(10) P. Ausloos and E. Murad, /. Phys. Chem., 65, 1519(1961). 
(11) D. S. Weir, J. Am. Chem. Soc, 83, 2629 (1961). 
(12) R. F. Borkman and D. R. Kearns, J. Chem. Phys., 44, 945 

(1966). 
(13) J. Heicklen /. Am. Chem. Soc, 81, 3863 (1959). 
(14) E. H. Gilmore, G. E. Gibson, and D. S. McClure, /. Chem. 

Phys., 20, 829 (1952); 23, 399 (1955). 
(15) J. C. D. Brand, /. Chem. Soc, 858 (1956). 
(16) J. P. Byrne, E. F. McCoy, and I. G. Ross, Aust. J. Chem., 18, 

1589(1965). 
(17) R. F. Borkman and D. R. Kearns, /. Am. Chem. Soc, 88, 3467 

(1966). 

Figure 1. Phosphorescence spectra of aliphatic ketones in EPA at 
770K. (Xexo = 313 nm): (1) acetone, (2) methyl cyclopentyl 
ketone, (3) acetone-rfe, (4) methyl cyclohexyl ketone, (5) diisopropyl 
ketone, (6) dicyclohexyl ketone, (7) di-c-butyl ketone. 

interference filter. The monochromator entrance and exit slits 
were 1 mm and the emission was detected in a direction perpendic
ular to the exciting beam. Relative phosphorescence intensities 
were determined from total emission measurements in a second 
quartz dewar. The latter measurements eliminated the need for a 
lifetime correction. A planimeter was utilized to integrate the 
emission spectra of all solutions, which were adjusted to have the 
same optical densities at the wavelength of excitation. 

Results 

The most significant observation is that the phos
phorescence envelopes remained constant for all the 
ketones studied and that the phosphorescence quantum 
yields increased when the a-hydrogens of acetone were 
replaced by various alkyl groups. It can be seen that 
all the phosphorescence spectra of the ketones exhibit 
a wavelength maximum at 450 ± 3 nm (see Figure 1). 
The phosphorescence yields are reported relative to 
acetone since its phosphorescence yield has been deter
mined to be 0.043 in EPA,14 and the constancy of the 
spectral distribution eliminates the need for correction 
factors associated with the photomultiplier-mono-
chromator assembly. The results illustrate that di-t-
butyl ketone has a phosphorescence yield of 0.89 ± 
0.10, which is approximately 21 times greater than that 
of acetone. The total emission of the ketones was also 
measured at 77 0K from EPA glasses, and the results 
paralleled the trend seen in the phosphorescence mea
surements, since phosphorescence is the dominant emis
sion process. 

Kearns, et al.,12 observed that the phosphorescence 
of acetone and acetone-<tf6 were identical with respect to 
spectral distribution, but that the intensity was 2.5 
times larger for acetone-^- Our results, shown in 
Figure 1, are in agreement with their observations. 
They concluded that deuteration has little or no effect 
on the radiative triplet to ground state transition, but 
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that deuteration effects phosphorescence solely through 
its effect on some rapid, intrinsic radiationless process. 

In contrast to the trend in alkyl ketones, Richtol and 
Klappmeier18 recently reported that for aliphatic a-di-
ketones, alkyl substitution at the a carbon in biacetyl 
lowers the phosphorescence yield. They suggested 
that internal conversion of the triplet increases with in
creasing chain length. 

Phosphorescence lifetimes of aliphatic ketones re
ported by McClure19 are included in Table I, together 
with those measured in the present investigation. Of 
particular interest is the increase in the phosphorescence 
lifetime of the ketones with alkyl substitution at the 
a carbon. Using the two experimental parameters, 
i.e., quantum yield and lifetime, the rate constants for 
phosphorescence, kv, and radiationless decay of the 
triplet, kdt, were calculated and are given in Table I. A 
comparison of these calculated rate constants illustrates 
remarkable constancy of the radiative process for the 
nine molecules investigated. Equally surprising is the 
wide variation of the rate constant for the radiationless 
process, which indicates that it is the determining factor 
for the emission intensity of these molecules. It can 
be seen that changes in kdt parallel changes in 4>p and 
Tp, and the correlation is quite good. These results 
provide convincing evidence for slowing down of radia
tionless decay with alkyl substitution. It is evident 
that the calculated rate constants in Table I include the 
value of unity for the triplet yield of the molecules in
vestigated. 

Table I. Phosphorescence Quantum Yields and Lifetimes of 
Aliphatic Ketones" 

Phosphorescence 
in EPA, 770K 

rp X 
10s, kp, kdt, 

4>v
b sec sec"1 sec"' 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

CHsCOCH, 

CD1COCD1, 

CHJCOCJH-, 

CjHiCOC2H-, 

( C H 3 ) J C H C O C H ( C H J ) J 

(CH 1 ) JCCOC(CHJ) 1 

CHJCO-<^ J 

C H J C O - ( ^ ) 

OK3 

0.043 

0.106 
0.08" 

0.306 

0.89 

0.070 

0.194 

0.54 

0,33 
0.6« 

1.C 
0.85« 

1.26« 

3.77« 

8.6« 

0.97 

1.6 

4.3 

77 
72 

80 

81 

100 

72 

121 

120 

•> 313-nm excitation. ° c4p normalized to the value of 0.043 for 
acetone in EPA glass at 77 0K (see ref 14). « Reference 19. d Ref
erence 12. 

Attempts were made to measure directly the triplet 
yields by triplet-triplet energy transfer in the ketone-
photosensitized cis-trans isomerization of cw-piper-
ylene.20 This procedure, however, was complicated by 

(18) H. H. Richtol and F. H. Klappmeier, / . Chem. Phys., 44, 1519 
(1966). 

(19) D. S. McClure, ibid., 17, 905 (1949). 
(20) A. A. Lamola and G. S. Hammond, ibid., 43, 2129 (1965). 

irreversible photochemical processes, e.g., formation of 
alcohol, hydrocarbon dimer, and oxetane.21'22 There 
was an apparent increase in the rate of product forma
tion with the more highly substituted ketones. The in
creased efficiency of the photochemical reaction be
tween the ketone and cw-piperylene with increasing 
substitution at the a carbon is consistent with the in
creasing triplet lifetimes of the substituted ketones 
presented in Table I. The triplet yields of acetone and 
acetone-de have each been reported to be 1.00 ± 0.10 
by energy transfer studies of the acetone-photosen
sitized cis-trans isomerization of pentene-2.17 It is 
reasonable to expect the triplet yields of the remaining 
aliphatic ketones to be unity, since all the molecules 
have the same natural radiative singlet lifetime (refer 
to Table II) and are inefficient fluorescers. 

Table II. Extinction Coefficients, Wavelength Maxima, 
and Radiative Singlet Lifetimes for the n,7r* Absorption of 
Aliphatic Ketones in «-Hexane 

TF0 X 108, 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

C H J - C O — C H j 

CD11-CO—CD11 

C H J - C O — C J H J 

C J H J - C O — C J H 1 

(CHJ)JCH—CO—CH (CHJ) , 

(CHj) jC—CO—C(CHJ 

C H J - C O - ^ J 

C H , - C O — ( ) 

0»-0 

€max 

14.5 

14.6 

15.8 

18.6 

23.0 

20.5 

18.8 

21.9 

30.8 

v̂max, nm 

279 

282 

279 

279 

289 

298 

284 

287 

296 

sec 

2.5 

2.5 

2.3 

1.9 

1.7 

2.0 

2,0 

1.8 

1.3 

° TF0, radiative singlet lifetime, was calculated from integrated 
absorption spectrum using the following expression 

TF0 = 3 .5 X lOVmasemasA?!/ , 

The absorption spectra of the ketones investigated 
exhibit the usual solvent shift to shorter wavelengths 
with increasing polarity and hydrogen-bonding ability 
and low extinction coefficients (e •~ 15-30), character
istic of n,7r* states.23 Relative to acetone with Xmax 279 
nm in n-hexane, alkyl substitution at the a carbon pro
duced a red shift with the lowest energy singlet being 
that of di-r-butyl ketone with Xmax 298 nm (see Table 
II). The observed wavelength maxima were in general 
agreement with literature values.4'5 The extinction co
efficients show a small increase with alkyl substitution 
as illustrated in Table II. 

The natural radiative lifetimes, TF°, estimated from 
integrated absorption spectra, are also presented in 
Table II. It is seen that again the radiative values for 
all the ketones investigated are constant. 

Discussion 
The invariance of the phosphorescence spectral dis

tribution of all the carbonyl compounds investigated 
(21) D. E. Neckers, "Mechanistic Organic Photochemistry," Rein-

hold Publishing Corp., New York, N. Y., 1967, p 131. 
(22) J. S. Bradshaw, /. Org. Chem., 31, 237 (1966). 
(23) M. Kasha, Discussions Faraday Soc, 9, 14 (1950). 
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suggests that the emission process is localized in the 
carbonyl moiety. This explanation is consistent with 
molecular orbital theory, since none of the compounds 
studied shows conjugation with the carbonyl group. It 
is well known that aromatic ketones, such as aceto-
phenone and benzophenone, do not fluoresce.1 

From the data in Tables I and II it is seen that the 
natural radiative lifetimes for singlet, TF° = 1/&F, and 
triplet, Tp0 = Tp 0T/0P) are relatively constant. The 
slight increase for kF with substitution is probably re
lated to small variations of emax. Since the triplet 
yields of the ketones, on the basis of available evi
dence,1217'20'23 can be assumed to be 1.00 ± 0.10, the in-
tersystem crossing rates are expected to be approximately 
90-100 times faster than the radiative singlet-singlet 
transition, e.g., kisc « I00k¥, assuming kds is negligible. 
This condition is not true, however, when internal con
version of the singlet occurs. It is tempting to suggest 
that possibly the singlet and triplet manifold are affected 
in the same manner by alkyl substitution, i.e., alkyl sub
stitution at the a carbon in acetone slows down radia-
tionless deactivation. Preliminary evidence indicates 
that the fluorescence yield of di-?-butyl ketone is greater 
than that for acetone.24 A consequence of this inter-

Because fulvene is one of the isomers of benzene with 
three conjugated double bonds, its chemical and 

physical properties have been scrutinized for evidence 
of aromatic character. In this regard, a precision de
termination of its molecular geometry would probably 
support the chemical evidence that bonding in the ful
vene framework is best described as a superposition of 
three butadiene-type structures. An early electron 
diffraction study2 is not sufficiently conclusive, nor is 
the microwave analysis8 of a single isotopic species, al
though the latter does prove that the molecule is planar. 

(1) (a) State University College; (b) Cornell University. 
(2) M. Rouault and Z. L. Waziutynska, Acta Cryst., 10, 804 (1957). 
(3) R. D. Brown, F. R. Burden, and J. E. Kent, J. Chem. Phys., 49, 

5542 (1968). 

pretation is that there is a small amount of singlet de
activation in acetone (<j>ds ~ 0.03), which is increasingly 
removed by modifying the molecule by alkyl substitu
tion. The results for the phosphorescence in Table I 
confirm this effect in the triplet manifold. 

In view of the above results, it is tempting to explain 
the increasing quantum yields associated with alkyl sub
stitution in terms of the energies of the vibrational 
quanta of the C-H stretch (2900-3000 cm-1), the C-D 
stretch (~2200 cm-1), and the C-C stretch (600-1500 
cm -1).26 In acetone, energy dissipation can occur via 
the C-H stretch. Since the C-C stretch involves a 
smaller quantum of energy than the C-H stretch, it is 
reasonable to expect that the probability of radiative 
emission would be increased upon systematic replace
ment of the a hydrogens with alkyl groups. The phos
phorescence data for the series of ketones in Table I are 
consistent with this interpretation. Our observations 
of a deuterium effect on the emission properties with 
acetone-i/6 (see Table I) further corroborate this inter
pretation. 

(24) M. O'Sullivan and A. C. Testa, unpublished work. 
(25) R. T. Conley, "Infrared Spectroscopy," Allyn and Bacon, Inc., 

Boston, Mass., 1966, pp 92-93, 96. 

In the following report on the structure of dimethylful-
vene the coplanarity of the carbon skeleton is again 
confirmed, as is the similarity of its interatomic distances 
to those present in butadiene. A comprehensive re
view of the chemistry of the fulvenes has been published 
recently;4 less current are spectroscopic studies in the 
uv5a and ir5b and dipole moment calculations.6 

Experimental Section 
The dimethylfulvene used in this investigation was prepared by 

Mr. H. Banks of the Department of Chemistry, Cornell University, 

(4) E. D. Bergmann, Chem. Rev., 68, 41 (1968). 
(5) (a) J. H. Day and J. C. Lukman, Ohio J. ScU, 52, 335 (1952); 

(b) J. C. Wood, R. M. Elofson, and D. M. Saunders, Anal. Chem., 30, 
1339 (1958). 

(6) G. W. Wheland and D. E. Mann, /. Chem. Phys., 17, 264 (1949). 
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Abstract: Dimethylfulvene is one of a group of nonbenzoid conjugated ring hydrocarbons under investigation in 
this laboratory by electron diffraction. The intensity patterns produced by C5H4CMe2 vapor were analyzed on 
the basis of a model with C2v symmetry, wherein a range of bond lengths and angles was tested in a variety of plaus
ible combinations. A least-squares analysis was applied to the experimental molecular intensity curve, and this led 
to the following geometrical parameters: Ci-C2 = 1.476 ± 0.008, C2=C3 = 1.340 ± 0.006, C3-C4= 1.462±0.009, 
C1=C6 = 1.347 ± 0.010, C6-C7 = 1.510 ± 0.010, and (C-H)av = 1.100 ± 0.010 A; ZC4C3C2 = 109.0 ± 1.2, 
ZCiC6C7 = 122 ± 2, ZC4C3Hi0 = 131 ± 2, and ZC6C7H = 108 ± 2°. The methyl groups have C3v symmetry 
with reference to the C7-C6 axis, apparently in a slightly distorted eclipsed conformation. Planar carbon skeleton 
models with uncoupled free rotation of the methyl groups and with staggered conformations were tested. None of 
these fit the reduced experimental molecular intensity curve better than the model with the methyl groups eclipsed. 
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