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Procedure 

The calculations were carried out using a spin-unrestricted 
version8 of M I N D O / 3 9 together with the associated DFP 
geometry program.9 The procedure was otherwise the same 
as in part 1.' All geometries were optimized with respect to all 
geometrical variables, no assumptions whatsoever being 

1 made. 

Notation 

Reactions are indicated in the text in parentheses, e.g., (5 
—• 6). Transition states are represented likewise, but using 
square brackets, e.g., [5 — 6] would be the transition state for 
( 5 - 6 ) . 

Results and Discussion 

(1) Properties of 5 and 6. Figure 1 shows the geometries, 
heats of formation, and distributions of formal charge calcu­
lated for TMI (5) and CHMI (6). 

The heat of formation calculated for 5 (212.2 kcal/mol) 
agrees very well with experiment (215 kcal/mol10). The ge­
ometry is interesting, corresponding to a distortion of the ring 
in the direction of the classical structure 7. This can be un­
derstood very easily in terms of PMO theory1' by arguments 

Gaseous Ions. 2.1 MINDO/3 Study of the 
Rearrangements of Toluene and Cycloheptatriene 
Molecular Ions and the Formation of Tropylium 

Michael J. S. Dewar* and David Landman 

Contribution from the Department of Chemistry, The University of Texas at Austin, 
Austin, Texas 78712. Received July 21, 1976 

Abstract: Several reaction paths for rearrangement of toluene molecular ion (TMI) to cycloheptatriene molecular ion (CHMl) 
have been studied, using MINDO/3. The results are in qualitative agreement with experiment and lead to the following con­
clusions: (a) the activation energy for interchange of ring hydrogen in TMI is less than for methyl-ring exchange; (b) there are 
several paths from TMI to CHMI with similar overall activation energies; (c) scrambling of hydrogen in CHMI is easier than 
in TMI: (d) loss of hydrogen from CHMI is easier than from TMI. 

Journal of the American Chemical Society / 99:8 / April 13, 1977 



2447 

that have already been used to explain12 the photoelectron 
spectrum of 1. The HOMO in benzene consists of a pair of 
degenerate -K MO's. In 1, the degeneracy is removed by hy-
perconjugative interaction with methyl, the MO indicated in 
7 increasing in energy while that indicated in 8 remains un­

changed. Conversion of 1 to 5 therefore involves loss of an 
electron from the MO of 7. Now this MO is antibonding be­
tween the 2,3 and 5,6 positions in toluene but bonding between 
the other pairs of adjacent ring atoms. Removing an electron 
from it should therefore lead to contraction of the 2,3 and 5,6 
bonds and lengthening of the others in the ring, i.e., the dis­
tortions predicted by our calculations. Likewise the formal 
positive charge should be concentrated mainly in the 1,4 po­
sitions, as our calculations again predict. 

The heat of formation calculated for 6 (206.6 kcal/mol) was, 
however, very much lower than the experimental value (240 
kcal/mol).10 It was obvious that this discrepancy had to be 
resolved if we were to put any trust in MINDO/3 calculations 
for the C7H8

+- potential surface. The MINDO/3 heat of 
formation for cycloheptatriene (2) itself (37.3 kcal/mol) is in 
reasonable agreement with experiment (43.9 kcal/mol13). The 
trouble lies in a major discrepancy between the calculated 
ionization potential of 2 (7.34 eV) and that observed (8.52 
eV'0,14,15) , 

MINDO/3 ionization potentials can be estimated by two 
different procedures, either by applying Koopmans' theorem 
or (as here) by difference between the heats of formation cal­
culated for a molecule and for the corresponding molecular ion. 
The former should approximate the vertical ionization po­
tential, the latter the adiabatic one. Usually the two values 
differ by only a few tenths of an electron volt, the vertical being 
naturally the larger. Here, however, the MINDO/3 value16 

for 2 from Koopman's theorem (8.47 eV) is very much greater 
than the adiabatic one, being in good agreement with experi­
ment.10-14'15 This suggests that the discrepancy indicated above 
could be due to an abnormally large difference between the 
vertical and adiabatic ionization potentials for 2, the experi­
mental value corresponding to vertical ionization. 

The following argument shows that the latter value must in 
fact be much greater than the true adiabatic ionization po­
tential of 2. 

The hexatriene system in 2 is severely twisted out of plan-
arity,17 the dihedral angles between adjacent double bonds 
being no less than 54°. Since the HOMO of hexatriene is a ir 
MO with nodes intersecting the "single" bonds, removal of an 
electron from it should greatly increase the ir orders of the 
"single" bonds while decreasing those of the "double" ones. 
The hexatriene molecular ion should therefore have a much 
greater tendency to planarity than hexatriene itself. Since the 
difference in energy between 2 and planar 2 (i.e., the barrier 
to inversion in 2) is known to be small, the corresponding mo­
lecular ion (6) should then be planar, and MINDO/3 indeed 
predicts this to be the case. Vertical ionization of 2 should 
therefore lead to 6 in a very unfavorable nonplanar geometry. 
There should therefore be an unusually large difference be­
tween the vertical and adiabatic ionization potentials of 2, as 
MINDO/3 indeed predicts. Now Bischof and Heilbronner18 

have measured the vertical ionization potential of 2 accurately 
and unambiguously by photoelectron spectroscopy, finding it 
to be 8.57 eV. This is only 0.05 eV greater than the electron 

>, / ( 0 , 0 5 5 5 ) 

(O.0l8?\, 

(0.0509) 

(0,0619) 

H (0.0520) 

(a) (b) 

A H f , 206 .6 

H u H - - 7 ( - o , o o 9 i ) / \ H ( 0 | 0 6 2 5 ) 

(0.0585) 

H ' ^ H (0,0693) 

(C) " (d) 
A H f , 223,4 

,,i)yH H (0,0666) 

H H 

(0,0723) 

H ^ 

H ^ 

~~~C-0,0544) 
\ ^HIO.0827) 

«•18/3/1. > 

^ - \ - 5 ^ ^ ^ 

^-H 
-"(0.051O] 

(0,0863) 

H (0,0454) 

(e) ( f ) 
A H f , 238,5 

(0.065I)H 
,» H (0.0512) 

H 
(0,0726) 

A H f , 212.2 

H(0,0582) 

(h) 

Figure 1. Calculated geometries, heats of formation (SHf, kcal/mol at 

25 0C), and distributions of formal charge: (a) (b) for 6; (c) (d) for VO; 

(e ) ( f ) fo r l l ; (g ) (h ) fo r5 . 

impact value, which must therefore be much greater than the 
adiabatic ionization potential. The heat of formation of 6 must 
therefore be much less than the "experimental" value in ref 
10. This discrepancy would not be surprising if 6 indeed has 
a planar geometry because extrapolation of the mass spectral 
ion current to the limit corresponding to the onset of ionization 
would be virtually impossible. 

Batich, Bischof, and Heilbronner18 have developed an ap­
parently very successful semiempirical treatment of the rela­
tion between the vertical ionization potentials of polyenes and 
their distortion from coplanarity. Using their values, one can 
estimate the vertical ionization potential of planar 2 to be 7.8 
eV so the corresponding adiabatic value is probably close to 
7.5 eV. Since the difference in energy between 2 and planar 
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25 0C), and distributions of formal charge in the transition states (a) (b) 
for [6—10]; (c) (d) for [10— U ] ; (e) (f) for [11 — 5], 

2 is known to be small, being equal to the barrier to inversion, 
the adiabatic ionization potential of 2 itself cannot then be 
much greater than 7.5 eV, supporting the MINDO/3 estimate 
and hence the MINDO/3 value for the heat of formation of 
6. 

MINDO/3 has been shown9 to give heats of formation for 
cations and radicals that are in as good agreement with ex­
periment as those for normal molecules and we have recently 
found that it also gives good results for radical cations. It is 
therefore difficult to believe that the MINDO/3 estimate of 
the difference between the vertical and adiabatic ionization 
potentials of 2 could be greatly in error, depending as it does 
on calculations for the same ion (6) in two different geome­
tries. 

As an additional check, we calculated the energy of the ion 
formed by vertical ionization directly, i.e., 6 with the geometry 
corresponding to 2. Since MINDO/3 gives estimates of the 
dihedral angles in 2 that are too small, and since the energy of 
6 depends critically on these, we used the geometry determined 
experimentally16 for 2 in our calculation. The calculated heat 
of formation (235 kcal/mol) agreed quite closely with that (24 
kcal/mol) estimated from the observed heat of formation of 
2 (43.9 kcal/mol) and its measured vertical ionization potential 
(8.57 eV). 

Reaction Coordinate 

(b) 

Figure 3. Calculated MERP (a) for 5 — 11 — 10.— 6 -
hydrogen shift in 6), (b) for (5 — 13 — 14 — 6). 

(1,2- or 1,5-

In all, it seems likely that the true heat of formation of 6 is 
greater than our calculated value but very much less than the 
published "experimental" one. We believe it to lie somewhere 
in the range 215-220 kcal/mol. 

(2) Skeletal Rearrangements. Hoffman3 has suggested that 
carbon scrambling can occur in the C7H8

+- ions by the series 
of reactions (6 *=s 10 «=t 11 ^ 5). Figure 1 shows the geometries 
and distributions of formal charge calculated for 10 and 11 
while Figure 2 gives similar information for the transition 
states [6— 10], [10— 11], and [11 — 5]. Figure 3a indicates 
the energy profile for this series of reactions, the heats of for­
mation of the various species being listed in Figures 1 and 2. 

The norcaradiene radical cation (10) has the expected bent 
geometry, while 11 corresponds, again as expected, to the 
radical cation formed by loss of a hydrogen atom from the 
methyl group of methylbenzenium (12). The predicted formal 
positive charges in 11 follow the pattern predicted on this basis, 
being large in the ortho and para positions with the latter 
predominating. 

The structures calculated for the various transition states 
also seem reasonable and the heats of formation calculated for 
them and for the stable intermediates are consistent with 
Hoffman's mechanism3 (see Figure 3a). The calculated overall 
activation energy for (6 — 5) is 39.8 kcal/mol and the calcu­
lated overall heat of reaction is +5.6 kcal/mol. Given enough 
excess energy, 5 and 6 should equilibrate easily. As might have 
been expected, 11 is the least stable of the four species (5,6, 
10,11) and the highest transition state for the overall reaction 
corresponds to the step (11 — 5). 
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H, ,CH, 

As McLafferty et al.7 have pointed out, 5 could also rear­
range by an alternative hydrogen shift, this time from methyl 
to an ortho position to give 13. Intramolecular cyclization of 
13 to 14, followed by a 1,2-hydrogen shift to 10 and ring 
opening to 6, would then provide an alternative route from 5 
to 6. We also studied this series of reactions. 

Figures 4a-d show the geometries, heats of formation, and 
distribution of formal charge for 13 and 14. The MTNDO/3 
heat of formation for 13 (219.0 kcal/mol) is in agreement with 
an experimental estimate (<225 kcal/mol19). According to 
MINDO/3, the conversion of 14 to 6, by migration of a hy­

drogen from the methylene group in the six-membered ring 
to the adjacent bridgehead carbon, followed by ring expansion, 
takes place in a single kinetic step. Although 10 is predicted 
to be a stable species, it does not appear as an intermediate in 
the conversion of 14 to 6. Figures 5a-f show the geometries, 
heats of formation, and distributions of formal charge calcu­
lated for the transition states [5-* 13], [13—* 14], and [14—-
6], while Figure 3b shows the reaction profile for the overall 
conversion (5 — 13 — 14 —«• 6). Note that the distribution of 
formal charge in 14 corresponds to the indicated classical 
structure, a combination of an allyl cation with a tertiary alkyl 
radical. 

The overall activation energy for the rearrangement of 5 to 
6 via 13 and 14 (33.6 kcal/mol) is a little less than that for 
rearrangement via 11 and 10 (34.2 kcal/mol; see Figure 3a), 
but the difference is too small to be significant. Both processes 
are likely to take place with comparable ease. Either or both, 
if rapid and reversible under the conditions in the mass spec­
trometer, could lead to the observed carbon scrambling (cf. ref 
7 and 20). 

We also examined two other possible reactions of the radical 
ion 13. 

The first involved an alternative 1,2 migration of hydrogen, 
from the methylene group in the three-membered ring, to form 
15 followed by ring opening to 6. Figure 5g and 5h show the 
geometry, heat of formation, and distribution of formal charge 
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Figure 4. Calculated geometries, heats of formation (AHr, kcal/mol at 
25 0C), and distributions of formal charge (a) (b) for 13, (c) (d) for 14, 
(e) (f) for 17. 

for the transition state in this reaction, which again leads di­
rectly to 6. This path is, as one might have expected, much less 
favorable than reaction by the alternative 1,2-hydrogen shift 
(cf. (14 -» 6) above), the activation energy being over 20 
kcal/mol greater than for the latter. It therefore seems unlikely 
that it can play any important role. 

A second possible route from 13 to 6 seemed to be a Wag-
ner-Meerwein-like rearrangement of 13 to 16, which would 
undoubtedly rearrange to 6 by a 1,2-hydrogen shift. According 
to MINDO/3, however, 16 is not a stable species, the only 
product being the open chain ion 17 whose properties are shown 
in Figures 4e and 4f. While the heat of formation calculated 
for 17 is reasonably low, that for the transition state [13 —• 17] 
is very high, certainly >261 kcal/mol. In view of this, and in 
view of the fact that the conversion of 13 to 17 seemed unlikely 
to form part of any scrambling process, we did not locate this 
transition state precisely. This path, i.e., (5 —«• 13 —• 17), does, 
however, provide an attractive mechanism for fragmentation 
of C^Hg+' ions, which occurs readily in the mass spectrome­
ter. 
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Figure 5. Calculated geometries, heats of formation (AWf, kcal/mol at 
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(3) Hydrogen Scrambling. It is well known2'3 that complete 
hydrogen scrambling is observed in most of the ions derived 
by fragmentation of C7Hg+v Recently, however, McLafferty 
et al.7 have found an exception in the ions formed by loss of one 
carbon atom from the TMI (5), the scrambling of hydrogen 
atoms from the methyl group with the ring being incomplete. 
Their results7 seemed to indicate that scrambling of the methyl 
hydrogens takes place by two different mechanisms, one 
leading to indiscriminate scrambling with the ring while the 
other leads to scrambling only with the ortho hydrogen atoms. 
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Figure 6. Calculated geometries, heats of formation (AW1, kcal/mol at 
25 0C), and distributions of formal charge (a) (b) for 18, (c) (d) for 19, 
(e) (f) for 20, (g) (h) for 21. 

They suggested7 that the latter process involved the reversible 
interconversion (5 -* 13) while the former involves intercon-
version of 6 and 5 by one of the paths indicated in Figure 3. Our 
results strongly support this suggestion. 

In the rearrangement of 5 to 6 via 11 and 10, the overall 
transition state corresponds to the first step (5 -* 11) and the 
energies of the transition states for the subsequent steps are 
much less (see Figure 3a). The interconversion (10 ^ 11) 
should therefore be easier than reversion to 5 and should lead 
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to complete equilibration of all the hydrogen atoms in the ring. 
The result will be indiscriminate scrambling of the methyl and 
ring hydrogens. 

In the alternative route from 5 to 6 via 13 and 14, the tran­
sition states of all three steps are very similar (Figure 3b). 
Indeed, since 14 contains a strained three-membered ring, the 
heat of formation calculated for it by MINDO/3 is probably 
somewhat too low, and if so, the calculated barrier for rear­
rangement (14 —6) is probably also too low. Therefore 13 will 
probably revert to 5 more easily than it rearranges to 6. A 
similar argument applies in the case of 10 in the alternative 
reaction path from 5 to 6; however, as Figure 3a indicates, this 
would not alter our argument because the conversion of 10 to 
6 would still involve a much lower barrier than reversion to 5. 
Reversion of 13 to 5 should therefore compete effectively with 
rearrangement to 14, and the interconversion (5 —• 13) 
scrambling the methyl hydrogens only with those in the ortho 
positions. 

These reactions could account for the complete scrambling 
of hydrogen atoms in CvHg+- that has been established by la­
beling and double labeling experiments.2-3'7 We have, however, 
also examined a number of other possible processes. 

First we considered the possible interconversion of the 
species 18-21, derived from 5 by 1,2 migrations of hydrogen 

18 19 20 21 

atoms in the ring. Figure 6 shows the geometries, heats of 
formation, and distributions of formal charge calculated for 
the various ions. The energies of 19, 20, and 21 are virtually 
identical while that of 18 is greater by ca. 8 kcal/mol. The 
distribution of formal charge in each ion follows the same 
pattern as that in 11. 

Figure 7 shows the corresponding properties calculated for 
the transition states [5—18], [5—19], [5 —20], and [5 — 
21]. Each corresponds to a protonated tolyl radical, with HC 
bond lengths ranging from 1.200 to 1.494 A for the bridging 
hydrogen atoms. The geometry and charge distribution in each 
corresponds to that expected for a -K complex. 

The highest heat of formation for any of these transition 
states is 242.6 kcal/mol, i.e., several kilocalories per mol less 
than that of either of the two carbon scrambling processes 
(Figure 3). McLafferty et al.7 have presented evidence indi­
cating that scrambling of the hydrogen atoms in the ring of 5 
is faster than skeletal rearrangement. Our calculations are 
clearly consistent with this result and suggest that the ring 
scrambling occurs by 1,2-hydrogen shifts, rather than by 
1,2-hydrogen shifts together with valence isomerization as in 
the mechanism suggested by McLafferty et al.7 While we have 
not carried out calculations for the CeH6+- system, it seems 
very likely that the observed scrambling of hydrogen is due to 
analogous hydrogen shifts rather than to skeletal rearrange­
ments via molecular ions of benzene valence isomers. The ac­
tivation energies for the latter would certainly be much greater 
than those calculated here for rearrangement of 5 via 18-21 
(<30.4 kcal/mol). 

The hydrogen migrations involved in rearrangement by our 
mechanism could be described as a hydrogen ring walk. 

The next hydrogen scrambling mechanism considered was 
that suggested by Hoffman,3 involving 1,5-hydrogen shifts in 
6. Figures 8a and 8b show the geometry, heat of formation, and 
distribution of formal charge calculated for the corresponding 
transition state, 22. This has the expected (Q) symmetry, with 
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(f) 
AH f , 242.6 

Figure 7. Calculated geometries, heats of formation [SHf, kcal/mol at 
25 0C), and distributions of formal charge in the transition states (a) (b) 
for [5—18], (c) (d) for [5— 19], (e) (f) for [5—20], (g) (h) for [5 — 
21]. 

corresponding distortion of the seven-membered ring out of 
the plane, and the lengths (1.330 A) of the CH bonds of the 
migrating hydrogen seem reasonable. The calculated heat of 
formation is, however, very high, corresponding to an activation 
energy of 55 kcal/mol. It therefore seems unlikely that hy­
drogen scrambling can occur to any great extent by this route. 
This is in remarkable contrast to the corresponding 1,5-hy-
drogen rearrangements in cycloheptatriene (2) itself which 
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Figure 8. Calculated geometries, heats of formation (AHf, kcal/mol at 
25 0C), and distributions of formal charge in the transition states (a) (b) 
for 1,5-hydrogen shift in 6, (c) (d) for 1,2-hydrogen shift in 6, (e) (O for 
hydrogen dissociation in 6. 

occur very easily indeed.21 The difference arises from the same 
factor involved to explain the difference between the calculated 
and observed heats of formation of 6. In order to get to the 

23 

transition state for 1,5-hydrogen migration in 2, the ring must 
be buckled much more than it is even in 2 itself. This distortion 
will very greatly increase the ionization potential and so cor­
respondingly increase the energy of the transition state for 
1,5-hydrogen migration. 

Next we examined the alternative possibility of a 1,2-hy­
drogen shift in 6. Figures 8c and 8d show the properties cal­
culated for the corresponding transition state. The calculated 
geometry and charge distribution show this to correspond to 
the Tr complex structure indicated in 23, i.e., an olefin-proton 
x complex combined with a pentadienyl radical. The calculated 
heat of formation is very much less than that for 22, corre­
sponding to an activation energy of only 14 kcal/mol. This is 
very much less than the activation energies calculated for the 
other possible rearrangements of 6 (see Figure 3) and we 

therefore expect hydrogen equilibration to be rapid in 6 under 
conditions of excitation mild enough to avoid skeletal rear­
rangements. Here again the difference from 2 is noteworthy, 
1,2-hydrogen migration in the latter being very much more 
difficult21 than 1,5. The difference can be explained in a similar 
way, in terms of the relative ionization potentials of 2, 6, and 
the corresponding transition states. 

McLafferty et al.7 have indeed found that scrambling of 
hydrogen in 6 is fast compared with loss of a one-carbon unit, 
presumably implying that the hydrogen scrambling is faster 
than skeletal rearrangement. This of course is in complete 
accord with our results. 

(4) Hydrogen Atom Dissociation from C7Hg+* Ions. In order 
to complete this MO investigation of the CvHs+- ion surface, 
the activation energies for loss of a hydrogen atom from CHMI 
(6) and TMI (5) were calculated. Figures 8e and 8f show the 
geometry, heat of formation, and formal charge distribution 
for the transition state corresponding to loss of a hydrogen 
atom from 6. The departing hydrogen atom is quite distant 
from the C7H7

+ ("tropylium") ring (2.322 A), although the 
transition state does not indicate a symmetrical cleavage. The 
heat of formation calculated for the transition state (249.0 
kcal/mol) is very nearly equal to the heat of formation of the 
products as calculated22 by MINDO/3 (247.6 kcal/mol). 
Thus the reverse activation energy is small (1.4 kcal/mol). 

While the hydrogen atom dissociation from TMl (5) was 
investigated, the transition state was not located precisely. 
From our calculations it was obvious that the reverse activation 
energy was small, giving an upper limit22 of about 272 kcal/ 
mol for the heat of formation of the transition state. 

Our calculations therefore suggest that in the mass spec­
trometer, TMI (5) will undergo rearrangement to other 
C7Hg+- species by one of the mechanisms indicated above more 
easily than it will lose hydrogen to form benzyl cation (4). 
Furthermore, the easiest route from 5 to tropylium ion (3) is 
predicted to be via the CHMI (6). These conclusions would 
not be altered if tropylium has the heat of formation reported 
by Thrush et al.23 (209 kcal/mol; see ref 10), although, as 
noted in part 1, this value is probably too high. 

Summary 
Our calculations lead to the following conclusions: 
(a) Starting from TMl (5), it is more likely there will be ring 

hydrogen exchange rather than benzylic to ring hydrogen ex­
change (i.e., there is preferential scrambling of protons). 

(b) The ion 5 can rearrange to 6 via either paths through 
a-hydrogen (Hoffman mechanism3) or o-hydrogen shifts 
(cyclohexadienyl ion (13) mechanism). 

Scheme I 

(c) Scrambling of hydrogen atoms in CHMI (6) is very 
rapid via 1,2-hydrogen shifts, so that starting from an appro-
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priately labeled cycloheptatriene it may be possible to observe 
hydrogen scrambling without carbon scrambling. 

(d) Loss of a hydrogen atom to give a C?H7+ {m/e 91) 
moiety is more likely through 6 rather than 5. 

Acknowledgment. We are grateful to Dr. C. Cone for helpful 
discussions concerning this problem. Our work was supported 
by the Air Force Office of Scientific Research (Grant AFOSR 
75-2749) and the Robert A. Welch Foundation (Grant F-126). 
The calculations were carried out using the CDC 6400/6600 
computer at the University of Texas Computation Center. One 
of us (D.L.) acknowledges the award of a Robert A. Welch 
Postdoctoral Fellowship. 

References and Notes 
(1) Part 1: C. Cone, M. J. S. Dewar, and D. Landman, J. Am. Chem. Soc, 99, 

372(1977). 
(2) For general references refer to: (a) H. M. Grubb and S. Meyerson, "Mass 

Spectrometry of Organic Ions", F. W. McLafferty, Ed., Academic Press, 
New York, N.Y., 1963, p 453, and references therein; (b) J. T. Bursey, M. 
M. Bursey, and D. G. I. Kingston, Chem. Rev., 73, 191 (1973), and refer­
ences therein. 

(3) M. K. Hoffman, Z. Naturforsch., 29A, 1077 (1974). 
(4) R. C. Dunbar, J. Am. Chem. Soc, 97, 1382 (1975). 
(5) A. S. Siegel, J. Am. Chem. Soc, 96, 1251 (1974). 
(6) F. W. McLafferty and J. Winkler, J. Am. Chem. Soc, 96, 5182 (1974). 

I. Introduction and Background 
In recent years there have been extensive experimental 

studies of the thermal and photochemical behavior of azoal­
kanes,2"5 which have the general formula 

R - N = N - R ' 
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ization. The interesting and important problem of decompo­
sition into molecular nitrogen and radical products is men­
tioned only briefly, but will be discussed more fully in a later 
paper. 

The computational technique employed in this work is the 
partial retention of diatomic differential overlap (PRDDO) 
method of Halgren and Lipscomb.12 This self-consistent 
nonempirical technique affords accuracy comparable to that 
of more elaborate minimal basis set self-consistent-field (SCF) 
approaches, but with computation times only slightly longer 
than those of much less accurate semiempirical methods. 
Details of the calculation are discussed briefly in the next 
section, and the results are presented and analyzed in section 
III. 

Before proceeding with the main results of this work, it will 
be useful to summarize some of the more important features 
of the properties and the photochemistry of acyclic azoalkanes 
which we shall seek to explain in subsequent sections. 

(i) At low pressures in the gas phase, n_ —>• ir* excitation of 
acyclic azoalkanes results in photodissociation to N2 and alkyl 
radicals with quantum yields anproaching unity.13 
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Abstract. Nonempirical molecular orbital calculations have been carried out on the So (ground), Si, Ti, and T2 states of azo­
methane and on selected states of diimide and azoethane. Potential energy surfaces for several possible isomerization pathways 
from trans to cis isomers have been obtained. Motions in which one alkyl group rotates about the N=N bond or moves in the 
N=N—R plane through a linear configuration appear to be of considerable importance, while the motion which simulta­
neously linearizes both N=N—R groups is forbidden by a substantial energy barrier. Spectral and thermodynamic quantities 
calculated are in good agreement with the experimental data where available. The shapes of the energy surfaces provide expla­
nations for such phenomena as the lack of observed fluorescence and phosphorescence in acyclic azoalkanes and the variation 
in the quantum yields of isomerization and dissociation with pressure and with the method of excitation. 
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