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* TRIPLET ELECTRONIC GROUND STATE OF TRIMETHYLENEMETHANE 

** *** ~avid R. Yarkony and Henry F. Schaefer III 

Department of Chemistry and Lawrence Berkeley Laboratory 
University of California, Berkeley, California 94720 

ABSTRACT 

LBL 2345 

A nonempirical quantum mechanical study of the electronic 

structure of C(CH2)3 has been carried out. A double zeta basis 

set of contracted gaussian functions was employed, and self-

consistent-field wave functions obtained for the triplet ground 

state. The planar (D3h) configuration is predicted to lie 17 

kcal/mole below the orthogonal (C 2v) form. The electronic 

structure is discussed in terms of Mulliken populations and 

orbital perspective plots. Some preliminary results for the 

lowest singlet states are reported. 

* Work performed under the auspices 'of the U. S. ,Atomic Energy 

Commission. 

** Charl~s Fish Fellow. 

*** Alfred P. Sloan Fellow. 
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INTRODUCTION 

There is a long history of interest among theoretical organic, 

chemists in the trimethylenemethane radical, traditionally represented 

by the three structures 

l)lterest in C(CH2)3 began in 1948 with- the work of Moffitt, who 

1 
was cited in a paper by Coulson as having shown the central atom 

in trimethylenemethane to have the greatest TI bond order attain-

able bY'l;l.carbon atom. In a related paper appearing fbur years 

later, GreenwooJdiscussed the critical role of C(CH2)3 in the 

1 
notton of "free valence", defined by Coulson 

F.V. eN -N max 

where N is the total bond order of the atom in question. N max 

is the maximum possible bond order, 3 +~. the value taken on 

(2) 

(1) 

by the central atom of trimethy1enemethane. Hence the free valence 

of the central carbon (C(CH2)3 is identically zero and serves as a 

frame of reference. 
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The role of trimethylenemethane as one of the simplest hydro-

- -
carbon molecules possessing no normal Kekule-type structure was 

first discussed by Longuet-Higgins
3 

in 1950. The general question 

he addressed was "why are there relatively few stable molecules 

for which it is impossible to write some classical valence bond 

structure?" At the time, of course, C(CH2)3 was no more than a 

gleam in the eyes of several theoreticians. Using qualitative 

molecular orbital theory, Longuet-Higgins was able to show that 

such non-Kekule molecules should have paramagnetic grou~d states, 

react extremely easily with oxygen, and hence be very difficult 

to prepare in the presence of air. 

Trimethylenemethane has also played an important role in the 

development of the theory of zero field splittings in organic 

triplet states. 
. 4 

The first paper in this area \-laS that of McConnell, 

who predicted a negative spin density at the central carbon atom 

j and suggested that the spin-spin parameter D might be close to 

5 A longer paper by NcLachlan on the same problem appeared zero. 

shortly thereafter, and considered,but ultimately discounted, the 

possibility that D for C(CH2)3 might take on a negative value. 

More detailed calculations of the zero field splittings have 

recently been reported by Gold 6 and by Gondo and Maki. 7 

Among the most sophisticated of the semi-rigorous calculations 

performed on C(CH2)3 are those of Chong and Linnett, who compared 
. 8 -

the methods of alternate molecular orbitals and non-paired spatial 

9 orbitals. _ 
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In light of the above theoretical background_ the importance 

10 of the first preparation of trimethylenemethane by Dowd is 

obvious. The original synthesis was by irradiation of the pyrazoline 

system 1\ Experimental work following this initial breakthrough 
N=N 11 

has been nicely summarized in a recent review article by Dowd. 

12 Of particular importance to us is the electron diffraction study 

of the related compound C(CH2)3Fe(CO)3. The C-C bond distance 
o 0 

was found· to be 1. 437 A and the C""'H distance 1.111 A. Also 

noteworthy is the photoelectron spectrum of the.same compound , 

13 obtained by Dewar and Worley. 

The recent semi-empirical study of Dewar and Wasson14 differs 

in scope from earlier theoretical work, in that the potential 

energy surfaces of the three lowest electronic states were ex-

p1ored. As expected, the planar triplet state is predicted to 

be the electronic ground state. However, the first excited state 

is an open-shell singlet, predicted to have one methylene group 

orthogonal to the other two. 

(3) 

This result appears to be consistentwtth the conclusions of 

. 15 
Doering and Roth, based on the stereochemistry of the 

methylenecyclopropane rearrange.ment. 
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A final index of the impact of trimethylenemethane is the 

16 significant number of texts in which it is used as an example. 

In the present paper we present the first a priori study of 

the electronic structure of C(CH2)3" A primary goal is to discuss 

the electronic structure of the planar triplet state in terms of 

population analyses and perspective plots. We also discuss the 

lowest planar singlet state, as well as the triplet ground state 

in its orthogonal configuration. 

'! 
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THEORETICAL ASPECTS 

For planar D3h geometries, the lowest electron configuration 

of trimethylenemethane is 

3 Hence we expect the ground state to be A
2
', the first excited 

state to be ~', and the second excited state to be of lAl' 

symmetry. 

If we retain the D3h nuclear geometry, but require the 

individual orbitals to transform according to the lower symmetry 

point group C2v ' we now have three electron configurations 

1 2 2 2 lb 2 3 2 4 2 5 2 2b 2 6 2 7a 2 3b 2 4b 2 8a
1

2 5b 2 1b 2 1a2 2b1 a1 a 1 2 a l a1 a1 2, all 2 2 2 1 

1 ..p: 

(4) 

+ 1, 1a 2 2 2 1b 2 3a 2 4a 2 5a 2 2b 2 6a 2 7a 2 3b 2 4b 2 8a
1

2 5b 2 1b 2 2b 2 -.oJ! 1 a1 2 1 1 1 2 1 1 2 2 2 1 1 

(5) 
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The correspondence between D3h and C2v electronic states is 17 

3A ,'-+ 3B 2 2 

(7) 

For D3h geometries~ the symmetric combination of configurations 

1 (6) will be of AI' irreducible representation~ while the anti-

symetric combination will be a IE' state. 

One might think that the total self-consistent-field (SCF) 

energy of the IE' state should be the same whether it is obtained 

using configuration (4), configuration (5)~ or the antisymmetric 

combination of configurations (6). 18 However, this is not the case. 

In fact, the imposition clf full D3h symmetry upon the orbitals 

represents a significant constraint on the SCF wave function of 

this open-shell system. Furthermore, even when the calculations 

d f b I h IB d I . f are carrie out or C2v or ita s, tel an Al components 0 

the IE state are not preCisely degenerate. This latter inconsistency 

illustrates the equivalence restrictions problem discussed by 

Julienne, Krauss~ and Wahl
19 

with reference to the asymptotic 

degeneracy of the 2TI and 2E+ states of HF+. Finally it should 

be noted that semi-empirical methods suffer froni similar inconsist-

encies. 
14 

For example, LlH.' ~:nmo calculations of DCh1ar and Hasson 
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predict, in the limit of D3h geometry, the lBzstate to lie a 

1 
full ZO kca1/mo1e below the Al state. In fact, of course, 

I 
these two states are the degenerate components of the E' state. 

Our next problem is to correlate the D3h electronic states 

with those for the nonp1anar orthogonal geometry (3). As 

the nonequiva1ent methylene group is twisted out of the plane, 

only a single twofold rotation remains, and hence the new point 

group is C2 • The overall state symmetries of twisted trimethy1ene­

methane are determined by the s)~etries of the open-shell orbitals, 

which resolve as 

.............. la2~9a 
Ie' , 

'2b
1

--t-7b 

Therefore the C2v ~ C2 state correlation is 

(8) 

(9) 

When we proceed from the hlisted form to the orthogonal geometry 

(3), the point group changes from C2 to C2v • Unfortunately, lye then 

have the ambiguous correlation 

(10) 

Hence there are four acceptable (from symmetry considerations only) 

. t £ 1 f" 2 b 2 b 2 2 se s o· e cctron conlguratl0ns: 8 1 , l' u
l 

1; or a
l 

' b2 ' 
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a
l
b

2
;or a;2, b

1
2 , a 2bl ; or, finally, a2

2 , b2
2 , a 2h2 , where only 

the outer two electrons have been indicated. vfuich of these four 

sets of configur~tions will correlate with the le,,2 configuration 

of D3h trimethylenemethane cannot be determined by symmetry argu-

ments alone. In fact, the correct adiabatic correlation can only 

be made by knowing the relative positions of the various electronic 

states in the orthogonal configuration. 

However, simple orbital considerations can guide us to a 

reasonable prediction of the correct state correlation. For 

the planar triplet, the two components of the Ie" orbital may 

be depicted as 

, , 
Ie x 

2.0 

In these sketches, the lobes of the p'l'f orbitals are meant to lie 

above and below the plane of this page. When the molecule is 
, , 

twisted into the orthogonal form (3), the Ie" remains intact, 
, , y 

but is now the 1a2 orbit~l. 
The Ie x cOllib.i.n:lt.ion is no longer 

(11) 
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a symmetry orbital, but is likely to be converted (during the 

adiabatic twisting motion) to a distorted atomic p function 
, , 

perpendicular to the function with coefficient 2 .• 0 in the Ie x 

orbital of (11). That is the orbitals of (11) are likely to 

correlate with the orbitals 

1.0 

>-------~~~1.0 (12) 

1.0 

Hence the electron configuration for orthogonal trimethylenemethane 

should be 

In the present study we have carried outab initio SCF calculations 

on the planar 3A2 " IE', and 1AI' states arising from electron 

configuration (4). To test the effects of the spatial symmetry 

restrictions implicit in (4), the same electronic states have been 

studied with orbitals constrained only to he of C
2 

symmetry. That 
v 
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is, SCF wave functions have been obtained for the 3B2 and lB2 

states, wpich arise from electron configuration (5). For the 

orthogonal geometry (3), an SCF wave function was obtained for 

3 the H2 ground state arising from configuration (13). The 

computations were carried using the SCF methods of Hunt, Hay, and 

dd 
. 20 

Go ard. 

A contracted gaussian basis set of double·zeta quality was 

used. 21 
For carbon, Huzinaga's (9s 5p) basis was contracted to 

(4s 2p) following Dunning. 22 
A comparable (4s/2s) contraction 

was adopted for hydrogen, with each gausslanexponent a multiplied 

by (1.2)2 = 1.44. 

° The geometries chosen were based on a C-C distance of 1.43 A, 

° . and a C--H distance of 1.10 A. The C-C-C and H-C-H angles were 

taken to be 120°. 
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RESULTS AND DISCUSSION 

3 The SCF energy for the A
2

' ground state was -154.8252 

hartrees. An identical energy was obtained when the same 

state was described as 3B2 • 
1 --

For the E' st~te the restricted 

SCF energy was -154.7159 hartrees. However, in this case, as 

18 expected, the C symmetry calculation gave a significantly 
2v 

1 lower energy. The B2 energy was -154.7914 hartrees, or a 

full 0.0755 hartrees = 47 kcal/mole lower than the result 

obtained constraining the molecular orbitals to have full D3h 

symmetry. 

1 The ambiguity of the E' energy creates something of a 

d.ilemma for the prediction of the 3A2 , - IE' energy separation. 

The symmetry and equivalence restriction do not affect the 3A2 , 

1 
energy, but have a profound effect on the E'energy. Our 

1 contention is that the calculated E' energy is artifically 

high due to the symmetry and equivalence restrictions, and that 

1 1 
either the B2 or Al en';~rgy should be used to obtain the separa-

3 1 
tion. Hence we predict the A2' - E' separation to he 0.0338 

hartrees or 21 kcal/mole. The MtNDO/2 calculations of Dewar 

and Hasson
l4 

predict this energy difference to be.'\, 35 kcal/mole. 

The planar lA ' state was also studied, with configuration 
1 

(4) yielding an SCF energy of -154.6200 hartrees. The same state 

was also studied with no constraints being put on the spatial 

form of the moleculflr Uf hi!::-d r:. That is, there ,·.'ere VI douhly-

occupied a orbitals and 2 singly occupied a orbitals in this 

two-determinant , .. ave function. 
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Interestingly cnough, the SCF energy was the same as that obtained 

with thefu1l D3h synunetry. Actually~ this result is predicted by 

Manne's analysis;~ince the lAl' representation is totally symmetric. 

1 Thus we predict the AI' state, which was not studied by Dewar and 

Wasson, to lie 0.2052 hartrees or 128 kcal/moleabove the ground 

state. 
1 

However, the correlation energy of the AI' state should 

23 be significantly greater (perhaps 10 kcal/mole) than that of 

the 3A2 , state, and thus a somewhat smaller separation is expected. 

3 For the orthogonal geometry (3), the Blground state energy, 

corresponding to electron configuration (13), was -154.7982. Thus 

the twisteci molecule is predicted to lie 17 kcal/mole above the 

planar geometry. In a valence bond picture, of course, this 

preference for planarity can be rationalized in terms of ·a loss 

of "resonance" energy at the orthogonal geometry. Due to the 
,. 

ambiguity in correlating the two lowest orthogonal singlets with 

the 
1 planar E' state, and the resulting difficulty encountered by 

Dewar and 1-Jasson in their semi-empirical study, it was decided, not 

to attempt. to follow the: 

paths for the twisting of trj~ethylenemethane. However, a single 

SCF calculation \\,<.1:.> c;.ncic'd (lut for the open-slJcll singlet, IBl 

state, at the orthogonal geometry. The energy obtained was -154.7958 
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3 
hartrees, only 1.5 kcal/mole above the Bl ground state energy at 

this geometry. This same separation appears to be ~ 3 kcal/mole in 

14 the calculations of Dewar and Wasson. Finally, we predict the 

orthogonal geometry of the open shell singlet to lie 4.3 kcal/mole 

b 1 1 1 f hIE' e ow the p anar B component 0 t e . state. 
2 

The electronic structure of the triplet "ground state may be 

discussed further in terms of the orbital energies and Mulliken 

populations, given in Table I (planar geometry) and in Table II 

(orthogonal geometry). Perhaps the first point to be made is 

that the a and TI orbital energies are well separated. For the 

planar geometry, Table I shows the highest a orbital (4e') to 

have £ = -0.5236 hartrees, whereas the lowest TI orbital (la 'I) 2 

has £ ~ -0.4383 hartrees. Thus it may be reasonable to discuss 

the excited states of C(CH2)3 without reference to the a orbitals. 

The correspondence betvleen the orbitals of planar and orthogonal 

trimethylenemethane is greatly simplified by comparison of the 

orbital energies. The planar lal ' orbital is a Is orbital on the 

central carbon and is essentially identical to the orthogonal la
l 

orbital. The nearly degenerate Ie' and 2a
l

' orbitals correlate 

with the lb2, 2al , and 3al orbitals. These are Is orbitals on 

the terminal carbon atoms. Note that for the orthogonal geometry, 

the orbital (3al ) corresponding to the twisted methylene group has 

a noticeably higher orbital energy. The 3a
l

' and 4a
1 

orbitals have 

very close £'s and similar composition, a s~nmetric combination of 

carbon 2s orbitals, with a central carbon contribution of ~ 43%. 

The 2e ' orbital decomposes into the Sal and 2b
2 

orbitals upon 
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twisting. These orbitals are primarily terminal carbon 2s in 

nature,w:Lth a significant contribution ('U 18 %) from hydrogen 

Is. The 4a
l

' orbital becomes 6a
l 

upon twisting and is a conglomeration 

of all the atomic orbitals except the central carbon p func'tions. 

The 3e' orbital is clearly related to the 7al orbital; they have 
, , 

nearly identical orbital energies and have their greatest contribu-

tion from the outer carbon p orbitals, with, in addition, 'U 27 % 

hydrogen Is character. 

For the orthogonal geometry, the orbital energies of 3b2 and 

lbl differ by only 0.003 hartrees and hence it is not immediately 

obvious which of these correlates with the second component of 

the planar 3e' orbital. In this regard, note also that the next 

planar orbital, the la2 ', has no obvious counterpart among the 

orthogonal orbitals. We conclude that, as a pair~ the b component 

of the 3e' orbital and the la2 I orbital correlate with the (3b2 , 

Ibl ) pair, but that some mixing of orbitals occurs during the 

twisting motion. The 4e' orbitals decomposes into 4b2 and 8al 

upon twisting and is a combination of carbon 2p and hydrogen Is 

functions. ' 

With the exception of the Ie" orbital, the orbital energies 

for the eXcited lE' and lA
I

' states are withinO.02 h~rtrees of 

3 3 IE'" I those for the A
2

' ground state. For the A
2
', " ,and AI' 

states, the Ie", orbital energies are, respectively, -0.3211, 

-0.2088, and, -0.1142 hartrees. This result is by no means 

unreasonable, since the positive ion for all three of the 

electronic states is the same 2E' state. Further, the differences 
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in orhital energies are quite similar to the total·energy 

differences. 

In light Of the history behind trimethylenemethane, the 7T 

orbitals are of greatest interest. ~e have already noted that 

the TI orbital energies are significantly higher than those of 

the fourteen a orbitals. In the case of D3h symmetry, the la2 " 

and Ie" orbitals are restricted to be composed only of n functions, 

2p functions pointing out of the plane of the molecule. Thus the 

la2 " orbital is ~ 50 % central carbon 2pn, with a ~ 17 % contribu­

tion from each terminal 2pTI. This orbital is depicted in Figure 1, 

a perspective plot of the orbital in a plane 0.7 bohrs above the 

plane of the molecule. In going to the orthogonal geometry, 

la2 " becomes a 2b
l 

orbital. The b l irreducible representation is 

not strictly limited to 2pn functions. In fact there is a finite 

contribution to the 2bl orbital from sand p functions on each of 

the four carbons and from all but the orthogonal hydrogen s functions. 

The latter atomic functions are of a
l 

irreducible representation. 

Nevertheless, the 2bl orbital remains primarily 7T-like in character, 

being ~ 43 % central carbon 2pn, with ~ 24 % 2p1r contribution coming 

from each of the two methylene groups remaining in the plane of the 

D3h molecule. These characteristics are seen qualitatively in 

Figure 2, a perspective plot analogous to Figure 1. Comparison of 

Figures 1 and 2 shows that in going to the orthogonal geometry the 

contribution of the twisted methylene carbon essentially disappears, 

\Olith contributiol1"; from the other three 2P11 orhi.tals becoming 

appropriately larger. Thus it is eaBY to illwgine. the la2 " orbital 
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grmo1ing 24into the 2b
1 

orbital in a smooth and continuous manner. 

In addition, the absence of a significant contribution of the 

orthogonal methylene carbon to the 2b
1 

orbital may be associated 

with the loss of resonance energy, which causes the twisted form 

to lie 'V 17 kcal/mo1e above the planar molecule. 

The singly-occupied orbitals follow our qualitative discussion 

of the previous section. That is, Figure j and 4 demonstrate the 

essential correctness of our qualitative picture (11). As suggested 

earlier, the de.tailed calculations ShO~l the Ie "orbital to become 
y 

the la2 orbital as the methylene group is twisted. In fact, a 

perspective plot of the 1a2 orbital is virtually indistinguishable 

from Figure 4, the ley" orbital. We have not plotted the 5b2 

orbi tal, since it has little magnitude in the plane 0.7 bohrs above. 

the molecule. However, inspection of the expansion coefficients 

show the 5b2 orbital to be as in (12), a 2p orbital in the plane 

of the four carbon atoms. Finally, the total ~ electron density 

3 for the A2 ' ground state is seen in Figure 5. 

To conclude, we note the total atomic populations in Tables I 

and II. In both the planar and twisted configurations, the central 

carbon has a large positive charge, if discussions of atomic charges 

are meaningful. In fact, the charge of +0.62 on the planar central 

carbon is one of the largest we have encountered on any carbon atom 

study by ab initio methods with comparable basis sets. In hydro-

carbons, the carbon atoms usually have populations greater than 

6 0 1 oJ C C d 1 . 75,26 
• , i.J 1.1 .l' ):01' JF 2 an C2f: 4 t 1e carbon charges obtau1Cd Hre 

0.36 and 0.53. The only positive charges larger than +0.62 with 
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which we are familiar are those obtained by Snyder and Basch for 

CHF3 (+0.67) and CF4 (0.96). Thus it is quite conceivable that 

·1 as well as having the lbwest possible free valence, the central 

carbon in trimethylenemethane may have the greatest"atomic charge" 

attainable in a hydrocarbon molecule. 
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Table I. orbith energies and Nulliken populations for the tiiplet ground 

state of planar trimethy1enemethane. The totals take into account. 

the equivalence of the terminal carbon atoms and of the hydrogens; 

Central C Terminal C Hydrogen 

Orbital e:·(hartree.s) s p s p s 

1al ' -11. 2690 2.00 0.00 0.00 0.00 0.00 

Ie' ~11. 2447 0.00 0.00 4.00 0.00 0.00 

2a1 
, 

-11.2446 0.00 0.00 2.00 0.00 0.00 

3a1 
, 

-1. 0956 0.84 0.00 0.96 0.13 0.08 

2e' -0.9082 0.00 0.09 3.00 0.09 0.72 

4a1 
, 

-0.7189 0.29 0.00 0.35 0.71 0.65 

3e' -0.6327 0.00 0.41 0.05 2.35 1.19 

1a2 
, 

-0.5437 0.00 0.00 0.00 1.03 0.97 

4e' ·-0.5236 0.00 0.77 -0.01 1.99 1.25 

1ai' -0.4383 0.00 0.99 0.00 1.01 0.00 

Ie' , . -0.3211 0.00 0.00 0.00 2.00 0.00 

TOTALS 3.12 2.26 3.45 3.13 0.81 

ATOH TOTALS 5.38 6.58 0.81 

.,! 



Table II. Orbital energies and Muiliken populations for triplet trimethylenemethane in· its orthogonal configuration (3}. 

Orthogonal 

Central C Terminal C Orthogonal C Hydrogen Hydrogen Hydrogen 
8 b 

i!!£ll.!!l £ ~har trees 2 s p s p s P B S __ B_ 

lal -11.2697 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

lb2 -11.2467 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00 

2s l -11.2467 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00 

3sl -11.2335 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.00 0.00 

48
1 -1.0944 0.86 0.00 0.66 0.08 0.30 0.04 0.01 0.03 0.02 

5sl -0.9081 0.00 0.08 0.49 0.07 0.97 -0.01 0.08 0.05 0.27 

2b2 -0.9049 0.00 0.13 1.45 0.03 O~OO 0.·02 0.19 0.19 0.00 

681 -0.7158 0.28 0.00 0.24 0.47 0.13 0.45 0.21 0.21 0..21 

781 -0 •. 6334 0.00 0.20 0.01 0.95 0.01 0.25 0.07 0.39 0.11 

3b2 -0.6002 0.00 0.36 0.01 1.08 0.00 0.04 0.52 0.00 0.00 

I 
N .... 
I 



Table II Continued 

Central C Terminal C 

Orbital e: ~hartree8~ 8 p 8 P 

lbl -0.5972 0.00 0.15 0.00 0.05 

4b2 -0.5297 0.00 0.25 0.00 1.00 

8al -0.5204 0.00 0.37 0.00 0.56 

2b1 -0.3867 0.00 0.87 0.00 0.97 

5b2 -0.3750 0.00 0.01 0.00 0.00 

182 -0.2895 0.00 0.00 0.00 1.00 

TOTALS 3.14 2.41 3.42 3.14 

ATOM TOTALS 5.55 6.56 

Orthogonal C Hydrogen 
a 

8 P s 

0.00 1.05 0.00 

0.00 0.00 0.10 

0.00 0.45 0.42 

0.00 0.05 0.00 

0.00 0.98 0.01 

0.00 0.00 0.00 

3.40 3.08 0.808 

6.48 0.808 

Hydrogen 
b 

8 

0.00 

0.64 

0.09 

0.00 

0.00 

0.00 

0.806 

0.806 

Orthogonal 

Hydrogen 

__ 8_ 

0.76 

0.00 

0.11 

0.13 

0.00 

0.00 

0.805 

0.805 

I 
N 
N 
I 
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FIGURE CAPTIONS 

Figure 1. Perspective plot of the 1a
2

" orbital of planar 

triplet trimethy1enemethane in a plane 0.7 bohrs 

above the molecular plane. 

Figure 2. Perspective plot of the 2b 1 orbital of twisted 

triplet trimethy1enemethane. 
, , 

Figure 3. The 1e x orbital of C (CH2) 3. 
, , 

Figure 4. The Ie 
y 

Figure 5. Total TI electron density of trimethylenemethane 

in a plane 0.7 bohrs above the molecular plane. 
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Fig- 1 
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Fig. 3 
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..... --------LEGAL NOTICE---------...... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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