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TRIPLET ELECTRONIC GROUND STATE OF TRIMETHYLENEMETHANE
o *k . *kk
- David R. Yarkony and Henry F. Schaefer III

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

ABSTRACT

A nonempirical quantum mechanical study of the electronic

structure of C(CH has been carried oﬁt. A double zeta basis

2)3 '
set of contracted gaussian functions was emplpyed, and self-

. consistent-field wave functions obtained for the triplet ground
f state. Tﬁe planar (D3h) configuration is predicted to lie 17
kcal/mole below the orthogonal (CZV) form. The electronic
structure is discussed in terms of Mulliken pbﬁulations and

orbital perspective plots. Some preliminary results for the

lowest singlet states are reported.

* .
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INTRODUCTION

There is a long history of interest among theoretical organic.
chemists in the trimethylenemethane radical, traditioﬁally represented

by the three structures

H H H
H=C H—‘-“< B \
H H H
Q§b C‘/ T C C‘/ C::::C’/ (1)
\H / g / NH
- - —C
G LN o\y

Interest in C(CH began in 1948 with the work of Moffitt, who

(CH,)5 ,
was cited in a paper By-Coulson1 as having shown the central atom
in trimethylenemethane to have the greatest T bond'order attain-
~able By~a,barbon atom. In a related paper appearing four years

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

notion of "free valence", defined by'Coulson1

F.V.=N =N | (@)

where N is the total bond order of the atom in question. Nmax
is the maximum possible bond order, 3 +-v3, the value taken on
by the central atom of trimethylenemethane. Hence the free valence

of the central carbon (C(CHZ)B is identically zero and serves as a

frame of reference.



The role of trimethylenemethane as one of thetsimplest hydro-
~carbon molecules possessing no normal Kekule~type structure was
first discussed by Longuet-Higgins3 in 1950. .lhe‘general question
he addressed was ''why are there relatively fewlstable molecules
for which it is impossible to write some clasSicel valencelbond
structure?" At the time, of course, C(CHZ)3 was.no more than a
gleam in the eyes of several tﬁeoreticians. Uéing qualitative
molecular orbital'toeory, Longuet~Higgins was eblevto show that
such non-Kekule molecules should have paramagnetic:ground states,
react extrémely easily with oxygen, and hence bejvery difficult
to prepare in the presence of air.
Trimethylenemethane has also played an important role in the

development of the theory of zero field splittingé in organic

triplet states. The first paper in this area was that of McConnell,4

who predlcted a negative spin demsity at the centralvcarbon atom
and suggested that the spin-spin parameter D might.be close to
zero., A longer paper5 by McLachlan on the same problem appeared
shortly thereafter, and (onsidered but ultlmately 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 Gold6 and by Gondo and Makl.7

Among the most soph1st1cated of the seml—rlgorous calculations
performed on C(CH2)3 are those of Chong and Linnett, who compared
the methods of alternate molecular orbitéls8 ana_ooﬁ—paired spatial

orbitals.?



In light of the above theoretical background, the importance
of the first preparation of trimethylenemethane by Dowd10 is
obvious. The original synthesis was by irradiation of the pyrazoline

|
system . Experimental work following this initial breakthrough

has beeg-;gzely summarized in a recent review article by Dowd.l
of particular importance to us is the electfon diffraction study12
of the related compound C(CH2)3Fe(CO)3. The C-C bépd distahce
was found to be 1.437 R and the C-H distance 1,111 2. Also
noteworthy is the photoelectron spectrum of the same compound »
obtained by Dewar and Worley.13

The recent semi~empirical study of Dewar and Wasson14 differs
in scope from earlier theoretical work, in that thé potential
energy surfaces of the three lowest electronic states were ex-
plored; As expected, the planar triplet state is.predicfed to
be the electronic ground state. However, the first excited state

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

orthogonal to the other two.

'.
C o
s H
' >c-—-c,// - (3)
"/0H
55N

H
a

This result appears to be consistent with the conclusions of
Doering and'Roth,15 based on the stereochemistry of the

methylenecyclopropane rearrangement.



Avfiﬁal index of the impact of trimethyleﬁeméthane is the
significant.numbér_of texts in which it is used'és an example.16

Iﬁ‘the present paper we present the first g_ﬁriori study of
the electronic structure of C(CH2)3. A priﬁary gdal is to discuss
the eleétronic structure of the planar tripletmstate in terms of
population énalyses and perspective plots. .Wévaiso discuss the
lowest planar singlet state, as well as the trifiet ground state

in its orthogonal configuration.



THEORETICAL ASPECTS

For planar D, geometries, the lowest electron configuration

of trimethylenemethane is

2 A 2 2 4 2 4 2 4 "2 2
] ] A ] L} 1] L ] L s 11
la1 le 2a1 3;1 2e 4a1 3e 1a2 be la2 lle

Hence we expect the ground state to be A2', the first excited

state to be 1E', and the second excited state to be of lAl'

 symmetry.
| 1f we retain the D,, nuclear geometry, but require the

individual orbitals to transform according to the lower symmetry

point group sz, we now have three electron configurations

(4)

(5) -



The correspondence between D3h and sz electronic states is

3, .3
Ayt > 7By
1., .1 1
E' > "B, + A
1, , .1 '
AT TA o ) (7)

For D,, geometries, the symmetric combination of configurations

3h

(6) will be of 1A ' irreducible representation, while the anti-

1
symetric combination will be a 1E' state,

One might think that the total self-consistent-field (SCF)
energy of the 1E'state should be the same whether it is obtained
using cqnfiguration 4), configuration (5), or tﬁé antisymmétfic
combinati;n of configurations (6). However, ﬁhié is not the case-.l8
3h

represents a significant constraint on the SCF wave function of .

In fact, the imposition of full D,, symmetry upon the orbitals

this open-shell system. Furthermore, even when the calculafions
are carried out for sz orbitals, the 1Bl and lAl'components of
the 1E state are not precisely degenerate. This latter inconsistency
illustrates the equivalence restrictions problem discussed by
Julienne, Krauss, and Wahl19 with reference to the asymptotic

: 2 2 + 5 . |
degeneracy of the and 2" states of HF . Finally it should

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

; e - 14
encies. For example, the MTNDO calculations of Dewar and Wasson



‘sets of electron configurations: a

predict, in the limit of D3h geometry, the 1Bz'state to lie a

full 20 kcal/mole below the lA state. In fact, of course,

1

these two.states are the degenerate components of the 1E' state.
Our next problem is to correlate the D3ﬁ’ei¢ctroﬁic states

with those for the nonplanar orthogonal.geometr§;(3). As

the noﬁequivalent methyleﬁe group is twisted Outbof the pléne,

only a singlé twofold rotation remains, and hence'the new éoint

group is C,. The overall state symmetries of twisted trimethylene-

2
methane are determined by the symmetries of the open-shell orbitals,

which resolve as

laz—->9a

le'' ' (8)
N LT
Therefore the C2v > 02 stéte correlation is
3Bl - 3B 1Bl o lB 1Al N 1A (9)

When we proceed from the twisted form to the orthbgonal geometry
(3), the point group chaugés from C2 to sz. Unfortunately, we then

have the ambiguous correlation

a -+ aj or a, ; b ~» blor b (10)

2 .

Hence there are four acceptable (from symmetry considerations only)

2 2 2 2
10 Py 2y b

. blx; or a;”, by,



2 2 . 2 2 :
albz;gor a' ’ bl s aZbl; or, finally, a,”, b2 ,7a2b2, where only

the outer two electrons have been indicated,. »Which of these four
sets of configurations will correlate with the lé"z configuration
of D3h trimethylenemethane cannot beAdetermined.by symmetyy argu-
ments alone. In fact, the correct adiabatic correlation"cén only
be made by knowing the relative positions of the various electronic
states in the orthogonal configuration.

Howevér, simple orbifal considerations can guide us to a
reasonable prediction of the correct state cofreiation. For

the planar triplet, the two components of the le'' orbital may

be depicted as

1.0

[ ] .
vle ; .ty

In these sketches, the lobes of the p7 orbitals_éré meant to lie
above and below the plane of this page. When fhe molecule is

. T
twisted into the orthogonal form (3), the 1e§_ ‘remains intact,

T
but is now the la, orbital. The lcx combination is no longer

2

(11)



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 le;j
orbital of (11). That is the orbitals of (11)'aré likely to

correlate with the orbitals

(12)

sz la2

Hence the electron configuration for orthogonal trimethylenemethane

should be

2 2 2 2 2 2 2 2
la, 2a.% 1,2 3 | 2 35,2 15,2 4b,2 82,2 2.2
1 1 2 a; 4al _5a1 2b2 6a1 7a1 3b2 1b1 4b2 8al 2bl 5b2 la2 (13)

In the present study we have carried out ab initio SCF calculations

on the planar 3A ', 1E', and 1Al' states arising from electron

configuration (4). To test the effects of the spatial symmetry
restrictions implicit in (4), the same électrdhi§ states have been

symuctry. That

studied with orbitals constrained only to be of‘sz
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is, SCF wéVe functions have been obtained forl;hé 3B2 and 132
states, &hich arise from electrom configufatioﬁ (5). For the
orthogoﬁai geometry (3), an SCF wave function w;svobtained'for
the 382 gfound state arising from configuration (13). The
cbmputatidns were carried using the SCF methdds of Hunt, Hay, and
Goddar.d'.20

A cbntracted gaussian basis set of doublé:ieta quality was
used, qu carbon, Huzinaga's (9s 5p) basis21.ﬁés contracted to
(4s 2p) following Dunning.22 A cbmparable (4s/2s) contraction
was adopted for hydrogen, with each.gaussian exponent o multiplied
by (1.2)2 = 1.44. | |

The geometries chosen were based on a C~C Histance of 1.43 Z,

. -] .
~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

The SCF energy for the 3A2' ground state wés:-154.8252’
hartrees. An identical energy was obtained when the same
state was described as 3B2‘ For the lE' state tﬁe restricﬁéd
SCF energy was -154.7159 hartrees. Howevér,'iﬁ this case, as
expected,’l8 the sz symmetry calculation gave'a significantly
lower energy. The le energy was —-154.7914 hartfées, or a
full 0,0755 hartrees = 47 kcal/mole lower than fhe result
obtained constraining the molecular orbitals tp have full D3h
symmetry.

Thelambiguity of the lE' energy creates sométhing of a

3,

dilemma for the prediction of the A2 - 1E' énergy separation.

The symmétry and equi?alence restriction do not affect the 3A2
energy,vbﬁf have a profound effect on the lE'-enérgy. Our
contention is that the calculated 1E' energy is aftifically
high due'tp the‘symmetry'and equivalence restrictions, and that

either the_lB2 or 1A en2rgy should be used to obtain the separa-

1

tion. Hence we.predict the 3A ' - 1E' separatioﬁ-fo be 0.0338

2
hartrees or 21 kcal/mole. The MINDO/2 calculations of Dewar
‘and Wassonlé predict this enefgy difference td'béuﬂ 35 kcal/mole.
The planar lAlY staté was aléo studied, wifh configuration
(4) yielding an SCF energy of =-154.6200 hartreéé. ‘The same state
was also studied with no constraints being put on the épatial
form of the molecular orbitals. That is, thorevweré 14 doubly-
occupied a orbitals and 2 Singly.oCcupied a orbifals in this

two-determinant wave function.
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Interestingly enough the SCF energy was thefsamebas that obtained
with the full D3h symmetry. Actually, this result is predicted by
Manne s analysis}jgince the 1Al' representation is totally symmetric.

ThuS'we predict the lA ' state, which was not studied by Dewar and

1
Wasson, to lie 0.2052 hartrees or 128 kcal/moledabove the ground

. . 1 '
state. - However, the correlation energy of the "A:' state should

1
be significantly greater23 (perhaps 10 kcal/mole)'thankthat of
the 3A2-' state, and thus a somewhat smaller seperetion is expected.

For the orthogoﬁal geometry (3), the 3Bl:groopd etate enefgy,
correspondihg to electron configuration (13),”ﬁas.-154.7982. Thus d
the twisted molecule is predicted to lie 17 kcél/mole above the |
planar geometry. In a valence bond picture, of Coqrse, thisf
preference for planarity can be rationalized in terms of a loss

of "resonence" energy at the orthogonal geometry. Due to the’
ambigoityhin correlating the two lowest orthogohal singlets oith'
the planar lE' state, and the resulting‘difficglty encountered.by

Dewar and Wasson in their eemi—empirical study, it was decided not

to attempt to follow the

paths for the twisting of trimethylenemethane. However, a single

SCF calculatlon was Pdlli(u out for the open- sholl singlet, 1Bl

state, at the orthogonal geometry. The energy'obtained was -154.7958
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hartrees, only 1.5 kcal/mole above the 3Bl ground state energy . at
this geometry. This same separation appears to be v 3 kcal/mole in
the calculétions of Dewar and Wasson.14 Finally; we predict the
orthogonal geometry df the open shell singlet. to lie 4.3 kcal/mole
below the planar.lB2 component of the 1E' stafe.

The eléctronic structure of the triplet ground state may be
discussed further in terms of the orbital energiés 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 O“and T orbital energies are well separated. For the -
planar geometry, Table I shows the highest o ofbitéi (4e') to
have € = -0.5236 hartrees, whereas the lowest T orbital (1a2")
has € = ~0,4383 hartrees. Thus it may be reaspnable to discuss

the excited states of C(CH without reference to the ¢ orbitals.

2)3
The correspondence between the orbitals of planar and orthogonal

trimethylenemethane is greatly simplified by comparison of the

orbital énergies. The planar la1

central carbon and is essentially identical to the orthogonal la

' orbital is a ls orbital on the

1

orbital. The nearly degenerate le' and 2a1' orbitals correlate

with the‘lbz, 2a1, and 3a1 orbitals. These are ls orbitals on

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

the orbital (331) corresponding to the twisted_méthylene group has

a noticeably higher orbital energy. The 3a.' and 4a. orbitals have

1 1

very close €'s and similar composition, a symmetric combination of

carbon 2g orbitals, with a central carbon contribution of "~ 43%,

The 2e' orbital decomposes into the Sal and 2b2'orbitals upon
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twisting. These orbitals are primarily terminal carbon 2s in
naturé;vwith a significaﬁt contribution (N 18 %) from hydrogen
t .

1 orbital becomes 6al

of all the atomic orbitals except the central carbon p functions.

1s. The.éa upon twisting and is a conglomeration
The 3e"orbita1 is cleérly related to the 7al;ofbita1; they have
neérly identical orbital energies and have_théit»gfeatesf contribu-
tion frém the outer carbon p ofbit#ls, with, in'additién, no27 %
hydrogénils character. |

For thé'orthogonél geometry, the orbital eqergies of 3b2 and
1b1 diffef by only 0,003 hartrees and hence itAisﬂnot immediately
obvious thch of these correlates with the second"ébmponent of
the planar.3ef orbital, 1In this regard,_notevalso that the next
planar orbita1, the laz',.has no obvious counteféaft among the
orthogonal orbitals. We conclude that, as a pair;>the b component
of the 3e' orbital and the 1a2' orbital corréléte with the (3b2,
lbl) pair, but that some mixing of orbitals ochrs during the
twisting motion. The &4e' orbitals decomposes_inﬁo 4b2 and 8ai
upon twisting and‘is a.combination of carbon 2? and hydrogeh 1s
functiohs;v | |

With.tﬁe exception of the le'’ orbital, the orEital_energies
for the excited 1E' and 1Al' states are within:0.0Z hartrees of
those for the 3A2' ground state. For the 3A2', iﬁ‘, and lAlf
states, the le'' orbital energieS‘afe, respectiveiy, -0.3211,
-0,2088, and, -0.1142 hartrees. This result is By.no means

unreasonable, since the positive ion for all three of the

. e ) 2 ‘ ' .
electronic states is the same "E' state. VYurther, the differences
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in orbitél energies are quite similar to the totai"energy
differenceé. |

In light of the history behind trimethylenemeﬁhane, the T
orbitais are of greatest interest. We have alréédy noted that
the ofbitél energies are significantly higher than those of
the fourtéén o orbitals. In the case of D3h-symmétry, the laé"
and.le"'ofbitals are restricted to be composed oﬁly of m functions,
2p functions pointing out of the plane of the'mblecule. Thus the.
laz" orbital is ~ 50 % central carbon 2pm, with a.ﬁ 17 % contribu-
tion from each terminal 2pn. This orbital is depic#ed in Figure l,
a pgrspective plot of the orbital in a‘plane Q7-b6hrs atove the
plane of the molecule. In going to the ofthogonél geometry,
la,'' becomes a 2b

2 1

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

orbital. The bl irreducible representation is

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

the four éarbons_and from all but the orthogonal hydrogen s functions.

. The latter atomic functions are of a; irreducible represeﬁtation.

Nevertheless, the 2b1'orbitai remains primarily ﬁ—like in character,
being v 43 % central carbon 2pm, with N~ 24 % 2pn 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-l. Comparison of
Figures 1 and 2 shows that in going to the orthogonal geometry the
contribution of the twisted methylene carbon essentially disappears,
with contributiornsfrom the other tﬁree 2pm orbitals becoming

appropriately larger. Thus it is easy to imagine the laz" orbital
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growingZAinto the 2b1 orbital in a smooth and‘éoﬁtinuous manner,
In addifibn, the absence of a significant contriﬂhtion of the
orthogbnal methylene carbon to the 251 orbital ﬁay be assoclated
with the loss of resonance energy, which causésvthe twisted form

to lie v 17 kcal/mole above the planar moleculef

The singly-occupied orbitals follow our qualitative discussion

of the previous section. That is, Figure 3 and 4 demonstrate the
essential correctness of our qualitative picturévfll).A As suggested

earlier, the detailed calculations show the ley"forbital to become

the 1a2 orbital as the methylene group is twisted. In fact, a

perspective plot of the la2

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

orbital is virtually indistinguishable

f'orbital, since it has little magnitude in the plane 0.7 bohrs above
the molecule. However, inspection of the expénéion coefficients
show the 5b2 orbital to be as in (12), a 2p orbital in the plane

of the four carbon atoms. Finally, the total ﬂvelectron density
for the ;Az' 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 configﬁfations,.tﬁg central
'carbon has a large positive charge, if diécussionélof atomic charges
are méaningfﬁl. In fact,vthe charge of +0.62 on‘the planar central
carbon is one of the largest we have encountered on any carbon atom
study by'éh_initio methods with comparable basis sets. In hydro—
carbons, the carbon atoms usuélly have populations: greater than

5,26,

- . S 25
6.0, while for CFZ and C2F4 the carbon charges obtained 7°  are

0.36 and 0.53. The only positive charges largér than +0.62 with
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which we are faﬁiliar are those obtained by Snydéf and Basch for
CHF3 (+O,67) and CF4 (0.96). Thus it is quité cdﬁceivable that
as well aé having the lowest possible free vaiencé,l the central
carbon’ in trimethylenemethane may have the greaieét'htomic charge"

attainable in a hydrocarbon molecule.
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Table I, Orbital energies and Mulliken populations for the‘tfiplet ground
state of planar trimethylenemethane. The totals_take‘into account.

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

Central C Terminal C Hydrogen

Orbital , 'ei(ha?trees) C s’ p s P s
la;! -11.2690 2.00 0.00 0.00 0.00 0.00
le' ~11.2447 0.00 0.00 4.00 © 0.00 0.00
2a"  o11.2446 0.00 0.00 2.00 0.00 0.00
3a;" | ~1.0956 0.84 0.00 0.96 | 0.13 0.08
26! | -0.9082 0.00 0.09 3.00 . 0.09 0.72
4a, -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
la,’ ~0.5437 0.00 0.00 0.00  1.03 0.97
te! ~0.5236 0.00 0.77 ~0.01 “1.99 | 1.25
lag" ~0.4383 0.00 0.99 0.00  1.01 0.00
le'! ~0.3211 0.00 0.00 0.00 2.00 ©0.00

TOTALS | 3.12 2.26 3.45 3.13 0.81

ATOM TOTALS 5.38 ' 6.58 : 0.81




Orbital

vlal

1b2

231

331

bal

Sa1

2b2

6a1

7a1

3b2

Table II. Orbital energies and Mulliken populations for triplet trimethylenemethane in its orthogonal cénfiguration 3).

€ (hartrees)
-11.2697

-11.2467
-11.2467
-11.2335
-1.0944
-0.9081
~-0,9049
-0.7158
. -0.6334

-0.6002

Central C

8 P
2.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.86 0.00
0.00 0.08
0.00 0.13
0.28 0.00
0.00 0.20
0.00 0.36 -

Terminal C
[ S i
0.00 0.00
2.00 0.00
2.00 0.00
0.00 0.00
0.66 0.08
0.49 0.07
1.45 0.03
0.24 0.47
0.01 : 0.?5
1.08

Orthogonal C

£ 2
0.00 0.00
0.00 0.00
0.00 0.00
2.00 0.00
0.30 0.04
0.97  -0.01
0.00 0.02
0.13 0.45
0.01 0.25
0.04

Hydrogen Hydrogen
a b
8 s
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.01 0.03
0.08 0.05
0.19 0.19
0.21 0.21
- 0.07 0.39
0.52

Orthégonal

Hydrogen

0.00
0.00
0.00
0.00
0.02

0.27

0.21

0.11



Table II Continued

orbital

lb1

4b2

Bal

Zbl

5b2

132

TOTALS

ATOM TOTALS -

£ (hartrees)

=-0.5972

-0.5297

~0.5204

~0.3867

-0.3750

-0.2895

Central C

8 P
0.00 0.15
0.00 0.25
0.00 0.37
0.00 0.87
0.00 0.01
0.00 0.00
3.14 2.41

5.55

Terminal C
£ P
0.00 0.05
0.00 1.00
0.00 0.56
0.00 0.97
0.00 0.00
0.00 1.00
3.42 3.14
6.56

Orthogonal C

L P
0.00 1.05
0.00 0.00
0.00 0.45
0.00 0.05
0.00 0.98
0.00 0.00
3.40 3.08
6.48

Hydrogen Hydrogen
a b
8 [}
0.00 0.00
0.10 0.64
0.42 0.09
0.00 0.00
0.01 0.00
0.00 0.00
0.808 0.806
0.808 0.806

7 Orthogonal

Hydrogen

0.76
0.00
0.11
0.13
0.00
0.00

0.805

0.805



Figure

Figure'

Figure
Figure

Figure
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FIGURFE. CAPTIONS

e

Perspective plot of the la2 orbital of planar

triplet trimethylenemethane in a plane 0.7 bohrs
above the molecular plane.

Perspective plot of the 2b., orbital of twisted

1

triplet trimethylenemethane.

The lex orbital of C(CH2)3.
L

The ley orbital of C(CHZ)B.

Total 7 electron density of trimethylenemethane

in a plane 0.7 bohrs ahove the wolecular plane.
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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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