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He I photoelectron spectra of CH;HNNHCH,, (CH,),0,, and (CHj;),S, have been measured and the spectra
below 18 eV have been resolved into nine ionization bands corresponding to p-type localized molecular orbitals.
Orbital assignments of the resulting vertical ionization energies have been carried out with CNDO/2 calculations in

which orbital energies were calculated as a function of the dihedral angle in the region 0—180 °.

The separation

of the nonbonding photoelectron bands suggests that CH;HNNHCH, exists in outer-inner skew form, whereas

(CH,),0, is in trans form.
applied to the compounds studied here.

The sum rule consideration previously proposed by the present authors has been
The total sum of the vertical ionization energies in the p-type region for

each compound has been well reproduced in terms of appropriate empirical parameters based on the photoelectron

spectra of simple molecules.

The effects of methyl substitution on the ionization-energy total sums for N,H,,

H,O0,, and H,S, have been found to be very similar to those for ethane and ethylene.

Previously, on the basis of Walsh-type diagrams, the
present authors have studied the He I photoelectron
spectra of the simplest skew compounds, hydrazine®
and hydrogen peroxide.¥ From these photoclectron
studies,?% it was indicated that the whole of the spectra
may be interpreted in terms of possible dihedral angles
through semi-empirical calculations and that the split-
tings of the ionization bands corresponding to the
nonbonding orbitals largely depend on the dihedral
angles.® In the present work, we have extended our
photoelectron study to symmetric methyl-disubstituted
skew compounds, CH,HNNHCH,;, CH;OOCH,, and
CH,SSCHj,, to analyze their full He I spectra.

A high-resolution photoelectron spectroscopy using
He I (584 A) line is now well known as a powerful
method to study valence orbital structure.® Recently,
dependences of the dihedral angle on nonbonding
splittings in skew compounds including alkyl hydra-
zines,”® disulfides,®~1) and peroxides!® have been
received much attention in molecular photoelectron
spectroscopy. Recently, Rademacher”? and Nelsen
et al.®) have studied photoelectron nonbonding splittings
for a variety of alkyl hydrazines; Wagner and Bock?®
and Baker et al.19 for several alkyl disulfides; Colton
and Rabalais') for S,Cl,, S,Br,, and (CH,),S,; and
Batich and Adam!® for mono- and di-fert-butyl per-
oxide. Earlier He I photoelectron works of CH;HN-
NHCH; and (CH,),S, were carried out by Dewar
et al.'® and Frost et al.,'® respectively, using a retarding
grid technique. Kroto and Suffolk'® have recently
reported a high-resolution He I spectrum of (CHj),S,.
Most of these authors’~1% have also carried out semi-
empirical SCF MO calculations to interpret the photo-
electron spectra. Very recently, Davies'® has carried
out ab initio calculations for H,O, and H,S, to interpret
the available photoelectron data. Apart from the
theoretical studies associated with photoelectron spectra,
many other theoretical treatments for simple skew com-
pounds have been carried out to study angular de-
pendences of electron density, total energy, transition
energy, nonbonding interaction, rotational barrier,
o12.17,18)

Conformation of CH;HNNHCH,;, (CHj,),0,, and
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Fig. 1. Gauche forms of CH;HNNHCH;: (a) inner-inner
form, (b) outer-inner form, (c) outer-outer form.

(CH,),S, have been studied by several workers.19-21)
Aston et al.® suggested for CH;HNNHCH; that its
entropy data may be interpreted with either a single
outer-inner skew form or a 709, : 309, mixture of the
outer-outer and outer-inner skew forms which are
shown schematically in Fig. 1. A recent infrared and
Raman study by During and Harris?® indicated that
CH,HNNHCHj, in the liquid phase consists of a mixture
of gauche forms. For (CHj),S,, an experimental value
of 84°42’ for the dihedral angle was obtained by Sutter
et al.®) using a microwave technique. There are no
available data for the dihedral angle for (CH,),0,.

Under these circumstances, we considered it interest-
ing to obtain conformational information from He I
photoelectron spectra for the skew compounds studied
here. From previous He I photoelectron studies of
several series of aliphatic organic compounds, Kimura
et al.? have indicated that the total sum of vertical
ionization energies in the p-type region for each mole-
cule may be reproduced in terms of vertical ionization
energies of simple molecules. Therefore, such a sum
rule consideration may be interesting for the compounds
studied.
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Experimental

Measurements of He I photoelectron spectra were carried
out with the high-resolution photoelectron spectrometer used
previously.?® Calibration of the ionization energy scale was
carried out using known ionization energies of Xe as an
internal standard.?® Gaseous samples were introduced
through a vacuum glass line with a teflon needle valve. No
metal tube was used to avoid decomposition.

sym-Dimethylhydrazine was librated from commercial di-
hydrochloride salt in aqueous alkaline solution, and then was
dehydrated by barium oxide and finally distilled in vacuum.
Dimethyl peroxide was prepared from dimethyl sulfate and
hydrogen peroxide according to the method described by
Hanst and Calvert?® and purified by distillation in vacuum.
Commercial dimethyl disulfide was purified by distillation in
vacuum.

Theoretical Calculations

We carried out SCF MO calculations for CH,-
HNNHCH,, (CH;),0,, (CH;),S,, and H,S,, using the
CNDO/2 method with the same parameterization as in
the original paper.?® The geometrical parameters
used were taken from available structural studies,26—28)
which are summarized in Table 1. The CNDO/2 cal-

TABLE 1. GEOMETRICAL PARAMETERS
CH,HNNHCH,2?® (CH,),0,2?
ran=1.45 A roo=1.475 A
rne=1.47 A roc=1.445 A
rag=1.04 A rop=1.09 A
ron=1.09 A ~00C=105°
ZNNC=110° ~ OCH=109°28"
(CH,)2S,?Y H, S,
ree=2.038 A res=2.055 A
rec=1.810 A ren=1.352 A
rop=1.09 A /. SSH=91°57"

/SSC=102°48"
£ SCH=109°28"

culations of (CH;),0,, (CHj),S,, and H,S, were per-
formed for various dihedral angles from 0 to 180°
with an interval of 10°. For CH;HNNHCH,, the
calculations were carried out for the following con-
formations: 1) cis form, C,; 2) trans form, Cy; 3) inner-
inner skew form, C,; 4) outer-inner skew form, C,;
and 5) outer-outer skew form, C,. We used a FACOM-
230/60 digital computer at the Computing Center of
Hokkaido University.

Results

The He I photoelectron spectra of CH;HNNHCH,,
(CH,),0,, and (CHj;),S, are illustrated in Figs. 2—4,
respectively. According to our previous photoelectron
studies of various series of aliphatic compounds,?? all
the photoelectron bands due to p-type localized molec-
ular orbitals (LO’s) are located below about 18 eV.
The same situation may also occur for the compounds
studied. As done previously,?? in the present work,
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Fig. 2. He I photoelectron spectrum of CH;HNNHCHj.
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Fig. 3. He I photoelectron spectrum of (CHs):O,.
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Fig. 4. He I photoelectron spectrum of (CH;),S,.

the resolution of the photoelectron spectra into in-
dividual bands was carried out on the basis of 1) spec-
tral shape (maxima and shoulders), 2) the number of
p-type LO’s, and 3) the sum rule consideration. The
numbers of p- and s-type LO’s for several related com-
pounds are summarized in Table 2, from which it is
seen that there are five p-type LO’s in NyH,;, H,O,,
and H,S, and nine in the methyl-disubstituted com-
pounds. The p-type bands in the photoelectron spectra
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CH,HNNHCH, are summarized in Table 3 together
with the MO assignments obtained from the CNDO/2
calculations, while the vertical ionization energies of
(CH,),0, and (CHj;),S, are shown in Table 4.

The Walsh-type diagrams?) based on the CNDO/2
calculations for (CH,),0, and (CHj),S, are illustrated
in Fig. 5, in which the calculated orbital energies are
plotted against the dihedral angle.

TasLE 2. NUMBERS OF p- AND s-TYPE LO’s®
p-type LO’s® s-type LO’s
——
Ny Oxx Oxc Ox Tlon, Ny sx s¢ Ng
N.H, 2 1 2 5 2 2
H,0, 2 1 2 5 2 2
H,S, 2 1 2 5 2 2
CH;HNNHCH, 2 1 2 4 9 2 2 4
(CH,),0, 2 1 2 4 9 2 2 4
(CHjy),S, 2 1 2 4 9 2 2 4

a) X=N, O, and S. N, and Ng represent the total
numbers of p- and s-type LO’s respectively. b) oy’
represents Gyy,, Som, and ogy when X=N, O, and
S, respectively.

TABLE 3. VERTICAL IONIZATION ENERGIES OBTAINED FROM
THE He I PHOTOELECTRON SPECTRUM AND MO ASSIGN-
MENTS BASED ON CNDO/2 CALCULATIONS
ror CH;HNNHCH,

MO assignment (CNDO/2)

Vertical (outer-inner form)
IE (eV) -
Symmetry Character  Energy (eV)”

I, 9.02 a ny* —9.19
I, 9.69 b ny~ —9.80
I 13.0, a SNy —11.92
1, 13.70 b Gne” —13.92
I, 14.2, a oxe’ —14.94
A 14.6, b Tom, —15.37
I, 15.70 a Tiou, —18.21
I 16.3, b Tom, —19.48
I, 17.27 a Ton, —21.03

a) Reduced by 4 eV.

TABLE 4. VERTICAL IONIZATION ENERGIES OBTAINED FROM
THE He I PHOTOELECTRON SPECTRA OF (CH;),0O, AND
(CHj;)2S; AND ORBITAL ASSIGNMENTS DEDUGED
MaINLY FROM CNDO/2 carcuLATIONs®

(CH,),0, (CH,).S,
~— —_——
MO assign- MO assign-
ment? ment
Vertical $=180° Vertical  ¢=284°42’
IE (eV) —_— IE (eV) —_—
Sym. Char- Sym. Char-
acter acter
I 9.71 b, ng” 8.96 a ng*
I, 11.61 a, ny* 9.26 b ng
I, 12.58 a, 600 11.26 a Ggg
I, 14.02 a, Goct 12.31 b Gsc
I, 14.4, b, o, 13.42 a ogc”
I, 15.08 b, Tom, 14.3, b Ton,
I, 16.3, b, Goc™~ 14.7, a Ton,
I; 16.3, a, Ton, 15.1, b Tom,
I, 17.34 a, Tom, 15.5; a Tomg

a) For orbital energies of the CNDO/2 calculations,
see the diagrams in Fig. 5. b) The assignments for
the second and third photoelectron bands are based
on the consideration of the nonbonding splitting.

in Figs. 2—4 are indicated by solid and broken lines,
the numbering of ionization bands being also shown.
The vertical ionization energies thus obtained for
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Fig. 5. Walsh-type orbital energy diagrams for (CHj),0,

and (CH,),S,, constructed on the basis of CNDO/2
calculations. (Energies for (CHj;),O, were reduced
by 4 eV.)

Discussion

First we review the valence orbital structure of the
simple skew compounds, N,H,, H,O,, and H,S,, using
the available He I photoelectron spectra3:4%) shown in
Fig. 6 as well as Walsh-type orbital energy diagrams
shown in Fig. 7, in which the diagrams of N,H, and
H,0, were previously reported®% and that of H,S,
was obtained from the present CNDO/2 calculations.
It is seen that the orbital diagrams in Fig. 7 have the

N, n dm“NHz
He . [
1 2
3 45

5
10 12 14 16 18 20
IE(eV)

Fig. 6. Schematic drawing for the He I photoelectron
spectra of N,H,, H,O,, and H,S, reported in Refs. 3,
4, and 9b, respectively.
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Fig. 7. Walsh-type orbital energy diagrams for N,H,,

H,O0,, and H,S,, constructed on the basis of CNDO/2
calculations. (Energies were reduced by 4 eV.)

following characteristics. 1) The two highest curves
due to the 4- combinations of the nonbonding orbitals
cross each other at about 90°, the splitting being closely
associated with the dihedral angle. Such angular de-
pendences of the nonbonding orbital splitting have
previously been reported by Yonezawa et al.l)  2) The
third curves due mainly to the N-N, O-O, and S-S
bonds are quite insensitive to the dihedral angle. 3)
The fourth and fifth curves also cross each other at
about 90°.

Since experimental dihedral angles of 90—120° have
been reported for NyH,, HyO,, and H,S, from structural
analysis studies,3? it is seen from the Walsh-type dia-
grams in Fig. 7 that the orbital orderings are N,H,
[3a, 3b, 4a, 4b, and 5a], H,0, [3b, 3a, 4a, 5a, and 4b],
and H,S, [7b, 7a, 8a, 9a, and 8b]. The difference in
the orbital symmetry between N,H, and H,O, are due
to the relative orientation of the nonbonding orbitals
with respect to the C, axis. The recent ab initio cal-
culations of Davies'® gave rise to slightly different
assignments that the above order of the 3b and 3a
levels in H,O, and that of the 7b and 7a levels in H,S,
are reversed. It should be mentioned that the experi-
mental nonbonding splittings of N,H,, H,O,, and H,S,
(0.73, 1.00,% and 0.27 eV,* respectively) may be ap-
proximately reproduced by the CNDOQO/2 calculations
using the available dihedral angles.

The photoelectron nonbonding bands in Fig. 6 are
structureless and much broader compared with usual
sharp nonbonding bands of aliphatic alcohols and
amines.®) It may be pointed out that the broadening
of the nonbonding bands of the skew compounds may
be interpreted in terms of differences in geometry be-
tween the ground and the ionized states. Since the
original study by Walsh,’ many workers have pub-
lished qualitative and quantitative MO studies®!) using
Walsh diagrams. Combining a ground-state orbital
correlation diagram with the Walsh rule, we may
qualitatively predict changes in geometry between the
ground state and its ionized states. Now let us take
H,0, as an example. Ionization of an electron from
the 4b orbital whose energy decreases with increasing
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Fig. 8. Schematic drawing that explains the broaden-
ing of the nonbonding photoelectron bands of H,O,,
using the potential curves of the ground and the ionic
states expressed as a function of the dihedral angle.
(¢, represents the equilibrium skew angle of the ground
state molecule.)

dihedral angle (Fig. 7) gives rise to the ionized state 2B
which has a potential minimum at a smaller angle
than the equilibrium ground-state dihedral angle (¢o).
The potential curves of the ground and the ionized
states are schematically illustrated as a function of the
dihedral angle in Fig. 8. On the other hand, in the
case of the ionization from the 5a orbital, a reverse
situation may occur, the orbital energy increasing with
the dihedral angle (see Fig. 7). Therefore, the result-
ing potential curve (2A) should have a minimum at a
larger angle than ¢, as shown in Fig. 8. The broaden-
ing of the nonbonding bands strongly suggests that the
2B and 2A ionized states are quite different in the
equilibrium dihedral angle from the ground state.

N,N’-Dimethylhydrazine. The full photoelectron
spectrum of CH;HNNHCH, (Fig. 2) and its inter-
pretation is reported here for the first time, although
experimental nonbonding splittings for many alkyl
hydrazines including CH;HNNHCH, have previously
been reported by Rademacher”? and Nelsen et al.®
There are only slight differences in vertical ionization
energies between the literature values”® and ours for
the first two photoelectron bands which may be at-
tributed to the nitrogen nonbonding orbitals.

As shown in Fig. 1, there may be three possible
gauche configurations (inner-inner, outer-inner, and
outer-outer forms). The present CNDO/2 calculations
yielded nonbonding splittings of 2.72, 1.89, 0.62, 0.61,
and 0.05 eV for cis, frans, inner-inner, outer-inner, and
outer-outer forms, respectively. Our experimental non-
bonding splitting was 0.67 eV which is close to the
calculated splittings of the inner-inner and outer-inner
forms, but largely differs from those of the cis, trans,
and outer-outer forms. A possibility of inner-inner
form may also be ruled out because of a steric interac-
Therefore, from the
consideration of the nonbonding splitting, outer-inner
skew form seems to be most plausible for CH,;HNNH-
CH,.

An early electron diffraction study by Beamer?®
indicated that its experimental results are unfavorable
to the ¢is configuration. Aston et al.'® could rationalize
the entropy data of CH;HNNHCH, in terms of either
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a single outer-inner (gauche) form or a 709, : 309%, mix-
ture of the outer-outer and outer-inner forms, respec-
tively. The infrared and Raman study by During
and Harris?% also suggested that the molecule has more
than a single form in its liquid and gaseous state.
However, in the present study, the photoelectron spec-
trum may be interpreted in terms of only a single outer-
inner form. This is supported by a very recent gas-
phase electron diffraction study by Kuchitsu e al.3?

The CNDO/2 results of CH;HNNHCH; for the
outer-inner form are summarized in Table 3, main
orbital characters being also shown. For higher photo-
electron bands, the present CNDO/2 calculations of
CH;HNNHCH, suggest that 1) the third band is of
onn, 2) the fourth and the fifth band are due to the +
combinations of the oy¢ orbitals, and 3) the last four
bands are due to the methyl pseudo 7 orbitals.

Dimethyl Peroxide. For (CH,),0, there are no
available He I photoelectron spectra for comparison.
This compound slightly decomposes at room tempera-
ture, the major products being methanol and carbon
monoxide whose first vertical ionization energies are
10.91 eV22d) and 14.01 €V,9 respectively. The shoulder
appearing at 10.9 eV in the spectrum may be due to a
small amount of the decomposed methanol.

From the spectral shape as well as the number of
p-type LO’s we concluded that the spectrum below
18 ¢V in Fig. 3 consists of the nine p-type bands. The
first three bands are well separated from one another.
The CNDOJ2 calculations indicated that the total
energy becomes minimum at $=180°, where the non-
bonding splitting amounts to 1.91 eV. This value is
in good agreement with the experimental separation
between the first and the second band, 11.61—9.71=
1.90 eV (Table 4). On the basis of the nonbonding
splitting consideration, we tentatively propose that
(CHj3)50, has a planar ¢rans form in the gaseous phase.
A similar situation was reported to occur for di-fert-
butyl peroxide by Batich and Adam.?

The MO assignments of (CH,),O, obtained by the
CNDOJ/2 calculations are summarized in Table 4, in
which the assignments for the second and the third
photoelectron band are based on the consideration of
the nonbonding splitting. The CNDO/2 calculations
of (CH;),0, in trans form indicated that the 6go level
lies between the two nonbonding levels. This assign-
ment may probably be incorrect, although the cal-
culations gave rise to the reasonable nonbonding split-
ting, 0.91eV. As shown in Table 4, we therefore
concluded that the third photoelectron band to the 6o
orbital.

Dimethyl Disulfide. The spectrum of (CH,),S,
in Fig. 4 is essentially the same as those previously re-
ported by Kroto and Suffolk,’® by Wagner and Bock,?
and by Colton and Rabalais.'} However, our spec-
trum obtained here clearly shows the sixth band (ap-
pearing as a bump at 14.4eV) which has not been
pointed out by other workers, and also shows two
slight shoulders at about 15.5 eV (indicated by broken
lines in Fig. 4). On the basis of the number of p-type
LO’s in this compound, there should exist nine p-type
ionization bands below 16 eV, therefore four ionization
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bands being located in the 14—16 eV range.

As has already been pointed out,?11:15) the first and
the second band of (CHj),S, are due to the 4 com-
binations of the sulfur nonbonding orbitals. The ex-
perimental nonbonding splitting (9.26—8.96=0.30 eV)
was reproduced at dihedral angles of 84° and 98° in
the present CNDO/2 calculations which showed that
the total energy becomes minimum at 84°. It is
interesting to see that this angle is very close to that
(84°42') determined by a microwave study by Sutter
et al.2)  The MO symmetries and characters based on
the CNDO/2 calculations (at ¢—=84°42') are sum-
marized in Table 4. These MO symmetries are con-
sistent with those reported by Wagner and Bock®? and
Colton and Rabalais.!)

According to the CNDO/2 calculations, the third
inner orbital is of 6 in character and very insensitive
to the variation of the dihedral angle (see Fig. 7). It
may be pointed out here that the upper part of the
correlation diagram of (CH,),S, resembles those of
H,0,, H,S,, and N,H,, but largely differs from that of
(CH,),0,. This difference may be explained in terms
of a difference in size between the sulfur 3p and oxygen
2p orbitals. In a photoelectron study by Sweigart and
Turner,?® it has been pointed out in oxygen- and
sulfur-containing heterocyclic compounds that orbital
interaction between sulfur nonbonding orbitals is mainly
through-space interaction, whereas that between oxygen
nonbonding orbitals is through bond dominant. There-
fore, the difference in the pattern of the orbital energy
diagrams between (CH,),0, and (CHj;),S, in Fig. 5
may be attributed to the differences in the nonbonding
orbital interactions.

Sum Rule Consideration. Using the experimental
vertical ionization energies, we obtained the sum (77)
over all the p-type bands in each compound by

Texpt. = ;(_Iz) (1)

The results are summarized in Table 5, being plotted
against the number (m) of substituted methyl groups

150

100

-T (eV)

50

0 1 2

Fig. 9. Plots of the total sums of experimental vertical
ionization energies versus the number of methyl groups
for several series: (a) RHNNHR’, (b) ROOR’, (c)
RSSR’, (d) RH,CCH,R’, and (¢) RHC=CHR’,
where R=R’=H at m=0; R=H and R’=CH, at
m=1; and R=R’=CHj, at m=2.
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TaABLE 5. COMPARISON OF THE EXPERIMENTAL AND
CALCULATED VALUES (in €V) ON THE PARTIAL SUM
(P) AND THE TOTAL suM (T) IN THE SUM RULE
CONSIDERATION USING p-TYPE LO’s

(I’s)—~>(p-type LO’) Expt. Calcd.

N.H,(Cy)» v T=-69.5 —69.59
(L, Iy, Is)—a(ny, onys Tn,) P=—42.2 —42.2
Ly, I)—>b(ny, mxm,) P=-27.3 —27.3

H,0,(C,)» T=-—74.5 —74.59
Iy, 1, I,)—a(ng, 6005 Son) P=-45.5 —45.3
({15 1,)—>b(ng, oon) P=-29.1 —-29.2

H,S,(Cy)® T=-—62.1 —62.19
(1., I, I;)—a(ng, 6gg, Ogy) P=-37.7 -—-37.3
(I, I;)—Db(ng, ogy) P=-244 -—-24.8

CH;HNNHCH, (C,) T=-123.5 —124.0
(L, I, I, --1g)—(2ny, oxns 20805 47cH,)

(CH,)30,(Csy) T=-—127.4 —128.9
(I, Iy, I, I,)—>Out-of plane (2n,, P——_53.7 —53.8

Ton,

sy 1y, Iy, I, 1) —In-plane (oo, P=—7%.7 —75.1
260c5 27cn,)

(CH,)5S,(Cy) T=-—114.9 —115.5
(Iyy Iy, I, I, Iy)—>a(ng, ogg; Oy, P—-63.9 —64.0

Tlon,

Ly, 1y, I, Ig)—b(ng, ogc, 27cy,) P=-51.0 —51.5

a) The I’s were taken from Ref. 3: I,=991, I,=
10.61, I;=15.61, I,=I,=16.66 in eV units. b) The
I’s were taken from Ref, 4: [,=11.69, I,=12.69,
1,=15.33, I,=I;=17.4 in eV units. c¢) The I’s were
taken from Ref. 9b: I,=10.01, 1,=10.28, I,=(12.6),
I,=(14.1), I,=(15.1) in eV, where the values in
parentheses were estimated from the reported photo-
electron spectrum. d) Assumed to be equal to the
experimental value.

in Fig. 9. Lines a, b, and c in Fig. 9 are drawn through
the plots for the hydrazines, peroxides, and disulfides,
respectively, to show variations in the total sum with
m. Similar plots (lines d and e) are also shown in
Fig. 9 for the methyl-substituted compounds of ethane
and ethylene, clearly indicating linear relationships
between 7 and m.3%) Previously, we have reported
such linear tendencies for several series of methyl-,
chloro-, and bromo-substituted compounds.22f:8) We
may point out here that, as seen from Fig. 9, lines a,
b, and ¢ are almost parallel to one another as well as
to lines d and e. These experimental results indicate
that the methyl-substitution effects of 7" for the hydra-
zines, peroxides, and disulfides are very similar to those
for the alkanes and alkenes. The difference in 7" in
each methyl substitution is estimated to be 27.0 eV in
the hydrazines, 26.4 eV in the peroxides, 26.5 eV in the
disulfides, while it is 26.0 eV in the alkanes and 26.8
eV in the alkenes.228)

As shown previously,?? the total sum may be ex-
pressed approximately with the sum of empirical orbital
energies (g;) over all the p-type LO’s. The total sums
for N,H,, H,0,, and H,S, may be expressed by

Topte. = 2¢(nyg) + &(oxx) + 2&(0x)) (2)

where X=N, O, and S, and oy represents 7ixm,, Gons,
and ogm, respectively. For CH;HNNHCH,, (CH,),0,,
and (CHj),S,, the total sum may be given by
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TABLE 6. EMPIRICAL ENERGIES (€V) USED FOR LOCALIZED
MOLECULAR ORBITALS (LO’s) IN THE
SUM RULE CONSIDERATIONS

g(ny)=—10.88 &(ony)=—14.90
&(ng) =—12.61 &(600) =—16.10
e(ng) =—10.48 g(ogg) =—12.31
&(one)=—14.42 &(Ttyg,) =—16.40
&(0oc)=—15.19 &(ooy) =—16.60
&(oge) =—12.42 g(ogy) =—14.30

&(moy,) =—14.30

Topre. = 2e(ny) + &(oxx) + 2e(oxe) + 48(”01{3) (3)

With Eqs. (2) and (3), we estimated the total sums using
the empirical energies ¢; given in Table 6, the result-
ing T, being also included in Table 5. All the &
values in Table 6 were previously used in the sum rule
considerations of alkyl amines,229) alcohols,22d) and
thioalcohols,3? except the &(oxx)’s which were deter-
mined so as to reproduce the experimental total sums
of the parent compounds. As can be seen from Table
5, it is interesting to note that the experimental total
sums for CH;HNNHCH;, (CH,),0, and (CHS,),S,
are reproduced in terms of the empirical LO energies
with errors of 0.5, 1.5, and 0.6 eV, respectively.

Since N,H,, H,O,, H,S,, and (CH,),S, are of molec-
ular symmetry C,, the LO’s may be divided into two
symmetry groups a and b. Therefore, the partial sums,
P, belonging to these symmetry species were also cal-
culated, as shown in Table 5. For (CH,),0, which
is proposed here to have C,), symmetry, the LO’s may
be divided into the out-of-plane and in-plane ones,
the resulting partial sums being also shown in Table
5. On the other hand, the experimental partial sums
were obtained by appropriate combinations of I;’s on
the basis of the MO assignments described before
(Tables 3 and 4). Although no orbital interactions
were taken into account for each set of equivalent
LO’s, a considerably good agreement is generally ob-
tained between the experimental and theoretical partial
sums as shown in Table 5.

Finally, we may point out the following point in
connection with the sum rule considerations. Koop-
mans’ theorem3®) was assumed for selecting the g’s
from the photoelectron data of the simple molecules.
However, if we consider each empirical value (in
Table 6) without a negative sign as a hypothetical
ionization energy, which is due to the ionization of an
electron from the original unperturbed LO, then the

-present sum rule consideration may be thought as an

additivity rule of ionization energy, independent of
Koopmans’ theorem.

The authors wish to thank Dr. S. Katsumata in this
laboratory for his helpful discussion.
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