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Abstract—PE spectra of polyeae aldehydes are reported and discussed oo the basis of a semiempirical LCPO-MO

treatment withia the v electron approximation. The secessary

values incloding the CC bomd alternation

parameter
were obtained by fitting PPP orbital and trarsition emcrgies to the PE and UV data of dipheny! polyeaes and
polyene aldehydes. Thus, for planar systems the assignment of a PE band near 13.5¢V to the # orbital of the CO
growp couid be given, which could be confirmed by the LCPO-MO calculations and by results from ab initio
cakculations, and which forms the basis of a discussion and comperison of # orbital interactions in plamar

wesaturated carbony! compounds aad hydrocarboss.

orbitals constittes one of the basic tools of organic
photoelectron spectroscopy.’ Apart from the » systems
of hydrocasboas and their interactions with each other as
weﬂu%WalshM‘orWM’the

innonfromthuorw:l due to the fact that it is expec-
ted in repouofthespectmmwhmmnybwds

the LCBO mode! for hydrocarbons unoccupied orbitals
have to be taken into account in discussing » orbital
interactions in unsatnrated carbonyl compounds. '’

Recently we developed an LCFO-MO procedure'*
which within the Pariser-Parr-Pople (PPP) ap-
proximation'? allows for the direct calculstion of cor-
relation diagrams in a self-consistent way, using experi-
mental values for the ionization potentials (IP) and elec-
tron affinities (EA) of the fragments. In the present paper
we will show that the electronic structure of unsaturated
carbonyl compounds can be explained quite naturally by
mmofthelcm-uo-model taking into account the
rcoorbMutbeonlyunoccnpwdotbml The deter-
mination of the parameters which enter
the LCPO-MO treatment will be achieved in such a way,
that the orbital cnergies obtaised by couaventional PPP
calculations reproduce within the framework of Koop-
mans’ approXimation® the experimental IP"s which may
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be attributed to w electrons. To confinu the cooice of
parameters obtained by this procedure and the assign-
ment based thereupon the LCPO-MO mode] is applied
using theoretical as well as experimental values for the
fragment orbital energies. Thus, the aim of the present
peper is to discuss the different » orbital interactions in
unsaturated hydrocarbons and carbonyl compounds as
well as to test the validity and the applicability of the
LCPO-MO method and to lay the foundations of further

applications.
Photoelectron spectra. The PE spectra of the diphenyi
zmlhvepmnoulybeenmtedbylindma
Table 4 contains for comparison with cakculated

@)oo
I

CHy— (CH=CH},— CHO

2

orbital energies the vertical IP values 1.(i) for 1 (a = 1-3)
obnmdmthemmmvmvhwhummny
agree with the values given in Ref. 17. Peatadienal 2
(n=2) was obtained from crotonaldehyde by means of
an akdol condemsation with acetaldehyde'® and octa-
uwul)(n-li)mobmaedﬁna!(n-mbyawm!
resction with form: yiphosphoran.
The PE spectra of the polyeae aldehydes 2 (o = 1-3) are
given in Fig. 1 and 1.(i) valoes are collected in Table 2.
Al spectra were recorded on a modified PS-16 spec-
trometer (Perkin-Elmer Ltd., Beaconsfield, England), the
accuracy is £0.03eV.

PPP caiculations. In order o determine the
parameters which enter the LCRO-MO cakulations des-
cribed in the wm“m&mm
in the standard form™ with core integrals given by the
Goeppert-Mayer and Skiar approximation

b...-a..-U.-“};_z,y.. and h.=8,.000 ()
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Fig. 1. He(l) photoelectron spectra of crotonaldehyde, pen-
tadicanl and octatricsal.

Electron interaction integrals are calculated from Mataga
formula®

Yo = laxy +1.) with laxy=(YR+y2N2, )

with one-ceater y9O values given by the Pariser rela-
m”mt«hyaowbomodyﬂccnmmtobe
fixed, Uc being an additive constant which is entirely
determined by the choice of the zero of energy. From the
difference of the UV spectra of polyenes and cyanines it
is known” that bond alternation may be rather important
in determining the electronic structure of polyenes. We
therefore set the length of the formal single and double
bonds in the polyenes oqual to:

r= 140t Ar
and také for the r dependence of Boc the formula:
Bocdr) = - 17.464 X 10°/1* eV

3
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Table 1. Parameter values for = electron calculations on un-
saturated carbony! compounds

[ev]) (pm)

Ue - 9.85 roc (ar) 140
Yo -18.25 r 137.5
. coc .
Yoo 11.08 Teec 142.5
Yoo 14.52 eo 121.4

12
Boc = ~17.464-10 /c®

12, 6
lco-~8808610 /x

(ev]
[ev)

proposed by Kon® which corresponds to Boc=
—2.32¢V for the benzene CC bond with r = 140 pm.

In Fig. 2 the orbital energies of diphenyibutadiene 1,
(n=2) and diphenylhexatriene 1, (n =3) are given as a
hmcﬁondu.weemembawmthecompmedm
energy differences with the differences of
IP'suavenbythePEmuobunedfotAr-

MO’s, and the lowest * MO belonging mainly to the CO
group is expected to lie among the ¢ jonizations.'' Thus

,1
[ev]
24
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The electrogic structure of polyeacs and uasaturated carbooyl compounds

the determination of suitable parameter values is slightly
more involved.

From a set of trial cakulations for linear polyene
aldehydes it is seen that with increasing absolute value of
Uo all » orbitals are stabilized, whereas Sco leaves all
= orbitals except the lowest one more or less
ected, so that from the first » ionizations of the
aldehydes Uo can be fixed. If the ionization
t0 9.5eV, ie. the first PE band of 1, (n = 1), but the
bandofl (n=2) and (n = 3), is assigned to the
Do orbital, this leads to a value Uo = - 18.25 ¢V which is
the range of values proposed in the lit-
.® The Bco cannot be fixed from the PE spectra

i

set is collected in Table 1, the

LCPRO-MO calculations. The LCFO-MO method is an
SCF procedure based on lincar combinations of fragment
orbitals (PO’s), which allows for the inclusion of
experimental [P's and EA's of the fragments within the
evaluation of the diagoaal elements of the Fock matrix
and for the truncation of the basis set 30 that only a few
or even none of the unoccupied FO's may be included in
mmmwmmw;nm

a=-I10+04/n., &)
with ... being the number of occupied PO's (OFO) of
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the fragment under consideration; the 1.(I) values were
taken from PE data® and the second term takes into
acooumtheamdncuvcpaulhnoouwcmedmme
combination of the fragments.* For the lowest un-
occupied fragmeat orbital (LUFO) ¢; was set equal to
—EA,>® which was left uncorrected since varying ¢, of
the LUFO by *1eV influences the energies of the
occupied orbitals of the combined system by less than
0.05eV.

l!mstudolthel.ﬂ)vdnuofethylenetboseofh‘e
substituted derivatives™ are used in the calculation, the
PE spectra of the comresponding Me substituted
butadienes™ are well reproduced. This demonstrated the
wide range of applications for the LCFO-MO method.

The results for the a,w-diphenylpolyenes which are
collected in Table 4 show that the PE spectra are very
well reproduced if we choose the polyene unit and the
two benzene rings as fragments and include all OFO's
and the LUFO of the polyene unit as the only un-
occupied FO. This means that in the case of 1 (n = 3) we
had to solve an 10x 10 SCF problem instead of the
18 x 18 PPP~SCF problem so that for molecules of this
size the LCPO-MO procedure becomes computationally
faster than the conventional SCF metbod in spite of the
integral transformation to the FO basis. But as pointed
out previously,'* the method was not developed in order
to save computer time, but rather for a pictocial inter-
pretation of the PE spectra of compiex molecules. This
is demonstrated by the wave functions also given in
Table 4 which show, ¢.g. that the lowest # MO's (la, and
1b,) are mainly given by the combinations of the totally
symmetric benzene orbitals, whereas the next one (2a,)
as well as the HOMO are mixtures of polyene and
benzene orbitals increasingly localized in the polyene
fragment as one proceeds along the series from 1 (n = 1)
tol(p=1J).

In Table S results of different sets of LCFO-MO cal-
culations for pentadienal are listed. The data in column
I-1II, which were obtained by using as FO's ¢ the
wmmmﬂ.mswm

the unoccupied butadiene and carbonyl MO's, only the
unoccupied carbonyl MO and no unoccupied MO's res-
pectively, demonstrate that it is necessary but also
sufficient to inclode just one occupied PO for the whole
system. As experimental values are used for ¢; in evalu-
ating the Fock matrix elements the results depend on the
oxygen parameters Ug and Sco only through the ¢, so

Table 2. VMMMUDN%MW(—QMPPPM!«W
ydes 2*

4(n=1) 2(n=2) 2(n=3)
11,0 Mo -c, (PPP) I (1) MO -c, (PPP) I,(1) MO -c, (PPP)
1 9.86(1050) L - 9.22(1540) o 9.10 8.42(1290,1370) *ec 8.46
2 10.35 Yoo 10.29 9.56 ny - 9.30(1130) ngy -
3 12.8 ? - 11.44 Toc 11,45 10.32(1290) Tce 10.39
4 13.8 oo 13-36 2.7 ? - 1.7 ¥cc 11.82
5 14.3 ? 13.4 *o0 13.26 12.7 ? -
6 14.4 ? - 13.6 "o 13-
7 14.0 ? -

Energies in eV, vibrational fine structure

(a" ) in brackets.
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Table 3. LCRO-MO results (nogative orbital eacrgits — @) for simple polycoes together with PPP resaits and
experimental

L(0) and EA valoes*
W -e, (PO)®  -e (PP} Exptl.I,(1)or EA
Putadiene n, - 0.70 0.13 - o0.62°
NS la, 9.03 8.49 9.03¢
by 1M.42 10.95 11.42
Hexatriene g - 0.75% 0.67 »0®
2, 8.50 7.95 8.29%
PaV oV 4 1bg 9.94 9.95 10.26
1a, 11.81 11.40 (11.9)
1-Methylbutadiene 4a° -~ 0.69 - -
. 3a* 8.58 - 8.619
% 2a° 11.10 - 11.10
1,4-Dimethylbutadiene JA“ ~ 0.69 - -
a
r{,/\/\ 2y 8.24 - 8.09
Hy 2a, 10.67 - 10.6
1,1,4,4-Tetranethyl~ dnu - 0.69 - -
butadiene oy d
3 qu 7.74 - 7.83
" Hy 3a, 10.19 - 10.12

2 enerqgies in eV
b

The following € values for the fragmepnts were used: ethylene -10.11, 1.78;

butadiene -11.26, -8.83, 0.62; propene -9.33, 1.78, 1.1-dimethyl ethylene
-8.83, 1,78 eV, see equ.(5) and Ref.29.

€ Ret.30
Ref.29
® Retf.31

increasing
In Table 6 the LCPO-MO results for the polyene
My&,mmvmmmdbxmm

; n :
of acetaldehyde (I.(no)= 10.21eV™) and the destabil-
inﬁonof.thenootbi!.nldunothnedhuibuﬁoqolther

§
3
£
&
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Table 4. LCPO-MO resuits (negative orbital eaesgies ~ ¢ and LCPO-MO's) for a,e-dipheayipolyeses, together
with PPP results and experimental L (i) valwes*

C

LA LCFO-M0 -y -ty Exptl
(ero)® s ) 1 (D)
va 8.12 0.62940.10(8,04,)¢0. 53(0590,;.) 8.27 7.82 7.93
S R 0.71(s,-s}) 9.15 9.00  9.22
@' (cHCH) @ 3B, 917 0.71(8,%9;) 3.13 9.00  9.22
A (031} », 9.3 0.159°+0.70(4¢-03) 9.1% 926 (9.%)
s, 10.60 0.709+0.25( #4200, 43(4091)  10.85 10.5  10.61
b, 1245 0.09"+0.70(4,-05) 12,35 12,02 11.35 7

la, 12.70 0.369+0.65(0,042) 12,88 12.3% ?
w778 0.799,90.09(-9))-0.43(04) 7.9 7.87 7.5
v, 9.07 o..‘n&x-o.xuc +0. 66(05005 8.93 8.86 8.97
@_ (crecn), .@»‘ 9.18 0.71(e,-}) 9.15 3.00  9.1%

4 (ax2) 3, s.18 0.7108,%4}) 9.1 9.00 9.8

ny 9.9 0.528,00.12(45-9])0. 56(5-41)  9.90 $.92  9.%

2, 117 0.879,-0.27(0,$97)+0.23(#+e1) 11.26 11,02 11.2

b, 1252 -0.21#,0.65(05-45) 12,49 12.1% ?

la, 12.6 0,369, +0.65(0,%4)) 12,57 12,29 ?
sa, 7.56 0.87'300.08(0(,'06)-0.33(05005) 7.65 7.82 1.7
ub‘ 8.57 0. 5«'2«)..“ -0. 59(os-os 8.6% 8.57 8.51
9.18 o.n(o)\oo;) 9.1% $.03 9.07
@ I @n;‘ 9.18 0.71(8,043) 9.1% $.03  9.07
4 (n=3) 3, 953 0.18¢,40.47¢,90.61(4g+6S) 3.50 9.55  9.51

et et

Zb‘ 10, 44 0.800200.17(00 oo)»o.:a(os ’s) 10,44 10.46  10.28

&, .61 o.axoxoo.z?(ooﬂ;})oo.12(os«§) 11.70 11.37 ?

I 12.56  -0.25#,%0.68(05~e3) 12.99 12.23 E]

la, 12.60 0.378,-0.189,,40.65(0,v07) 12.57 12.30 ?

S enargies {n oV

® The following €y values for the fragments were used; sthylsne and butadiene
ses Tabls 3, hexatrisne -11.77, -10.313, -8.18, 0.2; benzens ~1Z.3%, -9.15, -9.15 e¥
see Equ.(5) Ref.T and Ref.29

€ The principal compovents are give: $10850. .. dencte the occupled and o the
unoccupied polyene ¥-~rbitals and LI and ¢, the occupied bensens v-orbitals,
soe Raf. 7.

4 Sams paremeters as for LCFO-NO, but ocnly OF0's were taken into sccount.

'ﬂle.oodwolboththePPPrudu based on  planar unsatorated carbonyl compounds to the ionization

From: a pdmom choice of PPP perameters an
:wumemof PBhndwlS.Sthothafcois
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Table 5. LCFO-MO results (negative  orbital energies — ¢) for pentadienal using different sets of parameter

b ¢ I1 11X Iv v vi vIiI
Mo full LcroSd LepoSd  1epoCed  (aU.m42.0)  (8B..=+0.5) (88,.=+0.3) (48..=—0.3)
om+2- co™*0- cc=*0- cc—0-
oo (0%) 9.11 9.09 8.83 8.96¢ 9.12 9.04 9.13
Icc(zl') 11.45 1.4 11,24 11.29 11.45% 11.40 11.42
1eol1a®) 13.43 13.44 13.66 13.49 13.42 13.43 13.44

8 a1l energies in eV.
b

In columns IV - VII only the changes of parameter values with respect to columne I - III are

given. Results of column I - III were Obtained by including all occupied PO's and all unoccupied

7O's (I), only the "Eo (II) and no unoccupied PO's (III) respectively. Aﬂcc

in columns VI and

VII applies only to bond uniting the two fragments.

€ ror o values of the fragments see Table 6.

d CI' values of the polyene fragment including the ¥ inductive perturbation are - 11.32 and -

8.91 eV.

Having thus confirmed the value e(xco) = —13.5¢V as
energy of the carbonyl fragment including the o in-
ductive perturbation due to substitution we are pow in a
position to apply the LCPO-MO mode! to an inter-
pretation of the electronic structure of unsaturated car-
bonyl compounds. From Table 6 it is seen that with
LCFO-MO coeficients ranging from 0.95 to 0.98 the »
orbitals are very localized and little disturbed for all
compounds of the series, as was already observed from
the ab initio results for acrolein.> Figure 3 gives as 2
typical example the correlation diagram for peatadienal
nndsbomhowtheothmlewwmchnadbyther
inductive perturbation and by eonnmhvemtencnon.
This diagram stresses the importance of the ¥ 2o orbital
insofar as it shows, that both occupied orbitals of the
butadiene fragmeat are stabilized by conjugative inter-
action, whereas the wco is destabilized. This is the
opposite of what one would expect from the interaction
oltheoowpiedHO'tdone as may be seen from the
LCBOmuhsaho in Fig. 3. Thus, although with
P(rco) 0.07 the % oo orbital is very little populated, it
has an appreciable effect on the electronic structure of

o SRS A
2L
| oose om0
[V .M\; .
0 o i
of 8 g
_al Veasn C389) .
i E-v s
-10 ' \
-n R
'12{ N ]
"Bl ns s
@ B & (B (o)

instead of +0.86¢V). Thus the

uniting the two fragments as weil as the change in
lose-pair energy based on this charge redistribution is
much more pronounced in this case and shows better
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Table 6. LCPO-MO resuits (negative orbitsl coergies ~ ¢ and LCRO-MO's a3 well 33 FO popuiations Pp) for
polyese aldohydes®
Theoret. o Exptl. o§
b [}
ko €y ¢y Py MO Tty KCFO - MO *: Pyp
Acyolein Ny 9.61 "(.n 0.10  ny 9.77 '::o 0.06
CH,=CH-CH=O Tocl2a®) 10,41 ¢, 1.90  n(2a%) 10.28 -0.25vy, -o.w-::o +0.9%¢, ¢, 1.%4
Teol18%) 13,25 < 2.00 v, (1a%) 13.44  0.97x, +0.25¢, "o 200
L ] *
o 9.41 xly 0.12  ny 3.73 rlo 0-07
Pantadienal roc(sn') 9.25 v, 1.91 scctsa') $.09 -O.Nxco -o.ts:z.o +o.9?o2 L 1.9%
H{CH=CH) ,~CHO recl2a®y 11.52 v, 1.97 ccf2s™) 1141 -0.26x, -o.to::» +0.968, ©, 1.98
Teofle®) 13.22 », 2.00 col18") 13.44  0.95x,, +0.25¢, +0.16¥, 1o, 2.00
L ] L 4
Ny 9.31 oo 0.12 ng 9.7t "o 0.07
Heptatrienal nec(48%)  B.51 w3 1,93 wo.(4at)  B.38  0.123l; +0.110, +0.98v; #; 1.96
»
K (CH=CH) ,~CHO Toclda®) 10,44 y;  1.96 ¥ (3a%) 10.33 -0.18w, -0.127., +0.97v, ¥, 1.97
nec(28®] 11,99 w,  1.99 . (28%) 11.30 -0.24w, +0.97¥, v, 1.9
reol18%) 13.21 wy 2.00 v o(la®) 13.43  0.951,, +0.23¢, <+0.19%; 1., 2.0
-0.11%,

2 an energies in &V

b ¥y, ¥, and y; designate the occupied FO's of the polyens fragment

€ the following e values for the fragments were used: CO -13.5, 0.86 (see text) and

ethylene ~10.11, butadiene ~11.01, ~8.58 and hexatrisne -11.60, ~9.96, -7.99 eV,

obtained from ey = ~I (1) + O.Q/nocc

4 Only principal components are given.

Although for the interaction of hydrocarbon fragments
the inclusion of unoccupied FO's is thought 1o be not
important and although it does not affect the gualitative
appearence of the correlation diagrams, the results of
Table 4 show that the spacings of the orbital energies
may nevertheless change appreciably if the LUFO is

taken into account. In conclusion we may therefore state

that the approximations inherent to the LCBO model
nemwbe;mnﬁedonlymtboumm&mm
perturbation theory is applicable,™ but that with very
little additional effort one or & few unoccupied orbitals
may be taken into sccount and the calcutation may thea
be curried out in self-consistest manner using the
LCFO-MO scheme developed recently.
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