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Direct conversa’or 3 + 1.1 g (0.005 moI) 3 w a ~  electrolyzed in 320 ml acetonitrile or 50% aqueous 
tetrahydrofuran in thc preescncc of 30 ml 40% tetrabutylammonium hydroxide as base and sup- 
porting electrolyte. In  tetrahydrofuran under the same experimental conditions as in methanol 
130 mg (13%) 1 are obtained after workup and recrystallization. In acetonitrile the current in- 
tensity decreased during the electrolysis so t ha t  thc voltage had to be risen to 80 V. The yicld was 
similar a5 in THF (~10%). 
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105. A Quantitative Assessment of 64Through-space ” and 
‘4 Through-bond ” Interactions. 

Application to Semi-empirical SCF Models 
by Edgar Hsilbronner and Andreas Schmelzer 

Physikalisch-chcmischcs Institut dcr Univcrsitat Rascl, Klingclbcrgstr. 80, CH4056 Rase1 

(6.11. 75) 

Sum?nu?y. Thc scheme of ‘through-spacc’ and ‘through-bond‘ interaction of (semi)localized 
orbitals, originally proposed by Hofjmaian, is reexamined in terms of SCF many-electron treat- 
ments. It is shown that the two types of interaction can be characterized by examining the cor- 
responding off-diagonal matrix elements of the liartree-Fock matrices of the localized or the sym- 
metry adapted localized orbitals and of the partially diagonalizcd Hartree-Fock matrices referring 
to ‘precanonical orbitals’. 

The procedure outlined is applied to three practical examples using the semiempirical many- 
clectron treatments SPINDO, MIND0/2 and CNDO/2 : 

a) A reassessment of ‘through-space’ and ‘through-bond’ interaction in norbornadiene in- 
dicates, that the latter type of intcraction is also of importance for the orbital based mainly on the 
antisymmetric combination of thc localizcd n-orbitals. The differences in the predictions derived 
from the three models arc critically cxamincd. 

b) The competition between ‘through-space’ and ‘through-bond’ interaction in the series of 
bicyclic dhnes from norbornadiene to bicyclo[4.2.2]-dcca-7,9-diene and in cyclohexa-l,4-diene, 
i.e. their dependence on the dihedral anglc o is rccxamined. It is found that the rationalization 
for the orbital crossing near w = 130” dcduccd from PE. spectroscopic data can not be as simple 
as originally suggested and that thc ‘relay’ orbitals responsible for ‘through-bond’ intcraction 
affecting both the symrnctric and the antisymmetric combination of thc n-orbitals extend over 
the whole CC-a-systcm of the six membered ring. 

c) ‘Through-bond’ interaction of the two lone pair orbitals in 1,4-diazabicyclo[2.2.2]octane 
is found to bc large for their symmetric and the antisymmctric linear combination. 

The analysis quoted, draws attention to some of thc dangers involved in using semiempirid 
treatments for the interpretation of PE. data in terms of Koopmans’ theorem, without due caution. 
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1. Introduction. - In the wake of the Woodzerard-Hof/wtamz rules 111 numcrous 
new concepts have found their way into molecular orbital theory, concepts which in 
turn have lead to heuristicalIy useful rules of thumb for the systematization and 
prediction of physical and chemical properties of mokculcs [Z]. Among thesc, two 
of the most widely accepted notions arc thosc of ‘tllrough-space’ and ’through-bond’ 
interaction between localized or semi-localized basis orbitals, originally introduced 
by Noffma~ra [3]. They are traditionally used citlicr qualitatively or in the frame- 
work of an indepcndent-electron treatment, e.g. the Hiickel-MO or the EHT-model 
[:4] (EHT = Extended H W d  Theory), md arc dcfincd as follows: 

‘ Through-space’ interactiora. Two basis orbitals xa, Xh arc said to interact ‘througli- 
space’ if their overlap integral S&b = (xa I xu} arid thus their interaction imatrix clc- 
ment Hsb = ( x s  ] H I Xb) a - Sab differ significantly from zero. (€I is the H i k k ~ l  
hamiltonian). 

It should bc noted that in the HMO- or EHT-model the interaction element FIah 
is a resonance integral. For positive (ncgutive) ovcrlaps Ssb the matrix elenlent Hat, 
becomes negative (positive). If Hat, (0, the orbital energy E- of the resulting 
semi-localized linear combination 7- = axa hXh ( i e .  the one that takes ttic riodc) 
lies above E.,., i . e .  the orbital energy of 7, = a’xa +- b’Xh (a, b, a’, 1)’ > 0). We call this 
the ‘rraturd’ sequence of orbitals. If xs  and XI, are related by symmctry, then q is 
symmetric. 7- antisymmetric with respect to the discriminating symmctry operation. 

do not ovcr- 
lap significantly (sab m 0). Under thest: circumstanccs one can form h e a r  combina- 
tions x+ = (xg + x17)/1/2, x- = (xa - ~ b ) / l / i  which are of Same orbital cnergy even if thc! 
energies of the basis orbitals za, X b  differ (e, # Eh). “l‘hrougli-bond’ interaction be- 
tween xa and Xb occurs if both orbitals x,, Xb ovrrlap significantly with at least cine 
other basis orbital xc of the moleculc. The resulting interaction matrjx elements Ha,, 
HbE (which in HMO or EHT are again resonance intcgrals) lead to 

‘Through-bod’ intevactioa.. Consider first the casc in which xa, and 

(0) 

The matrix elements H,, and He- differ in size, thus lifting thc (Jtnost) dcgcncrucy 
of x+ and x-. Usually it will be found that xe lies below x ,. and x.-  i n  energy and that 
I &.+ - e, } * ] e- - eC 1 is largc compared to H, t- and &-. Undcr these circumstanccs 
the ‘through-hond’ induccd shifts t,., z-- of the orbital cnergies E., = ( x ,  1 H I I+), 
E- =; (x- 1 H ] x-} can then be evaluated by a second-order perturbation trcatntent 
as follows: 

%+ = <XC I H 1 x+> (Hnc - i .  Hbc)/li2 oc - (Sac + Stx),VZ 

Hc- -‘I (xC [ H [ x-} -- (€lac - Hh,)/v2 OC‘ - .  (Sac - - Sa,)/l/Z 

T+ = @+I(&+ - 4 z H ~ - / ( E -  - BC)  (1 1 
An important consequence i s  that, ckpcncling on the relative sizes of H,,, and 

Hc,, one can have either z+ < r-- or T +  > T-. Whereas the former relationsliip lcacls 
again to the ‘natural’ sequence of the perturbed orbitals, i- above i+, an inverted 
sequence is obtained in the latter case, i .e. X; above ~ 1 .  

In general ‘through-space’ and ‘through-bond’ interactions will occur simulta- 
neously in a given molecule. It should be noted that the relevant interaction matrix 
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elements (Hab and He+ or Hc-) can be of the same or of opposite sign, so that the 
two effects can cither reinforce, cancel or over-compensate each other. Obviously, 
only their resultant, ie. their sum or differcncc can, if at all, be correlated with the 
observed data. For a more detailcd discussion the rcadcr is referrcd to [3]. 

Photoelectron (PE.) spectroscopic investigations of a variety of model systems 
15-81 have provided data, wliich, at first sight, secm to be direct evidence for the 
‘existence’ and the interplay of thew two types of orbital interaction. 

In particular the following observations are rrlevant for thc! analysis prescnted 
in this paper: 

1. It has bccn shown that the LIE. spcctroscopic data of the series norbornadienc 
(l), bicycloi2.2.2]octadiene (2) 151, bicycIo[3.2.2/nona-6, &dime (3) [9], bicyclo[4.2.2]- 
deca-7,9-dicne (4) [lO] and cyclohexa-l,4-dicne (5) 151 can be rationalized by as- 
suming that thc two highcst occupied molecular orbitals, both dominantly n in 
character, arc bz(x) abovc al(n) in 1 [7] and 2 [ll], but a,(n) above b&) in 3, 4 [12j 
and 5 [ll], 1121. 

1 2 3 4 5 

2. In  1,4-diazabicyclo(’2,2.21c,ctane (6)  161 (IIAHCO) it has been postulated that 
the molecular orbital ai(n.,), bascd on thc lincar combination n, = (n, .t n4)/C9 lies 
above al(ti.-) which i s  l~ased on n- -; (nl - . n4)/1/2. This has been explaincd as being 

- 

“1 

due to the dominating ‘through-bond’ intcraction between n, and n4 via the three 
CC-a-orbitals of thc bonds 2,3; 5,G and 7.8 !:13]. 

3. In those caws where the ‘through-apace’ intcrsction of a particular basis 
orbital xa with lower lying orbitals is prohibited for reasons of symmetry (e.g. in 
7-oxanorbomane (7) [13] of the oxygcn lone-pair orbital n = xa with the a-‘ribbon’- 
orbitals of the six-mcnihered ring [14]) electron ejcction from xp is predicted to lead 
to a highcr ionization cnergy 1151 than cxpected 011 the basis of the usual ‘inductivc- 
cfiect’ arguments. 

Hccently we have shown 1.161 for ~2,2]paracyclaplianc 8 t h t  the assumption of 
a ‘through-bond’ iiitcraction bcttwcen the benzene orbitals xa and Xb, via the CC-a- 
orbitals xc, xc., is supported by the experimcntal findings derived from the PE;. 
spectra of 8 (171 and of its octafluoro-derivativc 9. Fluorination of thc methylcne 
groups considerably lowers eC = ec., which leads to an increase of E+ - As can be 
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8 9 

Scen from (1) this necessarily entails a diminution of z .~  in 9. Indeed, an analysis of 
thc photoelectron spectra of 8 and 9 shows clearly that with respect to the modcl wc: 
have z+ (8) t, (9). thus proving the presence of apyrcciabh ‘througli-bond’ inter- 
action in 8 [18]. or more precisely in its radical cation 81.. 

Trying to apply the same technique 191 to the pair norbornadicne (1) and 7,7-di- 
fluoronorbornadienc (10) it has bcen obscrvad that both n-bands in the PE. spectrum 

1 10 

of 1, i. 4. the bands assigned to thc molecular orbitals dominated by the lineiir CODI- 

binations n, =: (n, 4- n1,)/1/2 and n- ..= (nL - za)/k 2 i m  shifted by equal amounts to- 
wards higher ionization energies on fluorination of thc mctliylene bridge / 201. This 
unexpected result has lead us to reexamine the problem by applying orbital loc a 1. ua- 
tion techniques to semi-empirical many-electron rnoclcls of 1. In addition this seerned 
also of interest in connection with a detailed investigation [21] of thc applicahili ty 
of semi-empirical SCF treatments for the rationalization of PE. spectroscopic results. 

2. Theoretical, - We shall now reformulate the ‘through-bond’, ‘through-space’ 
interaction scheme in the framework of a many-electron SCF treatment, keeping as 
close as possible to the origjnal concepts of Hoffmanrra [31. 

A. Carzonical Moleczclar Orbitals (CMO).  - Considcr ii closed shell niolcculo with 
2N electrons occupying N canonical rnvlccular orbitala (CMO) qq by pairs with anti- 
parallel spin. The CMOS arc obtained by solving the Hurtree-Fock cqu a t’  1 0 T K  

I 
-. 

where J is the Pock-operator and E~ the molcculular orbital encrgy. In practkc (2) wj l l  
be solved most of the time within a semi-empirical treatment, 4.9. MlN1)0/2 I 221, 
CNUO/Z 1231, SPINDO [24] etc. [25J. Tlic solutions of (Z), which satisfy the rclation- 
ship 

Fq = ((vi I J I ~ j ) )  = (EL 4 j )  (3) 
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are collected into a column vector 
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the upper index T mcanitig the transyosod matrix. 

according to 
B. Localized Molecular Orbitals (LMO) .  .- The N CMOS fp can be transformed 

L v = a  (5) 

into a set of locdizcd molecular orbitals (LMO) dj 

by choosing the unitary transformation matrix L in agrecment with a preselected 
localization proccdurc, e.g. thc intrinsic localization criterion of Edmiston & Kzcedekz- 
berg 1261, 

Tiic resulting Hartree-Fock matrix becomes 

FA = ((Ai I 3 1 1,)) = L F,,, Lmr. (8) 

Note that FA is now a full matrix. 

C .  Symmetry-adapted Semi-localized Moleczllar Orbitals (SLMO).  - If the molecule 
belongs to u symmctry group 6 with irreducible representations F(1) ..*I'(r) - - - I ' ( t )  
one can form syrnmctry-adapted, scmi-localized molecular orbitals (SLMO) ej ac- 
cording to 

e = R i Z .  (9) 

Without loss of gcnerality the unitary transformation matrix R can always be chosen 
in such a way that the SLMOs ej arc ordered in the column vcctor Q according to 
the conventional sequencc of the irreducible representations .l'(r) to which they be- 
long. (This sequencc will usually be the one adopted universally in character tables) ; 

e = (el.. . Qh; . . . ; ei . ..en; . . .: es.. .@N) = (e(" 1 ; . . . e(r)T ; . . , e(t)T). (lo) ._ - - -  
p )  p) rw 

Under this condition thc Havtrce-Fock matrix 
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Fi? belonging to the different irreducible is blocked out in submatrices I?@ (IT*)) 
representations I W  of 6: 

Fe = Fr) @ Ff) @ J?r) @ @ Ft). (12) 

If the molecule has no symmetry (i.e. heloiigs to Cl), then thc SLMOs are identical 
with the LMOs. However, it may still be ccinvenicnt to cImosc two (or more) LMOs 
(e.g. the n-LMOs la, A b  of a dime) and to transform them into semi-localized molcc- 
ular orbitals (e.g. @ +  --. (1, + &)/r/z; e- = (A, - -  At,) / lZ).  All other LMOs 1, (j  # a, b) 
remain unchanged (Aj E el). The resulting matrix FQ, which obviously is not blocked 
out, will be the one used in the next step D. 

D. Precamnical Molecular Orbitals (PCMO). -,  In the following we restrict our 
discussion to the subset (el . . . ek . . , en) = p(r)'' of SLMOs belonging to the irreducible 
representation P) (see (10)). (The extension to thc full set e is trivial.) To simplify 
the discussion we assume that we arc intcrestcd only in the behaviour of a singlc 
preselected SLMO ek of the set e(r)  in relation to the remaining (n - 1.) SLMOs 
el (j f k). The neatest way of achieving this comparison consists in forming ortho- 
normal linear combinations ypi from the (n - 1) SLMOs ej (j # k) in such a way that 
all interaction matrix elements (yi I 3 1 y,} =: 0 for i # j arid i, j # k. We call such 
orbitals VJ '@wxznonical or&ituZs' (PCMO). Obviously thc cross tcrms <yj 1 3 I ek} 
will differ from zero, so that the resulting submatrix FC) js of the form: 

k 

To compute Ft) we first delete all off-diagonal elements in row k and colunin k 
of the matrix Fgl generating FEL : 

Diagonalization of FLL yields 
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with elM'''' = r;Lj& ' I I ~  corresponding sct of orbitals 
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2 / l@)  = (yi - *  * Yk-19 pkl yk 11 + .  . f/JB)r (16) 

p r )  = pf) p (17) 

obtained by thc translormation 

is the set of precnrionical molecular orbitals (I'CMO) ?pi. Note that Y k  = @. Finally 
we calculate the matrix (13) according to 

w (18) F(') = p(') F(') p(')'l', 
k Q k  

As shown diagrammatically in (13) d l  ofl-diagonal clemcnts lT$)ij are zero, with the 
exception of the ekments Fg\k and lic)kj i n  colutriri k and row k. These elemen.ts 

We arc now in B position to  recast the concepts of 'through-space' and 'through- 
bond' interaction in the framework of a many-electron SCF-model. 

"l'hrou~~space'-I~teraction. - Two LMOs la, Ab are said to ivderact 'through-space' 
if their matrix element Fn,ab qf the! Hartree-Fock matrix FA dvfers significantly jrom 
zero. 

In general all Fh,ab will be diffcrent from mro. For practical reasons it is therefore 
necessary to set lower limits to the values of 1 FA,*l, 1, below which 'through-space' 
intcraction betwccrl ,la and &, is no longer considcred to be significant. These limits 
will not only depend on the  typc of problem to be discussed, but also on the ratio 
1 FA,an I e / l  FA,aa - FA,bb 1 where 

'T~ro~g~-bolzd'-l lzteraction. - If two LMOs la, jlb are related by symmetry, then 
the SLMOs @[) -- (1, + &)/I@ and $) = (Aa - &,)/1/zbelong aeccssarily to two differ- 
cnt irreduciblc reprcsctitations of the group 8, e.8. to P(r) and to l'(8). If we apply 
the transformation (1 8) to FF) and to  Fj,') we obtain Ft) and Ft). 

Two LMOs 1, and Ab are said to interact 'through-bond ' if at least one of the matvix 
elemeltts F$& ( j  # k) altd/ov FZ\i (i # I) dqfers significantly from zero. 

A few comments are in order. In the above statement the indiccs j(i) refer to the 
PCMO yj(yi) bclonging to thc sdme irreducible representation I'@) (P) as ?#k = e k  

( y ~  G el). As beforc all matrix elements Fg)kj (F;ii) will be different from zero so 
that it will hc again necessary to set a lower limit to the absolute values I F:Ikj I 
( I  €$?li 1) below which the particular 'through-bond' interaction between and Ab 
involving thc PCMO Yj(Yi) as a 'rc1ay'-orbital will be neglected. This limit will differ 
from one relay-orbital to another because the size of the perturbation t k j  (211) suffered 
by and or more prccisely by their linear combinations ~r (el) depends not only 
on F[)kj but according to 

link the SLMO gk z Yk to the Set of L'CMOs Vj (j # k). 

FA,bb are the self-energies of Aa, Ab. 

alsoon the diffcrenccs betwecn the diagonal demcnts, i.e. FL)hk - Fi,)jj and I?$, - F(').- *1I 

respectively. This will be discusscd in connection with the cxamples given below. 
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Finally it should be recalled that in nioleculcs without symmetry ( i . e .  8 c C,) all 
of the above statements still hold true, with thc added simplification that iZj = ej 2.e 

FA ZE F,. However, it is usually convenient to form linear combinations of the typc 
e+ and e-., as indicated at the end of paragraph C. 

Corzcluding Remarks. -- For practical purposes, i. e. the qualitative or semiquan- 
titative rationalization of observed results or for the forrnulation of general rules of 
thumb, it is not only desirable but indced necessary that the interaction sclienie 
based on the ‘through-space’, ‘through-bond’ concept can bc discussed ,in terms of 
simple first- and/or second-order perturbation treatments (cf. formuhe (O), (1) and 
(19)). This is rzot possible on thc LMO or ST-MO levcl kcause most, if not all the olf- 
diagonal matrix elements F,,ij of FA or l?gIij of FF) arc usually large compared to 
the corresponding differences 1 FA,li - F,,jj I or I F[& - Fi:\j I between thc diagonal 
elements. The reason is that LMOs (and thus SLMOs) fall Iiccessarily in.to a narrow 
range of energies. Consequently the transforrtiation in to 1)CMOs is ti necessary step, 
if a lrcuristically useful scheme is required. 

The procedure proposed does yield ;I description of orbital interactions as closc 
as possible to Hoflmann’s original proposal. Altliougli this schem.c appeals t,o the 
chemist’s intuition, it must nevertheless be stated cxplicitl y that this sefiarution Zlztu 

two types of irtteractiolzs is artqicial and closely tied 10 the wdedyiag SCF model. In 
particular it will emerge that the relative sizes of ‘through-space’ and ‘through-bond’ 
interaction between two LMOs &, ;(b depend critically on thc particular SCF model 
chosen. Finally, it  should be remembered that the interaction matrix elements FA,al, 
and F[\l are anything but simple in their theoretical build-up and in their physical 
origin. 

3. Applications. - We shall now denionstrate the apylicaticm of the method out- 
lined above to three examples. I t  will erncrge that the proccdurc embodicd in steps 
A to D is in fact much simpler and straightf&varrl than might bc infcrred from the 
theoretical formalism described in section 2. 

In this context an important point, briefly mcntioned above, must he empliasized. 
This point, which will be developpcd in greater detail in a forthcoming publication 
[Zl], concerns the adequacy and/or reliability o f  the widely used semienipirical SCT 
models for the calculation of one-elcctron properties, e.g properties that can bc 
related to the construct of an individual CMO Tj and its associated orbital energy ej. 
It will be seen that such models differ ccmsiderably in their asscssmcnt of thc two 
postulated effects, so much so that a judicious choice of a particular model will al- 
ready determine by itself the proof or disprod of a postulated effect. Or, to put it 
more crudely: We can ‘justify’ a preconceivcd idca about the tclative importance of 
‘throu.gh-space’ vs. ‘through-bond’ interaction by ‘objcctivcly’ performing a calcula- 
tion, using an appropriately chosen standard SCF-procedure without tampering 
with its original parametrization! 

From the large number of scmi-cmpirical SCF-procedures available (c. g. from 
QCPE = Quantum Chemistry Program Bxchangc)‘ we havc chosen threc, which are 
widely used and which embody three different points of view of calibration: 

1. CND0/2 [23] which has been paramctrized to mimic ab ircitio calculations; 
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2. MIND0/2 [22] which has becri parametrized to yield optimum agreement be- 
tween calculatcd and observed enthalpies (or cnergies) of formation; 

3. SPINDO [24J (a modified IN1)O [25] [27] treatment), which has been para- 
metrized to yield optimum agreenient between calculated and observed ionization 
cnergies (usually takcn from PE. spectroscopic data), assuming the validity of KO@- 
mans' tlieceorern 1281, i.e. IV,j = - EJ (Iv,, = vertical ionization energy). 

Example 1 : ' l'hrozlgla-space' and ' Through-band' Intermtion in Norbormdiene (1). - 
In  the following calculations the cxpcrimcntally determined interatomic distances 
and bond angles of 1 (symmetry C,) [29] have been used. 

This first example will be worked out in full detail to demonstrate the procedure 
proposed in section 2. With regard to the particular problem answers arc sought to  
the following questions: 

a) how do 'through-space' and 'through-bond' interactions between the orbitals 
;za and ?cb comparc in their relativc importance in determining the orbital energies 
of the CMOs al(n) and b,(n) : 

b) which of the a-orbital(s) is (are) the important relay-orbital(s) for 'through- 
bond' interaction between ?za and 3zb; 

c )  how does tlie choice of a particular semi-empirical SCF model (SPINDO, 
MIND0/2, CNT)0/2) influence the conclusions drawn concerning the question a) 
and b). 

Step A. The orbital energies el of the 18 bonding CMOs q~ of 1 (valence shell only) 
arc given in Tab, 1. They hclong to tlie irreducible representations .Pi) --= A,, I"*) = A,, 
f'@) 5 B, and r(4) = B, of thc group (.j = CgV. The two highest occupied CMOs are 9, 
and qla. According to SPINDO and MINDO/2 fpls = b&) lies above tp7 = al(3c) 

Table 1. Orbital enetgies q of thc canorrical W Z O ~ ~ G ~ C W  arbilals (CMO) ~ P J  01 ?zorborwdieae (1). All 
cnergies are given in eV. Molecular symmetry CZv. The cliscrimil~clting mirror plane (xz) contains 

thc carbon atoms 1, 4 and 7. 

1 

3 
4 
5 
6 
7 

8 
9 

10 

I2 
13 

14 
u2 15 

16 
17 
18 

*I 2 

*2 

B1 11 

-27.47 
-21.61 
-18.41 
-17.12 
-13.02 
-12.17 
-10.13 

-17.87 
-11.56 

-21. 85 
-16.50 
-13.04 
-11.91 

- 23.07 
-15.73 
-14.11 
-12.35 - 9.57 

-42,70 -58.02 
-26.91 - 35.70 
-19.60 -29.96 
- 1 7 . 7 1  - 27. 84 
-12.78 -21.04 
-10.88 -15.36 
- 9.40 -12.04 

-1Y.41 -26.99 
-10.22 - 14.74 

- 27.81 -36.68 
-1.6. 95 -24.38 
-11.76 -16.85 
-10.80 -15. a4 

-29.41 -39.05 
-15.67 -26 .71  
-12.36 -IS. 67 
-10.87 -15.89 - 9.26 -12.40 
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whereas CNDO/Z predicts the reverse sequence. If Koo9mans’ theorem is accepted 
the former result, i . e .  b,(n) above a&) corresponds to the photoelectron spcctro- 
scopic finding 171. Note that al(n) is mainly (na + ,,)/(?in character and b,(n) 
mainly (na - xa>/V2. 

Sleps B and C. The CMOs yj are transformed into LMOs A j  according to  (5), i.e. 
using the localization criterion (7) [26J. Then tlic symmctry-equivalent LMOs are 
combined into SLMOs ej by the transformation (9). The corresponding. Hartvee- 
Fock matrix F, is blocked out into four submatrices 

F, = Ff’ Ft’ Q FA3) @ Ft) 

I’(r) A, A, R, B, (20) 
O r d e r : 7 ~ 7  2 x 2  4x4  5 x 5  

The order of each submatrix Ft) is equal to thc number of CMOs qj belonging to 
rcr), as shown in Tab. 1. 

In Tab. 2 are given the four submatrices Ft). Thc headings of the rows and col- 
umns are schematic representations of the SLMOs ej the basis energies of which are 
the diagonal elements F:ij. The off-diagonal elements describe the interaction 
between ei and @J. As mentioned before these matrix clerncnts are as large and some- 
times larger than the differences between the basis energies of the interacting SLMOs. 
This precludes the application of simple perturbation arguments a t  this level. 

Our main interest concerns the interaction of  thc 3-orbitals na and Z b  in 1. Far 
the LMOs Aa = z,, and &, = nb the following matrix elements  FA^^ of FA had bcen 
obtained (in eV) : 

SPINDO M INI.>O/Z CNDO/Z 

FA, = J?A,bb: - 10.44 - 10.70 - 16.41 (21) 

ab : - 0.54 - 0.78 .- 2.09 

According to the definition given in section 2, tlic matrix element FAOb measures 
the ‘through-space’ interaction between Aa 5 na and &, = 3rb. 

The transformation (9) yields the SLMOs 

which do no longer interact for reasons oi symmetry. Thcir energies arc (in eV) : 

SPINDO MINDO/2 CNDO/Z 
F:’7,7 : - 10.98 - 11.47 - 18.50 
F&S : - 9.90 - 9.92 - 14.32 (23) 
Split: 1.08 1.55 4.3.8 

Note that Ft)le,le - F$, =; - 2 FA, 
60 



946 

m m P '  
M ( o N  

004 
I l l  

. . .  L R C m  

O Q d  + + +  
r l m m  . . .  QION 

m o w  

004 
I l l  

---#- m m r .  

O Q d  I l l  

m m r u  . . .  o m m  
N A W  

or10 I l l  
. . .  

m r - Y )  
m m m  
r l m r l  
I l l  

. . .  

m o m  
o w 4  
Q A O  
+ I  I 

t . .  

w l - 0  
anid 

Q O O  + *  1 

. . .  

x 
a" ci- 



HELVETICA CHIMICA ACTA . Vol. 58. l'asc. 3 (1975) - Nr. 105 

-16.44 
-17.94 
-23.71 

947 

-0.61 -2.97 -2.55 
-1.71 "5.53 -4.06 
-2.05 -6.75 -5.77 

-15.62 -3.03 
-16.59 -4.23 
-22.07 -6.01 

-3.03 -13.81 
-4.23 -13.03 
-6.01 -19.67 

-2.97 
-5.53 
-6.15 

-2.55 
-4.06 
-5.77 

'1 3 * -2.66 -17.11 -1.96 
-4.80 -18.89 -3.09 
-6.29 -26.55 -2.77 

+0.42 -1.96 -13 .I5 
-0.03 -3.09 -13.41 
+0.52 -2.77 -21.03 

4 0 s 1 

-0.61 -16.00 -2.66 +O .42 
-1.71 -17.07 -4.80 -0.03 
-2.05 I -22.41 1 -6 .29  1 +0 .52  
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-1.65 
-2 .45 
-5.50 
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' -1.14 
-1.69 
-4.74 

4 4  '1 5 '1 6 '1 7 '1 8 8, 

I 

'16 @ 

~ 

-19.26 -3.51 -2.68 
-20.44 -7.00 -1.99 
-28.19 -7.54 -5.71 

-2.68 -1.28 -15.10 
-4.99 -2.85 -14.66 
-5.7L -2.29 -24.37 

-3.51 -16.98 -1.28 
-7.00 -19.26 -2.85 
-7.54 -26.05 -2.29 

I I I 

I I I I 

-13.59 -0.92 
-13.35 -1.23 
-19.83 -2.19 

-0.92 -9.90 
-1.23 -9.97 
-2.79 -14.36 

Step I>. As the questions to be answered concern only those orbitals which are 
predomonantly n in character, we limit ourselvcs to the matrices Fill and Ft) which 
contain the relevant linear combinations p7 and el* (see Tab. 2). To transform the 
SLMOs into the I'CMOs pj we removc the last lincs and columns frclm Fp) (k = 7) 
and FF) (I = 18) and diagonalize the remaining matrices of order 6 and 4, as sum- 
marized in the formulae (13) to (17). Transforming F&') and Ft) as indicated in (18) 
yields the matrices Ff,', and FtIl8 listed in Tab. 3. 

The headings of the columns are schematic represcntations of the PCMOs YJ in 
order of increasing energy, with p, 2 e, and plR E CIS in the last rows and columns. 
These diagrams indicate the relative phases of the LMOs Aj which occur in the linear 
combinations p~ and qualitatively the size of thc coefficients with which they are 
affected. Attention is drawn to the fact that the PCMOs of same index calculated 
according to SPINDO, MINDOlZ and CNDOlZ do not always exhibit the same phase- 
relationships but that they can differ noticeably from one another in this respect. 

The entries in the last row and column of Fg) and F$) are the matrix elements 
F$\, and F:ilB which link the relay a-PCMQs YJ to the n-SLMOs ly, G e,, ylS z ell, 
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i.e. those describing the ‘through-bond‘ interaction accoi.ding to the rule given in 
section 2. 

The magnitude of the individual contributions # and & to the’through-bond‘ 
interaction of aGa and azb depends on two quantities (see (19)), namely 

1. the size of the matrix elements FE\ or F:iBi and 
2. the differences between the diagonal terms li;\,, - F:\j and Ftfi,,,, - F$i. 

0 

0 

-18.38 
-19.55 
-28.78 

Table 3. Hartree-Fock matrices Ft) and Fa‘’ of the .I’CMOs acting us relay wbitds  for ‘through-bond’ 
intteractioa betweert &, = n, arrd An = z ~ .  All matrix cleincnts in eV. The headings of the coluinns 
are qualitative, schematic rcprescntations of the PCMOs yj. The threc values given for each Fttjjs 
and F# correspond from top to bottom to the rcsults obtained from the SPINDO, MlNDO/2 

and CNDo/Z model (in this urdcr). 

~~ - - _ _  

0.02 
0 0 0 0 . 3 1  

0 .75  

0.95 
0 0 0 2.07 

3.92 

0.54 
0 0 0 0.65 

2 .49  

-27.47 
-42.79 
-58.61 

0 

0 

0.02 
0.31 
0.75 

0 

-21 .72  1.48 

-12.19 -0.14 
0 0 0 -11.19 0 1.47 

-16.4? - 4 . 5 1  

-12.30 -1.24 
0 0 0 0 -10.18 -0.85 

-15.23 1.45 

0.95 0.54 0.34 -0.14 -1.24 -10.98 
2.07 0.65 0.52 1.41 -0.85 -11.47 
3.92 2 . 4 9  1 .48  -4.51 1.45 -18.50 

-21.52 
-26.63 
-34.66 

0 

I I I I I I 
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-23.02 
-29.35 
-38.26 

-0.80 
0 0 0 -1.51 

-4 .33 

0 

0 

-14.07 -0.48 
0 -12.31 0 -0.41 

-18 .62  -0.63 

-12 - 35 -0.04 
0 0 -10.80 +0.36 

-15.85 +0.42 

If these differences are large relative to the corresponding cross-terns, then the 
total ‘through-bond‘ destabilizations dl), d4) can be calculated by a second order 
approximation : 

@ c(r) ~ 4 )  = (F$)w)2/(Fi)kk - FKIjj) (24) 
J 

with r = 1, k 7 (irreducible representation P) = A,) and r = 4, k = 18 (irreducible 
representation a B*). On the other hand, if the cross-terms F!!kj are large com- 
pared to F[)* - then (19) and (24) can not be applied. In this case only a 
diagonalization of Ft) will yield the desired insight into the extent of ‘through-bond‘ 
interaction. 

In Tab. 4 are summarized the results obtained according to (19) from the data 
given in Tab. 3. 

Disclcssiorc. - From the calculated results the following conclusions can be drawn: 
1. In Fig. 1 are displayed the self-energies 88 = Eb of the LMOs A, = Ab = A,, the 

self-energies Ftb,, = Fg\,7 and Fg\8,18 = F$lwle of the SLMOs e,, elE and the orbital 

-0 .80 
-1.51 
- 4 . 3 3  

+t.l8 -0.48 -0.04 -9.90 
+1.58 -0 - 4 1  +O. 36 -9 .92 
+3.86 -0.63 +O. 42  -14.36 
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energies c, and e,8 of the CMOs q, = al(n) and qI8 = b,(n) as obtained by the three 
semi-empirical SCF procedures. The 'through-space' interaction corresponds to the 
step from the LMOs to the SLMOs (see (23)), whereas the one from the SLMOs to 
the CMOs includes the total 'through-bond' contributions $1 and zllg). It is h m e -  
diately obvious that the three models differ significantly in their assessment of the 
size of these contributions (in eV) : 

SPINDO MINDO/Z CNDO/Z 

..41: zp 0.85 2.07 6.46 

B8: %& 0.34 0.66 1.96 (25) 

#) - &) 0.51 1.41 4.50 

Table 4. Second-order 'thvough-bond' shifts T# a d  rigj due l o  interaction of tbe n-SLMOs y7 = e, and 
rp,, G els with the PCMOs yl1 of same symmetvy. Values calculatcd according to (19) in eV. The three 
values given for each j refer from top to bottom to SPINDO, MTNDOI2 and CNDO/2 respectively. 

a. nncnnd nrrlet treatment not aoolicable. 

1 16.49 0.02 0.60 I4 13.12 -0.80 
31.32 0. a1 0. 00 10.43 -1. 51 
40.11 0.75 0.01 23. 90 -4.33 

2 10.54 0. g5 0.09 15 5. 58 1.18 
1s. 16 2. 07 0.28 5. 32 1. 58 
16.16 3.92 0.95 11.36 3. 86 

3 7.40 0.54 0.04 16 4. 17 -0.48 
8. 08 0. 65 0. 05 2. s9 -0.41 

10.28 2.49 0.60. 4.26 -0.63 

4 6.12 0. 34 0.02 17 2.45 -0.04 
6.20 0.52 0.04 0. 88 0. 36 
9. 22 1.48 0. 24 1.49 0.42 

5 1.81 -0. 14 0.01 
-0.28 1.47 P 

-2.03 -4.51 a 

6 1.92 -1.24 a 
-0.69 -0.85 a 
-3.21 1.45 a 

(4) 
18j 

0. 05 
0.12 
0.78 

0. 25 
0.47 
1. 31 

0. 08 
0. 07 
0.09 

0.00 
0. 15  
0.12 

We note that the 'through-bond' interaction predicted for the b,(n) orbital is by no 
means negligible. The difference between the shifts suffered by the symmetric and 
the antisymmetric SLMOs, as predicted by CND0/2, is almost a power of ten larger 
than by SPINDO, MINDO/Z taking an intermediate position. Furthermore #) 

derived from the CNDO/Z model is so large that it leads to an inverted order of the 
ai(n) and b8(n) CMO orbital energies, a result which is in contradiction with PE. 
spectroscopic results [5] if Koo@ttad approximation is accepted. However, both 
the 'correct' and the reversed order predicted by MXNDO/Z and CND0/2 respectively 
must be considered as accidental, because the resulting difference 1 e (b&) - E (a,(n)) I 
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is smaller by a factor of 10 to 20 than the individual ‘through-space’ and ‘through- 
bond’ contributions. As we shall see in the ncxt example, the calculated order depends 
critically on small changes in the assumed molccular geometry. 

Ev 

- 9  

-10 

-11 

-12 

-13 

-14 

-15 

-16 

-17 

-18 

- 

- 
- 
- 

- 
- 

- 
- 

- 

- 

SPIN00 

-1% 

-11.0 

M I N 0 0 / 2  CNDOf2 

-ll.L, 

Fig. 1. Gowetation diagram for ‘through-s$ace’ and ‘through-bond’ interaction of za 0nd nb in nw- 
bomadiem (I) (SCC ‘Discussion’ of Examplc 1 in, scction 3) 

A typical example for this type of difficulty is provided by the analysis of the 
PE. spectra of anti- (11) and syn-tricyclo[4.2.0.02.~]octadiene (12) [30]. 

3 

11 12 13 14 

Correlation techniques based on the experimcn tally observed ionization energies 
of 11 and 12, their hydrogenated derivatives and of related systems such as 
exo-13 [311 and endo-tricyclo~4.2.1.0z15]nona-3, 7-diene (14) 1321 suggest that the 
two highest occupied orbitals in .ll and 12 are 9ae(rc+) (- 8.96 cV), Bbu(x) (-9.93 eV) 
and 9a,(n+) (-9.08 eV), Sb,(n-.) (-9.44 eV) respectively. 

Ltecently 11 and 12 have been rccxamincd tlwxeticdly by two independent 
groups (331, [34] both using the same MIND012 procedure. (The latter group has also 
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reexamined thc PE. spectra of 11 and 12 [34]). In both cases the molecular geometries 
of these two molecules have been optimized by minimizing the total energy of the 
systems within the theoretical model chosen. 

Whereas the interatomic distances and bond-angles obtained by Bodor et al. [341 
(values without brackets) agree closely with those expected on the basis of previous 
experience, lwaruszcra et al. [33] calculate parameters which differ slightly, albeit 
significantly (values in brackets): 11, KiB 3.533 (LSOS), K1, = 1.528 (1.55), R,, = 
1.487 (1.48), K, = 1.324 (1.33) A, dihedral angle 120.4" (116"); 12, Ria= 1.542 (1.50). 
R,, = 1.521 (1.55), R,, = 1.476 (1.48), R, = 1.330 (1.33) A, dihedral angle 139.2" 
(1 19"). (Presumably the true energy minimum has not bccn rcachcd by Iwamura et al.). 
Although the differences in the structural parametcr arc: small ((0.04 dL; (4.4" in 
11) the orbital sequences presented are completely at variance. Whereas Bodor et al. 
give (in descending order) 9ae(n), 6a,(cr), 8b,(a), 7b,(n) for 11 and 8a,(n), Sba(o), 
5a,(a), 6b,(a), 7b2(z) for 13 1341, Iwzmu~a et al. come to the conclusion that 'the 
highest (occupied) molecular orbitals (are) devoid of any cthylenic n-character' and 
that they belong to the irreducible representations R, (11) and B, 112) respectively 
[33]. (Note that the latter representation is R, in (331, due to an exchange of the x- 
and y-axes). The origin for such dramatic discrepancies within the same theoretical 
model is the extreme sensitivity of the difference and the sum of 'through-space' and 
'through-bond' interactions with respect to small changes in geometry. This is 
evident from the analysis summarized in Fig. 1 fur 1. 

It might be mentioned that the occurrence of high lying b-orbitals is typical for 
MIND0/2, which has proved to be an unrealistic model for thc prediction of ionization 
energies of small-ring compounds 1351, a property shared by MIND0/3 [36]. Ah-imitio 
calculations by Lehps & Wipff [37] seem to confirm the prcviously proposed order of 
the n-orbitals in 11 but the reverse order lor 12, without interspersed cr-dominated 
orbitals in both cases. Also more recent PIC. spectroscopic results on systems related 
to the hydrocarbons 11 to 14 [38] indicate that thc assignments derived by a simple 
correlation technique [31] or obtained from the ab-irtitio calculations [37] are at least 
heuristically useful and presumably a safer guide Tor thc interpretation of PE. spectra 
than semi-empirical calculations. Needless to say that this does not reflect on the 
usefulness of such models with respect to thc properties for which they have been 
parametrized, e.g. heats of formation in the case of MINDO/Z or MIND0/3. 

2. An analysis of the PE. spectra of the hydrocarbons 1 to 5 has lead to the con- 
clusion [12] that @ - &) 1.6 cV. This value agrees best with the one derived 
from the MIND012 model (see (25)), whereas the difference obtained by SPlNDO 
seems to he too small and by CNDO/Z too large by a factor of 3. However, the 'ex- 
perimental' value has been derived under simplifying assumptions which makc a 
direct comparison somewhat doubtful. 

3. As expected the lower lying PCMOs yj ate necessarily close in energy to tlic 
corresponding CMOS PJ, as can be seen by comparing thc entries ej and F:Ijj in Tab. 1 
and 3 (hence the name 'precanonicd'). 

An important feature is that both MIND0/2 and CND0/2 yield. within the 
irreducible representation All two YCMOs y6 and y~~ which lie above the SLMO 
el =- y7, i . e .  the symmetry adapted linear combination of the n-LMOs &, ;Zb. In 
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contrast, e7 E y7 is the highest PCMO of symmetry A, in SPINDO, a result more in 
keeping with PE. spectroscopic experience. (Indeed, as mentioned before, the two 
former methods have a pronounced tendency to yield high-lying +CMOS, from 
which one would infer that a corresponding number of o-bands should be observed 
in the x-band region of the PE. spectrum. However, in most cases studied so far this 
does not seem to be the case.) As a consequence the differences F:i7 - F:jjj for 
j = 5 or 6 are small relative to Fg)7j (sce Tab. 4), so that formula (24) can not be 
applied even in a crude approximation in the case of the PCMOs belonging to the 
irreducible represcntation A,, in contrast to those belonging to B,. 

4. Diagonalization of the matrices F$ and Ft) given in Tab. 3 leads back to the 
CMOs VJ belonging to r(l) G A, and FC4) = B,, which are now expressed as linear 
combinations over the PCMOs ?Dk: 

The c k j  for the highest occupied CMOs vr and plS of the irreducible representation 
3 A, and P(*) E B, are found to be: 

V7 = 7 a m  

k =  1 2 3 4 5 6 7 

Ck7 [ 0.01 0.08 0.04 0.04 0.57 -0.43 0.69 MINDOl2 
0.00 0.07 0.06 0.04 -0.05 -0.49 0.86 SPINDO 

0.01 0.11 0.10 0.06 -0.67 0.30 0.66 CNDO/Z 

k =  14 15 16 17 i a  
-0.06 0.19 -0.10 -0.01 0.97 

-0.07 0.24 -0.12 0.21 0.93 
-0.16 0.27 -0.09 0.11 0.94 

SPINDO 
MINDO/Z 

Whereas in the framework of the SPINDO model, the CMO q7 = 7q(x) is essen- 
tially ~d in character, we observe that it is dominated by thc u-components ys and ys 
in both the MIND0/2 and CNDO/Z approximation. This is particularly apparent 
from Tab. 5 in which the squared coefficients C& - 100 are listed, i .e. the percent 
contributions of the individual PCMOs yk to the CMO 93. Both in MINDO/Z and in 
CND0/2 the CMOs ip7 and q5 have practically the same n-character, although q5 lies 
3.4 eV or 9.0 eV below y, and also below yS which is a pure a-type orbital. 

On the other hand all three treatments agree in making 9]18 = 5b,(z) a strongly 
n-dominated CMO. It is noteworthy that thc relatively small contribution of the 
a-PCMOs y14, . . . v,, (see (27)) leads to a sizeable 'through-bond' shift zit) as indicated 
in (25) and in Fig. 1. This perhaps surprising result, namely that a minor admixture 
of a-PCMOs has such a large effect on the orbital energy, is nothing but another 
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confirmation of PaecliHg’s well known adage that ‘a little hybridization goes a long 
way’. 

5. To conclude the discussion of this example we wish to comment on the shape 
of those a-PCMOs which are the important relay orbitals for the ‘through-bond’ 
interaction in the CMOS 91, = 7%(4 and q18 I 5b,(n). According to (27) and to Tab. 5 
these are 

SPINDO MINDO~Z CND0/2 

91 3 7 4 b )  y6 YS % YS (28) 

TI8 = 5 b d 4  YlS ? h 6  and y17 %6 

Table 5. Buitii-uji of the CMOS cpt bdo+#gi+#g to the iwedwible vcpvesentations A ,  and B, from the 
PCMOs fpk. The numbers given are the porccnt contribution of tho PCMO tplc to the CMO tyj, 

i . c ,  the square of the coefficients CkJ in the cxpansion pj = ZCa w, (see (26)). 
k 

SPMDO 

MINDOI2 

CNDOI2 

SPINDO 

MINDO/2 

CNDO/2 

CMQ 

c. J ‘j * I  

p7 -10.13 0 
P6 -12 .77  0 
p5 -13.02 0 

p7 - 9.40 0 

‘pg -12.78 0 

c6 -15.36 0 

P. 3 ‘j *14 

p,, -12 .35  0 

p6 -10.88 0 

p7 -12.04 0 

p5 -21.04 0 

’18 - 9.57 0 

p I 8  - 9.26 0 
-10.87 0 

-12.40 2 
-15.89 0 ‘17 

p2 

1 
0 
0 

1 
0 
1 

1 
0 
4 

*I 5 

4 
0 

6 
1 

7 
0 

PC MO 

Jls *4 

0 0 
0 0 
0 0 

0 0 
0 0 
0 1 

1 0 
0 0 
5 2 

‘16 *17 

I 0 
0 100 

a 5 
0 95 

1 1 
0 99 

P5 *6 @ p P 7  

0 24 74 
91 a 1 

9 68 24 

32 19 48 
26 72 1 
41 9 48 

45 9 4s 
11 68 1 
43 8 44 

1118zp18 

95 
0 

87 
4 

88 
1 

Note that PCMOs of same index may have different phase-relationships between the 
LMOs from which they are built (see Tab. 3) depending on the theoretical model 
used. From Tab. 3 we see that all the PCMOY listed in (28) are heavily localized on 
the CH-bonds of the bridging methylene group and on the CC-bonds 1,Z; 1,6; 3,4 
and 4,5. This becomes even more apparent if the CMOS y, and ylS are expressed in 
terms of the SLMOs ei according to 

the being defined as in Tab. 2. The coefficients ci? and ell8 are: 
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'p? = 7 4 4  
i =  1 2 3 4 5 0 7 

ci7 --0.10 -0.20 -0.05 0.45 -- 0.47 0.21 0.69 MINDOlZ 
-0,06 -0.16 -0.02 0.32 -0.32 0.15 0.86 SPINDO 

0.06 --0.15 -0.15 0.38 -0.55 0.26 0.66 CNDO/Z 

%5.= 5 b A 4  
i =  14 15 16 17 18 

0.01 0.02 -0.16 -0.16 0.97 
Cil8  0.09 0.01 -0.32 --o.iz 0.93 

0.00 0.03 -0.33 -0.11 0.94 

SPlNDO 
MINDOlZ 
CNDOI2 

Thus the n-orbitals & = na and A, ?cb 'see' mdinly the CH-a-orbitals of the methy- 
lene group and the sps-sp* CC-a-orbitals of the six-membered ring in both yPr and in 
tple. A neccssary consequence is, that thc replacement of the methylene group in 
position 7 by a difluoromethylenne group will lower the orbital energies of p, E 7a,(n) 
a d  of plS 3 X3b8(n), in essential agreement with the pl~otoelectron-spectroscopic 
observation mentioned at the beginning [ZO]. 

Example 2 : llejnendence of ' Th~ough-space' a d  Th~ougk-bod Interactiolzs ON t b  
DikBraE Amgk krc 7,#-Cycloha!udiene and its Bridged Vtvivatives. - This problem has 
been discussed qualitatively, based on simple HNO-type models [Ill [I21 and by 
Bzschof using the MINDO/Z procedure [39], in view of explaining the trcnd observed 
in the first two ionization encgies of the series of hydrocarbons 1 to 5. 

Since then, some doubt has been cast on the experimentally determined dihedral 
angle w = 163" [40] that had been assumed for 1,4-cyclohexadiene (5) (see LIZ]). 

100' 110' 120' 130' 140' two lsOe 170' 180' 

Fig. 2. De#e&nc;e of the energy of ihe radical catio* states %Al arrd aBz of ths dienes 1 fo 5 on i h  
dihedral ~ n x l d  w 
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More recent investigations suggest that this molccule is planar (w = 180') [Pl]. How- 
ever, as can be seen from Fig. 2, this uncertainty docs not affect our argument. This 
Figure shows the dependence of the encrgies of the 2Al and 8B3 states of the radical 
cations 1+ to 5+, relative to the lA, ground-state of the parent hydrocarbons, as a 
function of 0). The assignment of symmetries to the radical cation states rests on the 
method described previously [9] jlO] 1121. 'llie irriportant result is that the two 
radical cation states, which correspond to the removal of an electron from one or 
the other of the two highest n-CMOS al(n) and b&) cross for co w 130'. In orbital 
language (Le .  assuming thc validity of Kou#mna.ns' thcorcm) this means that b,(n) 

Table 6. Semi-empirical CMO orbital energies (~(n)), LMO and SLMO seljenergies (FA,,, and 
Fp, ++, Fp,.--) for a hyyputhsticd cyclohexa-l,I-disns (5)  with dihedral angle w = ISO", 150". 120". 
All values in eV. For w = 180" the system exhibits T)gh symmelry ; neverthelesv thc Crv labcls for 

the CMOS have bccn kcpt for sake of convenience. 

w= 180' w= 150' 

- 9.58 - 9.72 
-10.29 -10.12 

-10.46 -10.44 

- 10.62 - 10.69 
-10.29 -10. I9 

- 9.09 - 9.29 
-10.29 - 9.95 
-10.62 -10.63 

-10.95 -11.10 
-10.29 -10.16 

-11.99 -12.40 
- 1 5 . 2 Y  -14.26 

-16. 54 -18. K S  

-11. I9 -18.12 
-15.29 -15.13 

w- 120° 

-10.16 - 9.47 
-10.41 

-11.07 - 9.14 

- 9.89 - 8.90 

-10.64 

-11.64 
- 9.63 
- 13.57 
-11.12 

-17. 64(!) 

-10.66 
-15.62 

lies above al(n) in 1 and 2, but below a&z) in 3,4 and 5. The observed splits G (h(n)). - 
E (al(n)) are 0.8,, 0.6, - 0.2, - 0.3, and 1 .O eV for 1, 2, 3, 4 and 5 respectively (see 

To investigate the relative importance of 'through-space' and 'through-bond' 
interaction in such molecules we have again carried out scmi-empirical calculations, 
within the three models used above for hypothetical 1,Ccyclohexadienes (5) with 
dihedral angles co = M O O ,  150" and 120', keeping all other parameters constant, i. e. 

1094.. Tlle results obtained are summarized in Tab. 6 and in Fig. 3. For simplicity, 
the following abbreviations have been uscd: FA,n stands for the selfenergies of the 
LMOs A, = ns and &, = nbl  Fp,++ and F,,,-- for selfenergics of the n-SLMOs e+ (= ee) 
and e- (E elB) belonging to the irreducible representations r(l) = Al and IT4) = Bg. 

191 WI [121). 

Rc=c = 1.34 A, Rc-c = 1.50 A, RCR = 1 .I0 A, -+ (C-C = C) = 123", Q (H-C-H) = 
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Pig. 3. Orbital enevgies of the LMOs (1. 5 n8, & = m), the SLMOs (@+, e-) and the CMOS (q6 = a1(3t), 

n,, E b,(n)) of 5 as a function of the dihedval angle w ;  A = T-MO energics; m, I = SLMO energies; 
0, 0 t-2 CMO cncrgies. Open squares and circles reler to orbitals 01 A, symmetry, Iull squrtres and 

circles to orbitals of U, symmetry. 

I 

It is gratifying to observe that all three semi-empirical trratments (SPINDO, 
MINDO/Z and CND0/2) agree in predicting a crossing ol thc n-CMOS qe = a1(3t) and 
tpla = b,(n) near a, & 1.30". On the other hand the. three models differ considerably 
with regard to the quantiative aspccts of the 'through-space' and 'through-bond' 
interactions, as shown in the following comparison, in which 'through-space-Split' 
stands lor the difference Fp,-- - F,,, .k of the selfencrgies of thc SLMOs e- and e.,., 
and z,, z- for the 'through-bond' dcstabilizations, as defined previously (all values 
in eV): 

CL) 3 80" 150" 120" 

SPINDO through-space-Spl i t 0.33 0.50 1.33 
r+ 1.04 0.97 0.91 
t- 0.00 0.07 0.27 

MINDO/Z through-space- Split 0.66 0.94 2.01. 
1. '1.86 1.81 1.75 (31) 

t- 0.00 0.21 0.73 

CNDO/Z through-space-Split 2.50 2.99 4.04 
r+ 5.80 5.72 6.09 
z- 0.00 0.87 4.50 
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As in the first example the 'through-space' and 'through-bond' interactions 
calculated by the CNDO/Z procedure are larger by almost an order of magnitude 
than those dcrived from the SPINDO model. Again MINDO/2 assumes an inter- 
mediate position. As a consequence the CMO al(n) has a rather low n-character 
according to both MINDO/2 and CNDO/Z and even h2(n) tends to bc rather mixed 
with decreasing dihedral angle o: 

n-charactcr (in percent) 

SPINDO MINDO/Z CNDOl2 
180" 81 70 58 
150" 82 61) 57 
120" 82 63 4Y 

180" 100 100 100 
bA4 150" 98 92 87 

120" 94 83 65 

(32) 

Compdring thesc rcsults to the rules o f  thumb derived empirically from the 
photoelectron spectra of unsaturated hydrocarbons, one comes to the conclusion 
that MINI)0/2, and certainly CN1)0/2 exaggerate thr: amount of a/n-mixing in such 
systems. 

If one disregards the quantitative aspccts, a11 three models agree in yielding the 
same rationalization for the experimcn tally observed crossing ol the radical-cation 
states BAl and 2B, shown in Fig. 3, As expected, thc 'through-space' interaction be- 
tween the LMOs A,, = na and Ab = q, decrcascs with increasing w, proportional to the 
overlap integral sab = (na I Zb), whereas the 'through-bond' induced shift z, of the 
n-orbital belonging to the representation A, is alrriost independent of w. Surprisingly 
enough, the major reason for the observed crossing of al(n) and b,(x) is the unexpected 
large increase of z, with decreasing anglc o. The latter 'through-bond' contribution 
has usually been assumed to bc negligibly small in qualitative discussions, because 
the methylenc groups lie on the nodal plane of thc orbital b&) for all values of u) 
and are thus not available for hyperconjugativc 'through-bond' interaction within 
this orbital. It is therefore worthwhile to analyye the lack of dependence of z, on w 
and thc origin of z- for w < 180" in morc detail. To this cnd we shall concentrate 
our attention on the SPINDO model, this being obviously the model most aypro- 
priate for the rationalization of photoelectron spcctroscopic results. 

(belonging 
to r(l) = A,) and e13 to el( (belonging to = B,) of 5 (w = 180°, 150°, 120') which 
have been obtained according to steps A to C, using the SPINDO procedure. As be- 
fore the Fbf'ii (r = 2,4) are the selfenergies of the SLMOs ei. The coefficients clR and 
cil6 are those, which according to (29) define the CMOS pl,, E al(n) and qI6 = b&): 

In Tab. 7 are shown qualitative representations of the SLMOs el to 
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180° F<pl). 150' 
a J J  120' 

In the totally symmetrical CMO ple = al(x) the n-SLMO = e+ interacts out-of- 
phase with the pseudo--orbitals of the two methylene groups, which for UJ = 180" 
can be written 'as (ea - e4)/vZ. This particular 'through-bond' interaction is usually 
termed hyperconjugation. With decreasing o the interaction of pa with the SLMO 
e4 is getting smaller, i .e.  with the SLMO of those CH-bonds which assume an equa- 
torial position for w < 180". Howcver, the associated loss in hyperconjugation of 
ip6 = al(x) is compensated by the increase in mixing with the CC-a-SI,MO e2 as- 

Table 7. SLMU selfenergies F:)ij and &ad coefficients of the CMOS i.n terms of the SZ-MOs j o y  

5 vith dihedral angles w = 780", 150" and 720", as calculaied by the SPINDO method 

-20 .17  
-20.24 
-20.59 

180' 
150' 

cj6 120' 

0 . 0 0  
0 . 0 3  
0.01 

r(4)c B, 

180 
150 ' 

'jl6 120 O 

I 
1 

0.00 
0.00 

-0 .07  

-19.60 
-19.51 

1200 -19.10 

-19.07 
-19.23 
-19.68 

0.00 
0 . 0 9  
0.18 

-15.24 
-15.00 
-14.34 

0.00 
-0.13 
-0.21 

-16.32 
-16.45 
-16.72 

-0.31 
-0.35 
-0.35 

~ 

-17 .14  
-17.08 
-16 .91  

0.00 
0.04 
0.08 

-16.32 
-16.3% 
-16.53 

0.31 
0.23 
0.16 

-10 29 
-10.19 

-9 .74  

1.00 
0.99 
0.97 

'6 

-17.25 
-17.24 
- 1 7 . 2 4  

0 .00  
- 0 . 0 5  
-0.08 

-10.62 
-10.69 
-11.07 

0.90 
0.90 
0.90 

sociated with the four sp%pa CC-single bonds emanating from the two double bonds. 
As a consequence z+ remains practically constant. 

For symmetry reasons there is no hyperconjugative contribution from the two 
methylene groups to the 'through-bond' interaction z- affecting the energy of the 
CMO plS = b&). However, for w < 180" one noticcs a strong increase of the inter- 
action of the CC-@-SLIM0 e14 with the n-SLMO eI6 = c-. Again, LLS in the case of Q8' 

p14 is built from the LMOs of the four sp2-sp3 CC-bonds. 
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Thus the previously used qualitative picture which assumed that only the CMO 
a,(n) is strongly affected by an o-dependent 'through-bond' interaction (z+ = z+(w)), 
whereas b,(z) is completcly devoid of this type of destabilizing contribution ( L  = 0) 
has to be modified. With increased bending, i .e.  with decreasing dihedral tol the 
LMOs n,, and 3rb 'see' more and more of the a-LMOs of the two sp2-spS CGsingle 
bonds on the other side of the molecule. In fact, it is this contribution which is 
responsible for the observed orbital crossing near w = 130". 

For the development of qualitative arguments it is of some interest to visualize 
the important relay orbitals responsible for the 'through-bond' interaction between 
the LMOs = na and = I b ,  As explaincd in section 2, the best way of achieving 
this, consists in calculating the relevant PCMOs. In Tab. 8 are given the energy gaps 
FgL16 - and Ft)16,16 - F:ij between the selfenergics of the PCMOs y6 = e6 7 g ,. 
or y16 = ere = e- and the other PCMOs bclonging respectively to the irreducible 
representations A, or H,. The FtL and F$Ilaj are the crossterms which link the 
PCMOs yl y6 to y6 3 ea and ylal ..- 1yIs to yls E gls. From these, one calculates the 
second order contributions to z+ and z- according to (19). It is immediately obvious 
that the main d a y  PCMO for 'through-bond' interaction in al(n) is lyq, yielding a 
contribution T L : ~  of -1 eV to r+, The decrease in z& with decreasing ~r) is compen- 
sated by the increase in t& due to 'through-bond' interaction of y6 = ea with the 
PCMO ye On the other hand the 'through-bond' interaction which occurs in b,(n) 
when CI) < 180' involves mainly the YCMO y15. 

Table 8. PCMO sel/energy ciijjevences ( F : , J ~ , ~  - F:,)~~,  F:),,,,, - F(')-)~ Y, 11 cross terms (I;(') %6J' . F ( ~ )  %l6j 

and second order$erturbation contribzctionr (xi:\, #, j) for ihe 'Ihrough-bond' intermtiow of 1, = ns and 
flb = n b .  All values in eV. Thc values of T# and have hcen computed according to the second 
order approximation (19), except those given in brackcts which were obtained by solving thc 
corresponding secular dctcrminant of order 2. Thc corrcsponding second order results would have 

been for o = 180'. 150°, 1W: r$) = 1.3G, 1.19, 1.03 eV. 

180' 1 15.30 0.00 0.00 13 12.75  0.00 0.00 
150' 15.33 0.21 0.00 12.73 -0.22 0.00 
1 20' 15.35 0.40 0.02 12.79 -0.90 0.08 

180' 2 9. 72 0.00 0.00 14 4.83 0.00 0.00 
1 50° 9. 85 0.22 0.01 4.80 0.22 0.01 

180° 3 5. 82 0.00 0.00 15 3, 51 0.00 0.00 

4, 87 0. 03 0. 00 120° 9. 36 0. 15 0.00 

1 50° 5. 90 -0.18 0.01 3.49 -0.44 0.06 
120° 5. 79 -0.11 0.00 3. 51 -0.90 0.29 

moo 4 3.41 -2.15 (1.04) 

120° 3. 31 -1.85 (0.83) 
150' 3.40 -2.01 (a. 93) 

180' 5 1 . 7 4  0.00 0.00 

120° 1.60 0.44 0.12 
150' 1.80 0. 31 0. 05 
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These PCMOs can be givcn as linear combinations in terms of the SLMOs dis- 
played in Tab. 7: 

C O =  180" y4 IL: 0.71 e3 - 0.71 p4 
w = 150" y+ = 0.09 el - 0.36 -I... 0.84 eS - 0.39 ,04 + 0.08 e6 
co = 120" y4 = 0.19 - 0.56 pa + 0.80 pa --- 0.1 1 e5 + 0.08 es (34) 
GO = 120" y5 = 0.45 el - 0.34 ea - 0.21 8, $- 0.65 e4 - 0.46 e5 
W = 120' v16 = 0.10 el3 f 0.84 el., .- 0.54 e15 

Their phase relationship can be represented qualitativcly as follows : 

4 $15 

(1  80°) (1  2 0 9  ( 1 20°) ( 1 2 0 O )  

The PCMOs py4 and y6 are closely relatcd to the so-callccl 'rihhon-orbital' of A, sym- 
metry [14]. 

Example 3:  ' Lone-paiv Interaction' in I ,  I-DiazabicycloI:2.2.2]octane (6). - Thc 
photoelectron spectrum of 6 ('61, if interprctcd in terms of Koopmans' theorem, leads 
to the conclusion that the interaction of the lone-pair basis orbitals n, and n, is 
almost exclusivcly 'through-bond', placing thc totally symmetric CMO a;(n) above 
the antisymmetric CMO ai(n). Morc precisely, the photoelectron spectrum indicates 
that the state 2A;(n) of the radical cation 6+ (i.e. corresponding to the ejection of the 
photoelectron from the CMO a;(n)) is more stable by 2.1 eV than the state 2A;(n) 
(ejection from a;(.)). We shall not be concerned with the interpretation of the photo- 
electron spectrum of 6, but rather with the question, how the interaction between 
n, and n4 is described by a particular semi-empirical SCT; procedure viz. by MIND0/2. 
We chose this model-because it was used previously by Uewar & Wasson [42] who 
confirmed the qualitative and EHT results [3] [43] concerning the n,, n,-interaction. 
The geomctry assumed for 6 is, under strict Dah symmetry: R(CC) = 1.52 A, R(CN) = 
1.47 A, R(CH) = 1.09 A and all anglcs tetrahedral. 

For the valence shell of 6 ;I sct of 23 CMOs tpj is obtained. They distribute ovcr 
the irreducible representations of Dah as follows : 

(4 x A;) + A; + (4 x E') + A; + (3 x A;) -t (3 x E") (36) 
Of these the two 'lone-pair' CMOS are 9, = ai(n) ; E, -I - 8.56 eV and vI5 = ai(n) ; 
q6 = - 10.36 eV, i . e .  el - q6 = 1.80 eV. (The CMOs vj are numbered from top to 
bottom within the sequence (36) of irreduciblc representations). In the following we 
shall limit the discussion cxclusively to the corresponding irreducible representations 
A; and A;. 
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The lone-pair LMOs A(n,) and A(n,) are obtained according to (5), (6) and (7). 
Their phases are chosen in such a way that they transform into each other under Dsn 
according to A;. The corresponding matrix elements OF FA are FA,q,nl = FA,q,m = 
- 14.22 cV and FA,nlrnp = 0.14 eV. It is of interest that the latter matrix element is 
positive. so that 'through-space' intcraction between A(n,) and A@,) will already 
place the symmetric SLMO e I- =: (A(n,) + A(n4))/V2-above tlie anti-symmetric SLMO 
e- -- (A(n,) - A(n4))/fi. This is not what one would have predicted from tlie usual 
overlay criterion. If n1 and n4 of 6 arc assumcd to be pure Slater-type sp' orbitals 
with exponents of 1.95, separated by a distance 0 2.4 to 2.6 i% and pointing away 
from each other, then a positive ovcrlap intcgral S,, of 0.01.G to 0.011 is calculated. 
This leads to a small but negativc resonance integral, e . g .  within the ERT model, 
and thus to the natural sequence of e- above p ,_. Obviously this is not the case if the  
LMOs n(nl) and A(n4) are used and if thc cross-tcnn includes elcctron-electron re- 
pulsion. It follows that for small Or vanishing overlaps it is not dways possible to 
deduce the sign of the 'through-space' interaction between LMOs by qualitative 
arguments and that it will depend rather critically on the type of model and/or the 
geometry assumed. 

The 'lone-pair' SLMOs obtained according to (I)) from the LMOs A(nl), A(n4) will 
be designated by el = p+ and e15 Ep-  belonging respectively to IT1) z A, and F(5) s A;. 
Their orbital energies are F:),., =.: - 14.08 eV, FE)-- -= - 14.36 eV. The remaining 
SLMOs are also completely determined by symmctry and can be characterized as 
follows : 

PI 
WB 

Pa 

Pa 

= A;: eB 5 ptl)(CC), ea = @)(CH), e4 = e(')(CN); 

1'(5) = A;: ela = @")(CH), el, = et5)(CN). 

The PCMO matrices €$I and F!) derived according to (18) from the SLMO matrices 
Ft) and Ft) are for T(l) 3 A;, 

- 12.75 - 3.93 
- 21.92 3.11 (37) 

- 43.50 - 6.26 
- 3.93 3.11 - 6.26 - 14.08 

W8 Y74 

with 

and for IT51 



Wl6 

% 6 

v17 

(39) - 16.91 1.87 
- 29.72 - 8.19 

1.87 - 8.19 - 14.36 

To keep the format used in the previous examples el E e+ and e16 = p- have been 
moved into the last columns and rows of Ft) and F!), i. d .  y4 el z e+ and yl, = e16 = 

Fig. 4 shows on the left the orbital energy levels of the YCMOs (37), (38) and on 
the right those of the PCMOs (39) and (40). The two central lcvels are those of thc 
CMOS ql &(n) and qls = ai(n). The values in circles arc the crossterms between the 

e-- 

1:: [ 
- 14 

- 1 6  - 
- ie - 
-20  - 

- 2 2  - 

- 2 4  - 

- 4.4 

-i2 i 
Fig. 4. OTbitd euergies of the PCMOs (ieft A;, right A;)  and Ihc 

I ,  ddiazabicyclo [2.2.2] octaae 6 
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PCMOs, as given in (37) and (39). It is obvious that the second order approximation 
(19) is not appropriate for the calculation of the ‘through-bond’ shifts z+ and z- be- 
cause of the large size of thc interaction elemcnts. Nevertheless the diagram is rather 
useful for gaining a qualitative insight into the way in which the SLMOs e+ 3 y4 and 
p- 3 yl, will respond to ‘through-bond’ interaction via the relay orbitals yI1 y2, p3 
or vlb, yle. The result obtained by diagonalizing tlic rnatriccs F!), (37) and FF)’ (39) 
is shown in the central part of Fig. 4, as far as the highest occupicd CMO of each 
irreducible representation A; and A,” is concerned. 

A first noteworthy feature is that both p and p,- are strongly affectcd by ‘througli- 
bond‘ interaction and that the positivc dispacemctits z, = 5.52 eV and t- 7 4.00 eV 
are much larger than the ‘through-spacc’ contributions (0.14 cV) which can bc 
neglected. Thus the previous assumption [3] !‘GI that the SLMO e- = (A(nl) - A(n,)/l’i 
is not affected by ‘through-bond’ interaction via lower lying a-orbitals or evcn de- 
pressed hy interaction with antibonding a%rbitals ol same symmetry (z- = 0 or 
z- < 0) is not correct within the framework of the MIND0/2 treatment and pre- 
sumably in the framework of any other similar SCF rnodel. 

a;(n) = 0.67 1yr - 0.17 pz - I -  0.13 y3 - 0.71 y4 

The CMOS a;(n) and d(n)  can be expressed as lollows: 

= - 0.54 @‘)(CC) + 0.25 @(’)(CH) + 0.37 $’)(CN) 
-0.71 e+(nl + n4) (43.) 

.6(11) = 0.25 - 0.38 + 0.80 vr, 
= - 0.02 e(6)(CH) - 0.45 @)(CN) -t 0.80 e-(nl - n,) 

It is found that the important relay SLMOs for p+ ;ire not only @)(CC) hut also 
q( l , (CH) and in particular e(l)(CN), i . e .  the one built from the same LMOs as Q(~)(CN) 
which serves as relay SLMO for e-, 

4. Concluding Remarks. - It has becri shown tliat it is cavy to incorpuratc the 
heuristically very useful and chemically appealing concepts of ‘through-space’ and 
‘through-bond’ interactions proposed by HojJmann [3] into a many electron SCP 
model. The results so obtained will lead in some cases to a reassessment of which 
orbitals are the really important relay orbitals for a postulated ‘through-bond’ inter- 
action. This in turn will provide a safer basis for qualitative discussions. 

In this paper thc treatment described in section 2 was applied to semiempirical 
SCF treatments. The reason was twofold : 

1. Such models are widely used for checking and supporting qualitative argumcnts 
coached in orbital language. I t  is therefore of intcrest to sce how the qualitativc 
concepts, e.g. the HoJf’fmann-scheme, reflect in such treatments and whether some 
of the assumptions made in qualitative argumcnts are valid within the SCF models 
used to support them. 

2. Independent of the agreement or lack of agreement with qualitative models, 
the type of analysis proposed yield a reinterpretation of the rcsults obtained through 
such semiempirical treatments in ‘chemical’ terms and tlirwgh these a transparent. 
characterization of their underlying concept, which is otherwise obscurcd by the 
complicated interrelationship of the many parameters on which they depend. 
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In particular it was found that SPINDO goes easy on ‘through-bond’ intcraction 
and leaves to n-orbitals their local individusli ty. MINUO/2 yields rather too high- 
lying a-orbitals, if the photoelectron spectroscopic results arc a guide-line, which mix 
rathcr extensively with z and/or lone-pair orbitals. Finally CNDO/Z tends to give 
dramatic ‘througli-bond‘ interactions, which dominate ‘through-space’ interactions 
and results in, presumably, exaggerated ‘hyperconjugative’ contributions. With thc 
possible exception of SPINIX), thc small differences in energy of somc of the CMOs 
obtained from these semiempirical treatments are found to bc thc resultant of the 
sums and differcnces of large’ ‘through-space’ and ‘through-bond’ contributions. This 
suggests that the orbital sequence so derived may well bc accidental for close lying 
CMOs, because of the sensitivity of the contributions to small changes in geometry 
and/or the underlying parameters. It must he emphasized that this does in no way 
detract from thc usefulness of such semiempirical modcls with respect to the pre- 
diction of such properties for which they were dcsibmcd and calibrated. 

As far as photoelectron spectroscopy is concerncd, one might expect that the 
CMO energies derived from semiempirical SCF treatments are adequate for pre- 
dicting or rationalizing the essential fcaturcs of the PE. spectra of medium size 
organic molccules containing first and second row elements, assuming the validity 
of Koopmans’ approximation. This secms to be true for SPINDO which has been 
calibrated on such spectra. On the other hand MIND0/2 and certainly CND0/2 are 
much poorer models for this particular purpose. The application of simplc correlation 
techniyucs to PE. spectra of sets of related rnolecules strongly suggest that the orbital 
schemes ‘observed’ follow much simpler rulcs than suggestcd by either MINDO/Z or 
CNDO/Z and that some of the orbital seyuenccs prcdictcd are hLrdly compatible 
with the PE. spectra observed. In view of the analysis given above, the almost 
religious belief of some authors in the reliability of the semiempirical treatment they 
happen to  use for the interprctation of their photoelectron spectra is, more often 
than riot, unfounded. 
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