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Ah--AA ultllo XF MO akulrtlons uvna sT03G brur m VCFL pt&fmul on 
1 .c~~u~c~cI~~ 2 2)ocmc ml IIJ model molazulcs TIM anon& MOI obt.aJncd for tbc fnokula wm 
then rnnrformcd Into ttu l~~l~zal MOs Wah the UY of the lod~zd MO’s thus obtamcd. the vanabon 
rn the lone-pair orbllrl (LPO) cwrgcr (LPOE’s) of the molaculu wry prnurd In the 11fil of the 
through-bond mtcrrctron The throufi-bond mtrrrcllons were lnrlyaad rystcmrtsslly As I t~~lr of ttus 
rnalysrs. I[ was found thrt the two mrcracttions act mamly rcs.ponabk for tJu spllltm8 of the two LPOE’r. 
rhc first one IS the Interaction hctwtcn Ihe LPO, rnd the centnl C< bond In the LU~C path, ud the 
laoond one II the mtcractK)n hcrwan IWO nefibounng NX bonds In dl&tnt pths Theorrclcrl hounds 
for thrv InteraCtIons arc dlwuuad by uung t.hc UNJAI pcrturbrtlon method. 

The concxpt of the through-spmcz and Ihe through- 
bond rnteractlons was finr Introduced by Hoffmann 
e~ UI In order to cxplarn the energy kvcls of the 

lone-paw orbltal (LFQ) ‘: Thor concept has hem 

applml lo many fields In chemistry Hellbronner’s 
group has developed a method for the quantlratlvc 
estlmatlon of the through-space and the through- 
hnd mtcractlons by using the symmetry adapted 
locahrtd molecular orbltals (LMO’s) and applral to 
explain the photoelectron spectra of a vancty of 
molecules ’ Ia We have used”“” the terms of 
“through-space” and “through-bond” mrcrwctlons In 
a lrttlc dlffcrcnt meanings from those used for cxam- 
plc m Ret IO That IS. when WC analyzed socalled 
“through-bond” mttractlon m more dctall, WC found 
that only one category of the “through-bond” rnter- 
actIon was too slmplc to clanfy the theoretIcal 
ground for the mlcractlon between the two LPOs. 
Consequently. the through-bond mtcraclton should 
Include uvcral ~crms In It. 

In the present paper. WC performed the ob ~nrru) 
SCC: calculallons on I .bd~~ab~yclo(2.2.2)octaf~ 3 
and two model molecules, and hereafter these r&r to 
I and 2 The Khematlc structures of 1. 2 and 3 arc 
shwn In Fig I The molecule 3 has ban known to 
hare typm~l large through-bond mleracttion and a 
small through-space mlcractlon between the LpO’s. 
and lhrs IS sultablc for the present analysis in order 
to unfold the contents of the through-bond Inter- 
actlon 

Mrlhod o/ cuiculaflon. The on@nal canonical 
MO’s (CMO’s) were oblamcd from the ob UIUW SCF 
calculacionr. The basks set ~4 was the STO-3G type 
with standard cxponcntP and the prognm 
GAUSSlAN 70 was wed” The LMO’s were ob 
tarncd from the CMO’s by the procedure of 
Edmlston- Rucdenberg.” The dctallaj procedure of 
rhc calculntlons has been descritKd in the previous 
paper I* The molecular geometries usumcd HIT as 
lollom r(C H) = 109 A. r(CX) - I.% A. r(C-N) 

I 47 A and riN H) = I.01 A. and the mglu 
abound heavy atoms were assumed to be tctrahcd~l 
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In the model 1. the two remote LFO’s Interact mth 
each other through only one path of bonds, whtlc 
model 2 has two paths of bonds The analyrrs of the 
LP0 cntrgcs (LPOE’s) in 1 clanficr the intcraclron 
scheme m a ungk path of bonds. and that In 2 the 
contnbutlon of the Inter-path mtcracuon to the spht- 
tmg of the two LPOE’s. The through-bond Inter- 
action In 3 IS cxpectal to be explrmed by combma- 
tlon of the above-mentIoned two analyses. 
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FIN 3 Typ+ul mteracuon~ md LPOEs for Model I Broad 
he put show t& rntmcuon l Ilowdd put p only tbc nagh- 
bounng through-bond (gunmJ bond) IS rlloral - 

Figure 2 shows the diagram of the LPOE vanatlon 
for 1 The othltal encrgcs and the dlffcrcnce of the 
orbital cncr@cs bctwan the symmetnc (S) and 
antrsymmetnc (A) comhmations are rummanzed In 
l-ig 3 

(a) Pure through-bond. only the through-bond 
rnttractlon bctwtcn the rulghbounng bonds, I e gem- 

ml bonds. IS allow4 This can be taken up as the 
startmg pomt In thrs state, the direct through-space 
mteractlon between the LPOs IS forbrddcn, and the 
four N H bond-locall& orbrtals arc Isolated from 
the others Consequently. we concentrate our atten- 
tion only to the through-bond mtcractlon along the 
path from one nitrogen LPO through two CH, 
groups to another LPO This scheme 1s rtt?mcd from 
the state a to the state 1 It IS noteworthy that the pure 
through-bond mtcractlon g~vcs a rclatrvely small 
sphttrng of the two LPOs 

(h) In addltlon to the state a. the mteractron via 
the C H bond IS allowed The S Icvel banes scarcely 
but the A level lowtn from the rtatc a 

(c) In addrtlon to the state a. the mtcractlon 
between the two PI;< bonds 1s allowed The order of 
S and A level banes from that of the state a. 
Obviously. an Interactton bctwccn two remote NX 
bonds through-space lowcn the S kvcl and raises the 
A Itvcl. which leads IO the vanatron of the order of 
S and A Icvcts That I<. the Through-bond mteractlon 
along one path can hc considered to Include a krnd 
of the through-spaa Interactron 

(d) In addltlon to the state a. the rnttractron 
bctwen LPO and N c‘ bond which dots not locate 
In the nclghbourtng posltlon IS allowed The sltuatlon 
II slmllar to the case of c 

(c) In addltlon to the state a. the Interactron 
httwecn h’,, and the c’ C bnd IS allowed There IS 
no rcmarkdhlc change from the state a 

(0 In addltlon to the state a. the Interaction be- 
twen !S,, and LPO. uhlch 15 not In a ntlghbounng 
peltton. 1% alloticd. then the S level 1s dcstablllz4 
whllc the A level IS \tahlllrcd from rhc slate I 

(g) In addition to the state 8. the InteractIon 
hctwccn LP% and the central C C bond, jumpmg 
InteractIon. I\ allowed The S level IS largely dc- 
stablllzed but the A lcvcl IS not with rcfcrcncc to the 
state a. It 1s needless to say that this type of the 
Interactton has no contrrbutlons to the A Icvel m 
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vrrtut of the antrsymmetnaty of this level It IS thus 
mtcractton that IS rupons~hle for the dcstabtltratton 
of the S level m the through-bond mterachon of 1 
Thts conclusion IS very mterostrng In rtlatron to the 
analyrrs of the through-bond mteractlon. 

(h) b+c+d+e+f+g. as can be expected. the 
rrtuatron 1s srmtlar to the case of g. Thts shows agaun 
that the dommant mteractron to dcstabrllte the S 
level 1s the mtctactlon shown In the diagram 1. and 
the other mtcractlons arc not so important to govern 
the hcrght of the LPOEs of the S combtnatton In 
other words. diagrams b. c. 1. l , 1 and g contnbutc 
to the change of the S and A levels. but tha 
contnbutlons cancclled approxrmately wtth each 
other lcadmg to the dominant contnbutron of the 
diagram g 

(I) L-rom the full lntcfactlon state (state k), only 
two N H bonds and the drrcct through-space tntcr- 
action between the LKh wert cut off The state 
cormponds to so-called “through-bond” rntcractron. 
The height of the S and A levels arc close to those rn 
the state b. rndlcatlng that the state b (and also the 
5tatc g) mcludcs almost all of the mam parts of the 
through-bond mtcrqctlon which IS mcludcd In the 
ttatc 1 

(~1 In addltlon to the state i. the dltcct through- 
space Interactron betwmn the LPO’r 15 added, then 
the S lcvtl lowers largely and the A level rises 
consldcrably as 13 expcctcd from the usual behavior 
of the through-space mtcractton In other words, I 
has large through-bond mtcractlon lcadmg to the 
large energy sphttmg betseen the LPOI vnth the 
lower A level. and this large sphttrng was dacreaxd 
rtmarkahly by the direct through-space mteractlon 
betwan the LB 

(k) In addition to the state j. the system IS allowed 
to mteractlon with two rematmng N-H bonds. TINS 
state IS nothmg but the full rnteractlon state. In 
comparison wnth the state j. two N .H bonds alw 
contnbutc to decrease the spltttmg of the two LPOES. 
Consequently. the energy splrttmg for the case of the 
full tntcractlon IS remarkably small (0.0046 au) u the 
result of the cancxllatron of several mtcnction tcnns 
as mcntronad pr~~ously. 

klg 4 Vanrtlon of LPOFs for Model 2 Sat also FIN 5 

MO&I 2 
Figs 4 and 5 show the vanauon of the LPOE’s and 

the mtcractron diagram of LF% for 2. mpcctrvcly 
(a) Pure through-bond mtcractton along stngle 

path. Ihs state can be constdercd as the startlng 
pomt, and corresponds to the state a for 1. As IS done 
m the molecule 1, the drroct through-spaa mter- 
action u cut off and two N-H bond-localt?cd orbttalr 
art rsolated from the other pan of the molecule m the 
state from I to I unth the 3amt reason as for 1. It 
should be porntcd out that the value of the sphttmg 
of the two LKEs of the state a In 2 IS nearly equal 
to that In 1. 

(b) Smglc through-bond path and corresponds to 
the dtagram i for 1 Agoln tbc value of the sphttrng 
of the state b m 2 is quite close to that of the state 
I In 1. Consequently. we can cxpact the trrnsfcrakhty 
of the locahzed orbtuls m these molcculu 

(c) Double through-bond paths wtthout mtcr- 
action bctwccn them In comparison wrth the state b. 

FIN 5. Typecal mwmmons awl LpOEs for Model 2 
1 mmacuon bemxm tJw paths t) not a.llowal T?K orhcr 

notmom Lbc Fug 3 
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hrth S and A level arc dcrrabllmd. howc$tr the 
energ) Icparrtlon ktuccn the S and A levels doe-s not 

vary bcry much Thor 1% very lntcrtstlng rnd IIS 
thtorttlcal ground IS decusml In the folIowIng prra- 

graph 
(d) In adJttlo,n to the M~IC c. the Intcractlons 

ktwccn tuo ncqhhoutmg N C bonds am ullowtd 

In compdrr\on with the rpllttlng of the state c. It IS 

noteworthy that the great Increase In the uparatlon 

of the state d 1% obblou\ly brought about by the 

lntcrrctlcln hctwecn two nclghbounng rC; C bonds In 

dltlcrcnt pthc The thcorctlcal ground for the In- 

crcau of the energy uparatlon IS rlro clrplrlncd by 
using the pcrturhatlon method 

(c) In aJdltlon to the stale 4 UC added the Inter+ 
rctlon btwctn IWO rcC C bnd< In a path and the 
central C C’ bond In another path and \ICX bcr~ It 

IS found Ihat thcx IntcractlclnN Incrcaw the rplrttlng 

ktuccn the S and A Icvel~ 
(0 All of rhc Intcr+path mtcractaons arc taken Into 

rcxuunt In comprrlson with the state e. maIn part of 
the Intcr+path InlcrJctrtin\ arc ulrcady Included in the 

strtc e The ~JIJC of the spllttlng (00788au) IS 

conridered to he the baluc for the two through-bond 
mtcra<tlon%. and then thlc baluc IS much Irrgcr than 

that by the rrnglc through-bond mtcraction 
(00465 du In the state 1 of tlg 11 

(g) In addIllon to the rtrtc I the dlrat through- 
spxc mtcrxtlon bctuen two LPO, 1% l llowcd As 1s 

thcorrtlcally c:ywrtcd. the S level lowers whllc the A 
Ic~l ~IW The type of mtcractlon. therefore. leads 
10 the nrrroulng of the energ! cplrttlng somewhat. m 

anrrlogy vlth I 
(h) Full lntcractlon cas In other words. WC rd- 

dcd the rntcrrctlons btuccn tuo N H bonds and the 
other part of the molecule in addltlon to the state g 
Thut. thl\ lntcrdctlon beads tr, further narrowing of 

the energy splrttlng wmtwhat. In analog) with that 
In I 

From the above-mentloncd anrlyscx the Inter-path 

~nttractluns shoun In the state 1 1% the mo%t rc. 

\pon\lblc for the larger energy wprratron btwetn the 

S rnd A IcwI~ of the molecule 2 than those of the 

mutcr^ldc I 

The ,pllltlng of the LP0E.s of 3 15 rtaxmably 

capcctcd to be crplalncd hy combrmng the anvly- 

of the models 1 and 2. smcc 3 bar the rntrd-path l s 

well (IS the Inter-path InteractIons Conmucntly. 3 1% 
,uhJmtcd to the analysis In the -me manner 1% for 

2 kqs 6 and 7 show the banalton of the LPOE, and 
the lnttractlon dlagrrm of LP0s for 3. rcqxctl~cly 

(a) Pure through-bond sotrqondc to the state I 
In )_I@ 3 and 5. and the value of the spIltrIng ktwctn 

the S and A Ic~ls alto ncrrly correponds IO the 

pfc110us on- 
(b) Taking Into xcount all of the through-bond 

Intcrrctlons along single path. and this state as well 

4s ttr value of rpllttlng ktwccn the S and A Icel~ 

corrc*pnd with those In the stale I In Fq 3 and In 

the state b In Fig 5. r~p~~t~vcl~ 
(c) Double (two) through-bond paths wrthout rn- 

tcrxtlon bctwarn them The scprratlon of the 
LPOF’r of thrs state Is not so much dlficrcnt from 

thrt of the strlc b Howcvcr both energ) Itvcls shrftcd 

upward Thl\ strtc corrapnd, to thr state c In Fig 

5 

(d) Three through-bond path% drc allowed And the 

mtcractlons among them WC not allowed The ~pr. 
ration of the S and A Icbcls keeps faIrI) constant but 
the cncrglcs thcm~l~rs shIfted upward largeI) 

(cl In addltron to the state c. the lntcractaon b- 

twccn two ncqhhounng N-C bonds m Jlfcrent 
pths I> allowed As II the use of 2. the large 
*paratIon btw*ccn the l.POE’r rs ohtamcd 

cf) In addttlon to the stale l . the inter-path Inter- 

#c’tlonl bctuCcn two N C bnd\ and the central C C 
bond arc allowed A\ 0% the case of the strtc t In FIB 

5. large %cparallon hctwetn the two kbcl\ I) obtamtd 
(8) Tatlng tnto account all of the Inter-path Inter+ 

rctlon bctuccn two paths the energ) updrat’on b- 
come wdc To compare ulth the %totc 1. WC can 
nolIce that the mrgnltudc of the energ) uparat’on IS 

clox to that of the state I 

(hl In addltlon to the btatc d. only the mtcractma 
ktwccn nclghhourlng N-C’ hondr among three paths 

arc allowed The energy upratIon 1ncrcayI remark- 

ably as IS crpcctcd. temu the rclrtlon ktwccn the 
state 4 and b correpond5 to that btwccn c and t 

(I) In addltlon to the ctatc b. the mtcracllons 

ktwccn the ‘rl C bnds In 3 prth and the non+ 
nclghburlng C-C’ bond rn Jnolhcr path arc allowed 

The rclrtlon btwen h rnd 1 corresponds to that of 

t ad I 
(~1 All of the Intcr.path rntcractlons arc tdktn mto 

118 6 Vanatlon of LpOEs for 3 Sac also Fq 7 
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account* The energy scpantlon for this state IS close 
to that for the state 1 

(k) In addltton to the state j, the bract through- 
spux mteractlon 1s allowed. that U. full InteractJon 
use The S and A kvcls shlfl as IS tiuorcttcally 
expected. but the effect of the &=t through-space 
mtcracllon is fairly small 

From the above-mentionad analyses, the energy 
sphttmg between the S and A kvds In 3 was found 
to be explained in the same wry as that for the model 
molecules 1 and 2 The large energy separation 
bet-n the S and A kvcls in 3 IS causal mainly by 
~hc Inter-path mtcractlons between neighbouting 
N4Z bonds as IS shown rn the states d and b In Fig. 
7 As for the mtra-path mtcnctlon, the mtcrrction 
bet-n the LPO’s and the central C4I bond IS 
rcsponslbk for the sphttmg of the energy which is 
mcludcd In the states a and g of Fig. 3. Consequently, 
the energy sphttmg by the through-bnd rntctacuon 
In 3 was found to be beautJfully expla~ncd by the 
above-mentioned two factors 

In the follovnng sectton. the theorrucal grounds for 
the intra-path and Inter-path mtcrrctrons shown in 
Figs. 3 and 5 aft denvcd by wmg the perturbation 
method” MO’s cm be represented by the linar 
combmruon of the LMO’r as 

where rIL) denotes the nh LMO The first order 

perturbation energy IS obtamcd by usmg the usual 
manner as 

(2) 

where FLL' IS the first order perturbed Fock ma- 
tnx. It must be cmphwzzd that the analysis in the 
prrssn~ article IJ only cdnocmcd mth the orthogonal 
transformation among oocup~cd orbltals and then 
g~vcs nx to no changes In the charge populatlons. In 
other words, an lteratlvc procedure 1s not rqu~red for 
the calculation of the perturb+ Fock matncu. and 
we can use eqn 2 strughtforwardly 

The ~cond order pcrturbatlon energy IS gvcn m 

cqn 3 

where X,’ denotes the summation on J excxp~ for I. and 
f”’ the lth orbltal energy of the CMh order 

Flnt of all, the theorwcal ground for the mtra- 
path mtcracuon IS analyscd. that IS. greet Increase in 
sphttmg of the S and A levels from the state a to the 
state g In FIB. 3 II the most immrtant part of the 
mtra-path interactton The cocfficlcnts of t)K LMCk 
in the state a arc sven together mth the ncrmury 
first order Fock matnx FillaL, In Fig 8. Obnously 
In the S level, WC obtain a remarkably large posltlve 
value of c!” and this mults In the uppet shift of the 
S kvel, while m the A level there 1s no contnbutron 
oft I’) by nrtuc of the antqmmctnaty of the orbItal 
and’no change In the height of the A kvtl. 

NCXI. we pay our attention to the bchanor of the 
S and A kvtls of the states b and c In Fig. 5. that is. 
the sphttmg of the two levels m the state b has ntlrly 
quaI value to that rn the state c In spite of the 
dlffercnt numbers of paths between the LpOr. In this 
case, energy change from the state b to the state c IS 
obtamcd by uwng the second order pcrturbatlon 
energy pvcn by qn 3 In Fig. 9, cocf%clents of the 
LMO’s of two rlolatcd parts of 2 are sven together 

0 6125 
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Fq 8 The cOemcIcnts and OK 6nt ord~ Fodc mwrrCCI In 
t& S ud A kvcls of the state a m FIB 3 Tk numbers 
wnttm dorm to tlu dottad Lnc vrth WOWS arc rhc values 

tar the lint order Fa& mamas 



wrth the cormpondrng orh~ral cncrglcs for the S and 
A cncrgy kvcls The state c can hc obtamed by the 
mtcractlon between two parts through the tirst order 
rock matnx of - 0 IX9 (IndIated by the arrow In 
the figure) In thts figure. only the most Important 
level IS shoun to ~tlmste approxlmatcly the con- 
tnhutron or another path to the cncrgy xparatton 
From qn 3. WC can rtasonahly cxpcct that the 
second order cncrpcs for the S and A ICWIS are fatirly 
large psltlvc values and nearly qua1 with each 
other Conuquentl!, the S and A levels shift upward 
wth nearly qua1 magnltudt In changing from the 
state b to the state c and results In the nearly constant 
value of the energy ecpardtron bctuccn the S and A 
levels In good corrapondcncc with the numcrtcal 

rc~ults In I:lg. 5 
Fmall>. we analyze the theorctlcal ground for large 

Increase In the spllttmg tKtwccn the S and A l~vcls In 
comparing the state c with the state d In Fig 5 Thts 
15 reasonably explaIned by using the first order per- 
turbation energy svcn by cqn In Fig. IO. the 
cocfkrcnts of the LMO’s rn the state c arc grrcn for 
both S and A levels together with rcltb ant first order 
Fock matnm. Among Inter-path InteractIons. the 
mtcractlon ktwctn IWO nclphbourlng N C bonds 
must bc the most Important one This mtcractlon m 
the A Icvcl IS no more than that In the S Icvcl kaux 
of larger co&bent of the A lcvcl (0 1790) VI com- 
panson w)th the S Icvel (0 1969) Thus. the splitting 
Mwetn the two levels 1s prcdlctcd to Increase by this 
mtcractlon Moreover, both levels have IO shift 
downward from qn (2) These analyses are In com- 
plete agrccmtnt with the numcncal results shown rn 
the states c and d of Fq 5 The Interactton between 
C N bonds and the ocntral C-C bond make the S 
kvcl shift upward slightly kcaux of the dlffcrenr 

signs of the cocficlcnts of relevant LMOs ( - 0 3256 
anJ 0*1%9 m Fig IO), On the other hand, the 
above-mcntloncd lnteractlon g~vm the A bcl no 
chirnpc kaulv of no cocf%~cnt for tht central C-C 
bond LMO In the A level of Fig 10 Thccc conclu- 
slons are also corncldcnt with the numerIcal results 
shown In the states d and t of Fig 5 

f:rom the present analyse. it ura< found that the 
spIltrIng of the LKI’s IS governed mamly by the two 
factors one 1s the lntcractlon between LpO’s and the 
central C.C bond m the mtra-path mtcractlon and 
another one 1s the InteractIon between two nergh- 
hounng N C bonds In the Inter-path lntcractlon The 
thcorctlcal grounds for the contrlhutton of the Inter- 
acttons to the sp!lrtrng arc wrrsfactonly cxplamed by 
usmg the usual slmplc pcrturhatlon method The 
present procedure for the analyrls should ccrtatnly be 
ttr) useful IO undtrstand the nature of the through- 
bond Interactton 
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