
I,~(tS RussiaJ1 Chemical Bulletin, International Edition, Vol. 49. No. II. November, 2000 

Physical Chemistry 

A quantum-chemical approach to the analysis of intramolecular interactions 
using the fragment orbitals and MNDO method. 

Calculations for vinyl fluoride and vinyl iodide 
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A Jlcw qu:lnttin>t:hcmical method lbr dc:m:lrczltioll between the basic mechanisms of 
mutt~:ll ill[]tlcltcr tlI" :-;IFUCItlI'LII i'cagnlctlts in coinplc~ orgamc ruolcculcs (mducti,,r clfcct. 
conjug;lliot], e.tc.) and for assc,>sm,.:m of their signific;mcc for particular physicocl'lemical 
properties is propos,.'d The effects of diilt:rmlt channels of imramolccuklr interaction ()11 [I]e 
Illt)lCClliar geometW and energy, charge distribtit itm, and lilt.' molecular orbilal structures cind 
energies were ccmsidL:rc:d tilkillg vinyl i~alidcs as exalllples. In sy.',,lt.'nlx vviih an inlcltr:.ignicllt 
bond of  high pnlar i i ) ,  separation of lilt.' contribilli{~ll e l  the induct ive d f c d  is to :l grc~it cxt,dlll 
inc'tillittgles~, wlnlc a-coll.itlg/.liiOll e:lll be considered il}(Jcp,dlldenlly. [ t i e  melhod <tllov,,s a more 
valid inlerpretal ion ()1 the results of quanlt i ln-cbenlic, l l  calculat ions in terms e l  lht.'~lrctic:;il 
organic chcrniMly. 

Key words: scmiempirical quanlum-chcrnictil calculatitlns: AM I. M NI)O, and PM3 
nlcthods: frclgmcni orb.itclls, ctmjugalilm, inducti,,c ct'iL~ct, vinyl haliclcs. 

Modern q u a n t u m - c h e m i c a l  methods  have consider-  
able computa t iona l  opportuni t ies  and arc widely used for 
calculations of  the properties o f  particular molecules. At 
the same time. much less at tent ion is paid ~o the inter- 
proration o f  thc results of  q u a n t u m - c h c m i c a l  calcula- 
tions in ternis o f  such basic concepts  used in chcmistr$. 
as the chemica l  bonding,  molecular  strt, cture,  and mu- 
tual inl luence o f  structural fragments o f a  molecule.  This 
is likely dec to the fact that, physically, tl-ir quantum-  
mechanical  descr ipt ion of  a rnoleculc regarded as a 
system of  interact ing c[cclrons and nuclei  requires no 

turihcr in!.crprctati(m and, hence,  tile above-ment ioned  
chemical  concep ts  seem to be unnecessary or even 
meaningless.  Hov~cver, these concep ts  arc widely and 
successfully used in chemistry.  Therefore ,  cm~sidering 
quan tum c h c m i s t u  as a division o f  chemical  science 
rather than quailtLina mechanics ,  interpretat ion of  [hc 
rcsults of  quan tum-chemica l  calculat ions in terms of  the 
above -men t ioned  basic ci'lcmical concep ts  is rcasonablc 
and even desirable, h would provide the possibility of  
c,sing qualatum chemistry not only lbr simply obtaining 
numerical  data.  thus corlsidcring it in essence as a 
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particular form of compute r  experiment,  but also for 
interpretat ion o f  the results of  calculations in terms of  
theoretical  chemistry.  

111 this work, ,.~,e propnse an approach which makes it 
possible t o  a l t a l y z c  the e lect ronic  structure and phy..,,ico- 
chemical  properties of complex  molecules in terms of  
the interaction between the orbikfls of their radical 
fragments {FO). The use o f  the fragment orbitals in 
qttanlLtm-ehcmica] calculat ions presents of course no 
innovat ion (see, e.g.. Relg. I - -10) ;  oil the other  hand.  it 
seems likely that such an approach has not been applied 
systematically to the avalysis o f  intramolecular mtcrac-  
l ions in terms of  chemical  betiding,  nloleeular structure,  
and mutual inflt,cncc of structural fragments. A method .  
which is lbrmatly very similar to tile approach proposed 
in this work, has been applied ~' to the anabsis  or  the 
indications of  the inductive and mesomcric effects iu 
molecules  (in particular, acrolem).  Unfonlmatc l? ,  the 
method  uses some approximations,  which impose essen- 
tial restrictions on the area of  its application. For  in- 
stance, no variational calculat ions l\)r the molecu la r  
fragments are carried out: rather, preliminarily, con-  
st]ucted hybrid orbitMs are used. which to a great extent 
r e d u c c s t h e p o t e n t i a i i t i e s o r t h e  method ins tudving  e.g.. 
the illtlUCllCe r the effects under  consideration on the 
molecular  geometry.  As lar as we know, no studies on 
the deveh~pmcnt of  thb, method  have bccn reported. 

Since in organic chemistry the mutual int luence o f  
structural fragments is usually considered quali tat ively 
or, at best, scmiquanti tat ivel~,  it seems apprapriatc to 
use modern scmiempirica]  quantum-then] tea t  rncthods 
(e.g., the .MNDO. ~l A M I ,  1! and PM3 13 m e t h o d s ) a s  
basic tools for our  :,tudics. For  any one of them, it is an 
easy matter to write the expressions for the matrix 
elements of  the Hnr t ree-Fock  operator in the FO basis 
for a molecule  represented as comprising two radicat 
li 'agmcnts {1 and I1/: 

F u =~:','ll~a,> + y.  ,/ 
B'r k 'd ' , : l l  i,i~[ 

F ll'll = en,(l ),3--+ ~" F),~,.i t + ~ . n , , t i J ' k l )  ~- ~ ' (n~.  . . . .  
B~I k , i e l  a ' . / ' e l l  

-,,~,,, ,6~,,, !1(i7"/,'" ~- O.5~/k' i ' l ' f l  = e',!~ II '4'i' * ~!i ?u */'; !2~-~ " 

/.;~;11 = [3,/ _ 0.5 Enk;,Uk j r ' )  . 

k~:l . / '411 

(1) 

where the primed and unprimcd indices retbr to difl;ercnt 
fragments; ~,/')(I) and <,,~ are the energies of  the ith 
a n d  i ' t h  FOe of isolated fragments 1 and 11, respectively: 
n~,~ n and n~.~,~ arc the populat ions of the kth and k ' t h  
FOs in the isolated fragments,  rcspectixely; n u. ha./-, 
and hal. are the elements  o f  the deusity matrix o f  the 
molecule  in the FO basis: I~).B. and I"}'],.[~ are the matrix 
e lements  of  the operator  o f  the interfragmcnt e lec t ron-  
core interaction (the indices given by capital letters refer 
to the nuclei and the indices given by ~mall letters refer 

to the F:Os): and ( i j l k ' / ' ) ,  (i j lah,  ( i ' i ' l k ' l ' ) .  and 
(i~j' ] kit are tile imcgrals o f  the inter- and intrafragment  
c]cctron-electron interactions.  The folk)wing notat ions 
are also used: 

t;] '~ = ,~,  t,,~, - ,,',~;.a,;)liia' a . / t -  0.51i,~ fill ,  
* .'.M 

t:;)""-" = Z r , , . .  + 

The formulas for calculat ing the qtwntities F..,~ -p''~l 
and F,:/,P~ arc derived analogously to expressions i2). 

The ei"(1), G,U(ll), n/,a. ~ : a l l d  I l k ' / ,  '0 ~alues, as welt as 
the FO sets. are fi.wnd from preliminary calculat ions of  
isolated radical fragments.  The matrix e lements  of  the 
operators of  the e lec t ron-core  and e lce l rou-c lec t rml  in- 
teractions in the FO basis are calcula~ed using the 
corresponding values found in the basis of  a tomic  orbit-  
als (AOs). which are spccific to the computat ,onal scheme 
employed.  For instance, the expression lbr the integrals 
o f  the e lec t ron-e lec t ron interaction has thc form: 

,h .11 ,11 . l l  ,i 
( t J k l )  = ~ C ~ ( , l ( , , . ( , ~ ( t q l : s )  

p .q~: , \ .  i .~ a I} 

where the indices, i. j .  k, and / rcrcr to the r e ;  the 
indict,; p. q, r. and s refer to tim A(.)s: and CU,;~. ( " ) , r  
C'~/,r, and CoL, arc the coef l ic icms at the AOs in the r e .  
The self-consistent solut ion o r  the Hart r e e - - f o c k  equa- 
t ion with the operator  ( l )  gives a set o f  molcctf lar  
orbitals (MOst  hi the FO basis and thc orbital energies. 
B~ setting particular terms in expression l i t  equal to 
zero. wc can try to separate the COIIIrJbLHJollS. which to 
some extent correspond to such eoncept~, as conjugat ion 
and the inductive cffcct,  and to assess their s ignil icancc 
lbr different properties o f  the molecule. 

l 'he  approach outl ined above was in lplcmented tlSillg 
origincll ~,oftwarc lot  the IBM PC written ill the For-  
tran-90 programming tailguage. The control modLllc of  
the program allows c-flculations both including and ex- 
cluding particular contr ibutions to tile Har t r ce -Fock  
operator [1) and any FO subsets. In this work, we used 
tile M N D O  semJempiricaI scheme tl  will1 tile corre- 
sponding paramctrization t4-1e and the "half-electron" 
approximation by Dewar r7 for radicals. Comparison with 
other semicmpirical computat ional schemes wil l  be given 
elsewhere. Calculations were carried out taking the mol- 
ecules of vinyl fluoridc (1) and ~inyl iodidc (2) as 
examples . .Vlolccules  1 and 2 belong to the simptcst 
s,,stcms with tile double C = C  bond and have substitu- 
ents vdth strongly different electroncgativities,  for wh ich  
one would expect large cmltr ibut ions of  n .x-conjugat i (m 
and thc induclive efl;ect. Hereafter,  a vinyl halide mol-  
ecule is represented as two radical fragments, CH ~=CH"  
( V i n ' )  and H a l ' .  and the notat ion of the corresponding 
molect, lar orbital ( M e )  includes an indication el" the FO 
which makes the major contr ibut ion to the M e ,  e.g., the 
rtc= c, M e .  a'c=. c M e ,  n=lk~l M e  (nr~Ha I is the halogen 



tSIO Russ. Chem. BuY., h~l.Ed., 1/u/. 49, No. t l ,  Novem&'r 2000 Promystov and ShoDgin  

orbital composed mainly of" the colllrihtil ions o f  the 
p-AOs ol'f l~c same o r i cn la t i on  as that o f  the ~- F-'O o f  the 
Vin"  radical) ,  ew. 

LcI us consider  the Ibtlowing channels  o f  inier- 
l ragmcni  interact ion:  

I) the formation o f  all intcrfragmcnt 6 -bo i ld  by 
mixing a singly filled FO of  a fragment with all FOs of  
the ofl~cr fragment; 

2) the inductive effect,  e.g., the mixing of  tl'lc FOs o f  
one fragmeni,  accompan ied  by eleciron density redistri- 
bution caused by (i) ttlc cha~e induced on the fragment 
al the t\)rmation of  the interfragmem chcmical  bond 
Ithis charge is firsi of  all dependent  on the encrgy 
dii'fcrcncc between the sillgly filled POs) alld (ii) the 
charge disiribulion ov,,,'r the ed ic t  fragment; these con-  
tributions arc described by tile F p~ ;.illd F P~ terms, 
respectively: 

3) conjLigai ion, e.~., the mix ing  t)|" dot lb ly  f i l led and 
~acant FOs of  part icular  types (the mrc-, nn:-, nx*-FO 
etc.) of both fragments. 

The initial calculat ions  involve merely the FI- ) ) , ,  - 
matrix elements; for thc orbitals indic: l ied in p:lragraph 1 
and thc resultant values arc denoted as "Chin."  Those 
rcstiltJilg l 'rolll calct i lat io l lS i l tvol,, i l !g the F Pull a l ld  F 1'':)12 

matr ix  elements arc su i tab l )  de i lo led Li:., " i nd . "  whereas 
lhc values calculated tlsjrl,, the ( I . I I  mat r ix  c lemcn ls  
for the n- aild o'-FOs are dcllOteCI as "S711i" altd [hose 
calculated tisin.~ lhe F I , i l ,  , nlcltrix e lements for  the 
n-, z-- and re*-POs arc del iOled as "Ni'~" and "N;,t*" 
tfllG - ,  11~-.  Liild nrc*-conjuga{ ion,  rcspec{ivctyl.  ] h e  COll- 
Ir ibutJon o f  pal lJcular  channels io lhe value o f a  pa r l i cu -  
lar mo lecu la r  paramele r  wi l l  be represented as a d i f fer -  
once. For instance, lhc chau~ges in the t i c=c -o rb i t a l  
energy rclaih, e It) the V in "  radical energy due to ( i )  the 
fo rma l ion  o f  ttic intcrfragmci~t chemical  bond,  i ' l l) the 
induct ive ct}7ct. ( i i i )  ne~-co~tiugalion, {iv) nz -con juga -  
lion, and iv) nr~*-conjugation will hc respectively dc- 
llotcd as 

As :" i~(Cl'ill l) -- Z.i(Vill). 

AC:=I Indi : t:=(C'hllliild) - , a ( ( . ' l l l l i ) .  

D,~2r(Sgtl't) = l~:~(ChniSgm) - z.,:iChn)). 

AI!xIN~r) = %(ChmNx) --- s 

alid 

.J.e~(N,'Y') = i~ri(OhmNx*) - s 

Such an approach (Schome 1) should be considered 
to ho pretTrablc, since in this case the terms of" "m ixed  
uatt ire" (hereal Icr ,  m i xed  terms) wi l l  o f  course make the 
smallest con t r ibu t ions  Io the calculated values. On the 
o iher  hand, wc wi l l  also rise o lhcr  compu ia l i ona l  schemes 
and, in par t icu lar ,  Scheme 2. which does not separate 
ti le coritrJhulJons o f  the formnt ion o f  the in tcr f ragrncnt  
chemical  bond and that o f  [lie inductive e f fec t  

At:~iChnlhld) = ex(Cl lmlnd) -- E,~IVin), 

_'~(Sgm) = e:gChmlndSgm) - c,dChmlnd). 

~1N,"i:) = t:'~(ChmhldNtt) - t~(('hnlllid), 

2r = e~(Ot'unlndN~') - e:(Ohn;Irid) 

li is possible to assess the extent to which the chan-  
nels can be considered independent  by compar ing the 
sum of  tile coritribuiion.,,, Add (e.g., 

Acid = A~=(Chmlnd) + ,~=(Sgm) + <A~::IN~) + A~:gN~')) 

wiih ihe A(Scl) value obtained tlsJltg the results of  the 
M N D O  calculations; for tt-Je entire molccu lc  and for n 
par t icu lar  f ragnleni  (e.g.. AlScf)  = e , g M N D O )  - 
~ ( V i n ' ) ) .  It should hc noted lhai thc l ]rsl cqual i i ies in 
Schemes I .'-1lid 2 characterize the cho ice  of  lime rcl'cr- 
once, which is diclaled bb chemical  considerat ions  and 
by salient features of  lhc property in quest ion.  Further, 
we will use both lhc radical fragmenis and the "mol-  
cculcs-fragmcil ts ,"  namely, the e thylene aud rllcfllyl ha- 
lide molecules .  

Let us arialyze how different chao_nels of  imramo-  
Iccular h i t emc t ion  aftoct ihc molecu la r  geometry. To 
this end,  we will opl imizc the g c o m e t w  of" the fragmeni 
under study or  lhe lengfll o f  lhe in lcrf ragmcni  cllcmical 
bond only al the desired level o fapprox ima t i (m using ihc 
molecular  geomeiq ,  obtained from calct,  lalions wiih full 
op t im iza t i on  ;is in i tk l l  :~pproximat ion.  Here. the ethy l -  
eilC {ll ld me thy l  hal ide molecules ca lcu la ted whh full 
geomitr .v o p l i m i z a t i o n  ,* i l l  serve as relCrellCCSL 

Calcul:. l t ior ls per formed for molecu le  2 accordir ig 1o 
Scheme l showed lhat the : . lbovc- l / icnt ioncd chaimcls o f  
hltr '<imo[cctl lar i i l te rac l ion (ire tier illdcpclld7111 -,iHcc 
their con t r ibu iJo i l s  It) lhc changes in the C = C  311d C - - I  
bond lengths :ire less lhan the stlrn of  the mixed terms. 
For molecu le  I, tiffs nonaddhivi ty is more  pronounced:  
optinl izat ion o f  the C - - F  bond length (the Clim version) 
leads in fact to the bond cleavage, whereas  simultailcous 
considerat ion o f  the inductive oil;oct {the Chn) lnd  ver- 
sioll) leads tO al l  R,.- F ',altle which is; o i l l y  -0.1 .;~, longer 
than thai  ob ta ined  f rom comple te  , M N { ) O  calcuhiliOllS. 
The si tuai ion for the C = C  bond in molecule  I is much 
the snme as for molecutc 2. 

"[able !. Changes m lhe C=C and C - H a t  bond IcngH:s (AR) in 
ihe vinyl l luorido ( I )  dlld villyl iodide (2) illolccttlc>, Ccltl~,ed 13v 
dift'cronI chanllels of hltraillolccular l l l lcraction (C:lictil;.llcd ac- 
cording to ,Scheme 2) 

Intcnlclion AR/A 
cllanllel 

Molectilc ! Molcctllo 2 

C=C C--F  C=C C--I 

Ctml lnd(mol ) *  ().t)2.; t).079 0.002 0.005 
Sgm -0.012 -0.031 -0.001 -0.04 I 
N,.-t ~ 0.006 -0.032 0.002 -I) 016 
Acid 0.017 -0.034 0.003 -0.052 
A,%II mot )" 0.016 -0.023 !).002 -0.04S 
aScf - Add -0.001 0.01 I -0.001 0.004 

~'All values arc given relalivc Io the corrispondiug bond 
tcngfll~, in the cth.vlenr and Mortal molecules. 
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Table 2. Changes in fhc tornlatioll energies iAL'} of the vinyl 
Iluoridc (I)  inld vinyl iodide {21 molecules caused b,. difli.:rcni 
channels o['iilff41uolectilar i l lfcr;iclion (calctll;.itcd according Io 
Scheme 2) 

I Fllcr;Icf ion ::xL/kcal nlol- I 
c'tlanncl 

Molecule I Molecule 2 

Chnll nd{ i-4d }" -83.7 -6{}.S 
Sgln -34.2 -O 7 
N=* -14.7 -3.6 
Add - 132.{) -Xl}. I 
kScf( tad }" -- 130.6 -79.4 
t S c f - "  /~.{]d 2.0 (}.7 

* All values are ,glveB relative to lhe corrcspoildmg energies of 
lhc Viii ' ,  I--', and l" radical,;. 

The  c l langcs  in the opt imized C = C  and C - - H a l  bond  
lengths in molccvles  I and  2, wh ich  are due to different 
c h a n n e l s  ot" in t r amolecu la r  in te rac t ion  (calculat ions ac-  
cord ing  to S c h e m e  2} arc listed in Table  I. ,ks should be 
cxpccted ,  n ,x - con juga t ion  makes  no  con t r ibu t ion ;  hence  
the c o r r e s p o n d i n g  row was not inc luded  in Table I. As 
can bc seen .  n , x ' - c o n j u g a l i o n  causes  a lengthening o f  
the C = C  double  bond  and aii apprec iab le  sbor tenhlg  of  
the C - - H a l  ord inary  bond,  the effcct lot  molecule  I 
being mo re  p ronounced  thtt l l  for  mo lecu le  2. h should  
be noted  that  Ihc ct )n l r ib t i t ions of  n, l~* -con jug4 i ion  cal-  
cu la ted a c c o r d m  7 it} Sct leme I are close to lhosc Iistcd 
in Table I ,  whereas the con t r i bu t i ons  o f  i1,(~-coniugation 
(Sgm) d i f fe r  apprec iab ly .  

This suggests that  the rnixcd t e r m s  ;.ire mainly dtlc to 
tbc c h a r g e s  in the char.:]ctcr o f  the in te r f ragment  c h e m i -  
cal b o n d  (Ch in} ,  tile i n d u c t i v e  cffcct  (}lid), and  
n , o - c o n j u g a t i o n  (Sgm}, whereas  the  con t r ibu t ion  o f  
n , r t*-conj t lgal iol l  Call be cons idered  to SOfllC eXtellI hide-  
penden t  (espccialt,v lo t  nlolecule 2). For the C - - H a l  

i n tc r f ragment  chemica l  bond ,  this appears to be pro-  
n(}UllCed to all CXI,2nI that  scparatiOll o f  i ndependen t  
i n te rac t i on  charmcls except  for,  probably ,  d i f fe rent  types 
o f  ~:~-CO,l.iugation seems Io be nlcanhlg!ess, This is con-  
sis tent  with the i n te rp re ta t i on  o f  the induct ive effect as a 
resull of  the electric field effect of  one molecu la r  frag- 
rllCflt on the o ther  f ragment ,  bLlI not on thc Hlterfra~nlCllt 
chemica l  bond {see. e.g., ReA. IS, 19}. 

The  results discussed bclow refer to the molecu la r  
s t ruc tures  of  vinyl hal}des, which  were ob ta ined  af ter  full 
geome t ry  opt imiza t ion  in complc t e  M N DO calcula t ions .  
Un l ike  the calcula t ions  carr icd out above,  he rea f te r  the 
radical  fragments  ( V m ' ,  F ' ,  and  I ' }  arc used as refer- 
ences, mstcad of  the e thy lene  and  methyl  hal ide mol-  
ecules ,  becatlsc in this case the interpretal iol l  O( rcsults is 
apparen t ly  Illtlch easier. 

As for the bond lcngflls, ca lcu la t ions  of  the corer}bu-  
t tons  of  diffcrcnt c h a n n e l s  o f  in tc rmolccu la r  in lc rac t ion  
to thc l b rma thm energies  o f  the vinyl halide molccuies ,  
car r ied  out according to S c h e m e  I, also revealed an 
i m p o r t a n t  role of  the mixed terms. Therefore ,  in Table 2 
we present  the rcsuhs ob t a ined  using Scheme  2, which  is 
more  appropriate  in this case. It should  bc no ted  that  lbr  
b o t h  c o m p o u n d s  the c o n t r i b u t i o n s  of  n,/~'~-conjugation 
ca lcu la tcd  using the two s chemes  difli:r appreciably.  This  
is dtlc It} Ihe fact that the  nonaddi l iv i ty  of  the in fc rac t ion  
c h a n n c l s  under  study affects the energy pa ramete r s  of  
the  mr}locales more p r o n o u n c e d l y  than thei r  gcomctr ics .  
On  the o ther  hand,  the energy  effect of  n ,x* -con juga t ion  
t{}r molecule  I is rot,oh s t ronger  than for molecule  Z {see 
Tab le  2). As should be expec ted ,  tile con t r i bu t i ons  of  
m~:-conjugalioil  arc very small ;  becatlSC or this, they are 
nol  listed in Table 2. 

Table  3 lists the a t o m i c  charges  o f  nlolccules  i and 2 
found  15 assuming the n o n } a t t r a c t i n g  radical f ragments ,  
2) taking into account  the  Ib rma t ion  of  the in te r f ragmcnt  
chemica l  bond,  3) as in tile preceding  case with inclu-  

'Fable 3. Calculalcd Iotal, ~-, ,rod }~-chargcs {q) on the atoms of ' , inyl  fluoride II) and ;iuyl iodide {2) m{}lccules 

Hal H 3 
\1 2 ,  
C = C  

4 H / 'H 5 

Ai{}m C ha r~,~, q/au 
type 

Isolated C hm Chin Ind Sef 
fragnlcnt 

I 2 I 2 I 2 ! 2 

C( I }  q - tL [52  -0.143 0.129 0.042 0.08(} -0.1s8 0.139 -0.183 
x 0.070 0.070 0.070 0.070 --0.039 -0.103 - 0 0 2 9  -(}. 107 

Total -{}.f}82 -0.{}73 0.199 0.113 0.041 -0.291 11.110 -0.290 
C(2} ~ .-0.061 -{}.066 -{}.077 -(7.{}89 -(7.095 -(} 081 -0.084 --0.080 

x --{L(}7{} -0 .070 -0.{}7(} -0.(}7{} {).i}39 f}. 1f13 - 0 0 3 0  {7.088 
Total -0.131 -0.13{} -0.  t47 -{LIB0 -(}.{}5{} 0.022 -0.113 {}.l}0x.' 

Hal ~ f) {} -0.247 -0.093 -0.248 0 t.}84 -{}.250 0.{}9{} 
x (} 1} 0 () (} {} 0.059 0.019 

Total 0 0 -0.247 -0.093 .-{}.24X I}.{}84 -0.  191 0. I l0 
11(3} Total 0.{/61 {}.058 0.061 {}.{553 0.{}74 {}.054 0.{}63 {}.0B I 
I-h4}. Total 15.{}92 0.0,',18 0.071 0.036 0108 0.076 0074 0.073 
t1(55 Tofal 0.059 0.063 0.063 l).1}51 0.082 0.055 0.057 i}.l}49 
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sion of the inductive eti'oct, and 4) in complelc M N D O  
calculations. As can be seen. the formation of the C- - lqa l  
bond leads to qua l i t a t i ve l y  s im i la r  charge d i s l r i bu t i on  for o" 
bo th  molecules. Since the  energy o f  the s ingly f i l led (r017 ().(ill 
o rb i ta l  o f  thc k"in" rad ica l  is h igher  than that o f  lhc p ~  # H  
I ld logel l  a tom,  a d e l ] c i e n c y  o f  the G- ( lee( ro l l  dens i ty  0.o34 ~ ' ! _ 5  (,(p~ 
appears on the C,~ atonl  ap, d ait excess cs-eleclroil density ~ f - ~ 4  . . . .  

- ,v it.t)3() ~ 
appears on the halogcn alom: a[ lhc s;.tlllC l ime. tile H H 
~ -e l ec t r on  d i s t r i bu t i on  rema ins  v i r i u a l l y  m~changed.  
Quan i i t a t i vc  di f ferences can be due to the greater  e lec-  
troneg-uivity of F ( : lccording Io M N D O  calculat ions,  t).o15 o.0o3 
the open-shell energies of  the F and l atoms and the I/Q, j2/(H( 
Via" radical arc - 9 . 9 ,  --6.9. ;.u!.d -5.1 ok,'. rcspcctivcly). , o p . ~ ( .  ~)7 

At the same time, the inductive effect affects Hlc - ' /  ~.) 2 " ,  H H 
charge distributions in molccules ! and 2 in strongly 
different manners. Ii1 the fo rn lc r  case. i t, on tile one 
hand.  leaves the a tomic charge of F virtually unchanged,  
and.  on lhc othcr hand,  favors the delocalizalion of tile (5" 
large p(~sitive charge oil the C~< atom over  the entire 
vinyl fragmenl (this charge appears due to the R~rmation 0.(;23 
of  the C--F chore(cell bond) .  In tile latter case, this FX~; /H 
effect is responsible for the changes in Ihe signs of  lhe "~------,/~/%r,,.~/--N,~ O 'OO2\~  
a tomic chargcs of l and  C,:< and Favors bolh the conccn -  
traliOn oF the negative charge on Ihc C ,  atom and tile H o.u15 H 
nearly uniforn~ dis t r ibut ion of the positive charge over 
thc oihcr atoms of tile vinyl group and the 1 atom. This 
difl'crencc belwcen molecules  I and 2 is mosi likely due 
to thc rclalivcl~ small encrgy difference belwecn lhc 
singly filled FOs of the Vin" radical and 1 atom (see 
above)  and to lhc m u c h  vddc r  energy gap between the 
s ing ly  and doubly  f i l led FOs o f  the F a tom compared  1.o 
the l alom (-6 vs-_ - 4  cV. respcctivcly). The inclusion of 
lhc induclivc ctlccI (the f l>~ and F p~l-~ terms) leads to 
the mixing of lhc orbitals.  As a rc~,uh, tile energy of the 
singly titled FO of the I a tom increases and appears to hc 
highcr than that of  tile singly iillcd FO of Ihe Via" 
radical, which is responsible for the above-meal(cr ied 
qualilative changcs in the o-eleclron density distr ibution 
ove r  the I and C,, arums.  

The dispiaccmcnis of  itlc cs- and ~-etcctron densi-  
ties in the vinyl halide molecules duc to n .o-  and 
n,rt-conjug:ltion, ca lcu la ted  accordirlg to a modificd 
Scheme 2. arc shown in Fig. I. The modification in- 

F 0.041 H 

H H 

I (i.01~ H 

H H 

O.O66 
F\~-- , /  H 

N H 

(L(X)9 O.OI9 

H o.(~14 H H H 

FIR. I. Displacements of  lilt' C~- und ~-ctcL'lroti d~il,,llics ill lhc 
vin~l iltl(iridc ( I )  and "~iil)l iodide (2) nlolcctilcs cLItl'~Cd h)" 
I ' I .CI-COI/iUg4Iio ~ t f l )  Lllld l ' l .~-COIl i t iTal i t i i l  tD). 

eluded ~ in lu l taneous  c(msidcra t ion o f  the m x ng o f  the 
lone e lec t ron  pa i r  ( L E P )  orb i ta l  o f  t im ha logen a tom 
wi ih  the ~- ;.(lid ~ * -o rb i t a l s  o f  the ~inyl  g roup  (separat ion 
o f  t i le r  o f  n,~- arid n , n * - c o n j u g a t i o n  is o f  
no interest in d iscussing the charge d i s i r i bu t i on ) .  As can 
he seen, the displaccmcm pallcrns lbr nlolcculcs I alltl ] 
arc qua l i t a t i ve l y  s im i la r ,  btlt qLlantJtativc challgCS il l the 
l 'ormcr case arc much  more ~,)rOllOUi1ccd lhan  i l l  th0 
latter. C o m p a r i s o n  w i t h  Ihe data l isted in Tab le  3 shows 

Table 4. Energy <d~ifts tA*,IoV) of  the ol-bilal~ of  moleeu|e~ I and 2 duo io dif lcrenl chanucls o f  intramolccutur interaction (calculated 
accordil lg to Schcl11r 2) 

I lilt,' r;It:t ion A~z x As AEn~ ~l: ~ 
Cilailncl 

I 2 I 2 i 2, I 2 

Chml nd( tad ) * -0 .87  - 0  X2 -0.87 -0 .g  I I. 35 0.01 1 3() t}.09 
Sgm -0.1)h' - i). IO -0,0g -t).01 -0.41 -0 .  I I 1.52 0.02 
n ,n f).67 0.,";5 0.00 tl.00 -IMS7 --().,85 0.01 ().00 
n,n* 008  0. I0 0.37 0.09 --0.52 -0 .17 -0.37 -0 .06 
Add -0 .20  ft.03 -(),58 -02"; I -0 .25 - I. [ 2 2.40 0.05 
�9 -3,SC F( tad)* -0 .12  0.03 -0.62 -0.82 -0.48 - I. 15 2.C~2 0.02 
ASC F - Add 0.08 0.00 -O.04 -0.01 -0.23 -0 .03 0.16 -0 .03 

"~ A l l  v~lll.lC~, {llC .~l'r l ' e la t i v r  I t)  [ l lc  co[t'~SpOlll.~il]~ ClICl'~ie~ el" 1hr radi~;,|l t i ' ;. l~Dleflt orbkals. 
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that these l ) pes  o f  con j t iga t ion  ;let to some ex lc i l t  sinli- 
larly it) the hlducl ive effect. For molecule !. they, cause a 
subsi:mtinl decrease in l i l t  negative charge oil lhe F 
alt)m and al l  ilEFOaSC in both the positive cMrge  ti l l  lhe 
(_70. areal alld the ncgali~.c charge on the CI~ atom. For 
molecule 2. the posilive atomic charge of I increases 
slighdy, while thai" ot" CI~ decreases. ,'-ks Call bc seen ill 
Fig. I. n,it*-conjugc/tion plays a key role for both nlol- 
(cults.  It shol.lld bc noted that the modii]cd Schemc 2 
Isee above) tlscd ill this Sccliorl -tllows :l satisfactory 
scparatioll o f  the co4lrlbtitioils OF I1,~- and n ,a-conjuga-  
lion in the vinyl hatidc molecules, namely,  tile deviation 
from additivit.v was tbuiid to bc -10 --i for vinyl iluoride 
and -10 ' 4  for vinyl iodide. 

l a b l c  4 lists the energy shil:[s of tile ri- aM >orb i ta l s  
of tile vinyl bal i@ molecules calculated according to 
Sci+cmc 2. It should be noted that ti le contributions o i  
n,~- and i l . r f f -conj t igal ion calculated accoi-diJlg to 
Scheme I arc not much ditlL~rent from those obiaii lcd 
using Scheme 2, whereas the conir ibut ions  ul" n,cFconju-  
~ation (Sam) calculated according to tile t~o schemes 
dit'fcr appreciably.  As in the c:lsc of geometry calcula- 
lions, hcrc the mixed terms are nlaiuly duc to the 
iormation of  tllc inlcrfragmcnl chemical  bond fChm).  
the illdl.lCtiVC CI'I~2CI (l l ldl ,  and n,(~-coiljugatiml (.qgnl); 
/.It t h e  s a n l c  [ i r l lc .  ILK- alld ll,K'LCOllJtlgali(llt arc to a 
certain exlClll h id(pendent  (especially tbr rnoleculc 2). 

F)cslfilc tile r3ci that separate qtlalltiLitivc character- 
iZaliOII o f  ti~c i i l i lucncc of  the forn-laliofi o f  tile 
ii~lerlYagmcilt chenlic:~l bond and ttlc inductive effect for 
Ihc systems t, ndcr  study is impossible, we believe thai 
calculations according lo Scheme I c-in alloy, xome 
qualitative cstimales. Wc 1()und thai the lormcr l'aclor 
has cllmost lie ,.2ffcct c)n both file ~-orbital energies of the 
vinyl fragrrlcnt and I11c n-orbital euergies of the F atom 
:rod <mbstiilltiall.v @creases the energy of tile LEP orbital 
el ' f l i t  1 a tom,  which is oriented in lhe plane of molecule 
2,; this is accompan ied  by ill( lomlatiorl of a dclocalizcd 
~10 with large contr ibut ions  of the singly filled FOs of 
lhc Viii" radical and I atom. This dillL~rencc bciweon lhe 
tluoro and iodo derivatives is likely due to the l:dCl that 
ihc n-orbi tal  of  the I atom lies on tile energy scale -5  eV 
closer to the singly filled FO of the Via" radical tMn the 
correspollding orbital of  ihe F atom. "lhc hlductivc 
eft'cot causes a substantial decrease in thc ,"ec:= c-  and 
r[* =c-orbii-al energies in both molecules. At the same 
ihne. the n-orbi ta l  energies in the fit,tire dcrivati,,e 
increase subs tant ia l ly ,  whcrcas in vinyl iodide the 
nForbit : l l  energy remains virluall) unchanged,  while the 
energy of  the second LEP orbital increases appreciably. 
Additionally,  the energy shift of the last-named ~)rbital 
dclc to f i e  forn~atioil of  tile inleFfraglncnt bond isce 
above) is nearly compensated and the Iocalizalioil degree 
el" lhis orbital irlcrcases from -50% to -90%. 

Analysis or the peculiarities of the q-electron density 
distribution in the vinyl halide molecules, IBund in cal- 
eulatiolls carried out taking hire accol.il~t only the tbrnla-  
tion of the C - - H a t  il~torfragmerit chemical bond, p c -  

vides a simple and easy explanation for these manil~sla- 
tions of the inductive effect. As was mentioned abo',c 
(see Table 3). a substantial decrease in the c~-clectron 
density in the r%ion el thc C = C  bond and its concen-  
tration on tile F atom occur in molecule l, while ollly a 
slight exccss of tile G-clcctrort density.  ,ahich llas littlc 
et ' t 'cct on tile t]-orbilat energies, appears on the I atom iu 
molecule 2,. On the other hand. the ey-clcciron density in 
the region of  tile C =C  bond decreases appreciably, 
though to a smailcr (• (Ban lot  molecule I. This 
charge redistribution apparently corresponds to tile abo,,e- 
merit ioned cMnges iH the x- and n-orbital energies 
found from ctlleulations -,ith inclus ion of the inductive 
elTecl. 

As can be seen rrom the data listed in Table 4. 
n,n:-col!iugation al'Iccts st rongly thc corresponding orbital 
energies oI  both s.vstenls, the effect lot molcclHc 2 bcmg 
intich stronger. I..;nlikc. tllis, rl,~*-coltiugutiot~ is pro- 
rloullccd lor rilolectflc I arid ins ign i tkam lot 2. It seems 
likely dlat the eloscness of tile energies of the i t-FO of the 
Via" radical a M ( h e  n,:-FO of the 1 atom is thc dccisi,,e 
factor in the latter case. whcreas for ! the large cnerg} 
diH 'c rence  b e t w e e n  the  it( =(_- a i ld  ii= F" FOs  is to a gre,~t 

cxtei~t compensated by file appreciable displaccnleni of 
the q-electron dcnsilv ITem the virlyl group to lhc F ~.llOnl 
(see above). A.I tile saint time, n ,o-coniugat iou ha.,, al- 
most no clt'cct on the energies or these orbit:fig uf nltll- 
oCUIc 2, bill Cg.ltlSCS a suhslclnt ial  d e c r e a s e  in [hc Cllel.~v o f  
the na-orbii41 alld clll;.ihlgotis increase ill the energy of tile 
othcr LEP orbital for I. Siuce, accordmg to c:ilcui:.llions, 
the iliclusion of n.q-inicractioli  has viriually il(~ e l l ' co t  ~ l l  

the structure of the nrcorbital, changes in its cnerg,,, can 
bc exptairlcd only by a :,mall decrease in the electron 
density on the F a,:d Co< atoms (see Table 3). In contrast 
to this, the n-orbital. ,a, hich is oriellted in the plane of 
molecule I, is strongly mixed with several c~-FOs of the 
Vin" radical. The cncrgics ctl" these ei-F()s arc lairly close 
to that of  the n-orbital; bccausc of IBis. the energy 
ditf;ererices bctwecl~ the new, nearly completely delocat- 
izccl MOs and the n-orbital of  the F atom appear to be 
appreciable. Since the LEP orbital energies of tilt? I atoill 
arc much higher, no similar el'i\'cts should be obscrved for 
molecule 2 tsec ]ab le  4). 

The restllts oblaiqcd show that the approach pro- 
posed in this work provides the possibility lbr detailed 
analysis of different nlecMlfisms of  tile mutual inteitlence 

o1 structural fragments in polyatomic molecules. Taking 
vinyl halides as examples, v,e assessed the significance of 
different types of conjugation and the induclivc effect lot 
tile equil ibriun/  molecular geometries,  formation el:er- 
gies, charge distributions, and the M e  sirucm,c~, and 
energies. In principle, this approach allows analysis of 
the dependences  of any physicochenlical  quantities, 
whose values can be calculated using seniicmpiricat qtian- 
turn-chemical  methods bascd oil the l-larlree--Fock ap- 
proximation,  oil the molecular  structure in terms of 
theoretical organic chemistry. Studies on the reactivity 
of  reelect, los using this meihod in the framework of. e.g., 
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the frontier orbital model  also s eem to be natural. In 
s o m e  cases  (e .y . ,  in s t u d y i n g  m o l e c u l e s  wi th  an 
i l ] tcrfragment bond  of  Ifigh polar i ty) ,  the invest igators  
can  lhcc problems;  howcxer ,  one  should keep in mind  
thai somctimes separa t ion  o f  par t icu lar  c o m r i b u t i o n s  
appea r s  to bc meaningless .  We bel ieve that the imple -  
m e n t a t i o n  of tiffs approach  in the f ramcwurk  o f  the 
ex is t ing ab in i f io  methods,  w h i c h  arc based on the 
Hartrec--Fock approximation, should not present seri- 
ous problems: however, the possibility and utility of 
combining it with the manybody approaci~cs are still to 
be clarified. 

This work was financiall~ Stlpportcd by the Russian 
F o u n d a t i o n  for Basic Resea rch  (Project  No. 97-03-  
33768).  
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