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Abstract -Although crpcrtimcntrl molcculrr wuciurc IS one of Ihe oldest and mcnt frequently 
~ppllcd dlqncn~lr: tool% In VUJMS of the nawc of chcmlwl bon&. 11 1% concluded that III Jpphc.xtlon 

IO all but rhc groww dc~ls of bonds such AS carbon urhon lwnds rcmams enirrely ~pccul~t~w 

I hc concept of bond length IS dv.cuwd IO CmphJwc the need for careful wndcr;ctcon of arnblguwm 
Jtuk-l~tnl with Ihe naluml indcIcrrnm~~y of aiomlc powlwns A thcoret~ul bawr IS pen io ihc 

cmpwwl Schomakcr-Stewnron rule rcl.klq bond Icngih IO cl~Irnncg~~wry The J~rcrgcnt \MZUI 

of Paulmg and Walsh on hyhrldwxllon. wnlc ChJrJctCr. Jnd bond trrcngth drc RSOnCllC~ IO wmc 

calem ullh the aId of J slmpk mwkl 11 15 \huun that wucIurJl ctkctr commonly atirlbutcd to 

conpgJ(wn. hypcrconpgJtlon. hybrldl/Jlwn. and p.irIlJl wmc ChJrrclcr can lx ratlon.Alrcd IO J 

rcmarkablc calem In term\ of nonbondcd micrxiwm It I\ wspt\tcd that thaw fxIor\ Jrc noi 

fun&mcnIdlly as dwncl from cJch other ~5 (he) Jrc oflcn JNUmCd In bc. and that much more 

urlou\ ;rttcn(lon \hould lx gwcn 10 the role of nonbonded IntcrJctlons 

Ot the numerous physical obscrvahlcs dcpcndcnt In come wdy upon the nature of 

tntcratomic Itnkitgcs. only a handful can hc unambiguously ascribed to. and untqucly 
idsnttficd with. the various tndi\ldu;ll bond,. Such special obscnablcs have played 

Important role> in our >tn\mg to undcr\tand chcnucal bonds. Of thcu! the bond 

Icngth. ;I\ mcasurcd by dtffrxtlon or spcctroscoptc methods, is one of the oldest and 

mo\t popular. and the carbon xarhon bond ha\ been one of rhc favorite subject\. 

1 hat the dctallcd intcrprctcltlon of rchults IS SIIII a matter of act~vc contro\crsy. cvcn 

fur such I slmplc Imkagc a\ ths carbon carbon bond. I\ a conclusikc demonstration of 

the superficiality of our undcrstandmg of the chcmtcal bond. 

The pattern of rcsponsc of C-C bond Icngthh to changes In cn\ironmcnt i, now 

rca\onably well documcntcd. In bicw of the tirmncsk bith which certain arbitrary 

Intcrprctatlons of this response h;l\c hxxjmc cntrcnchcd m much current wrttmg, II 
\ccrn\ worthwhllc to consldcr altcrnati\c approxhcs to the problem. 

Thr h;l\rs of Intcrprctation of bond Isnghc i\ almost purely empirical. For 
cobalcnt bonds. mtcrnuclcar dlstanccs have hccn found to bc reasonably well rcprc- 

scntcd by sums of charxtcrt>tic atomic radii. * Dcbiatmns from additivtty arc con- 

\ldcrcd to rcbcal specific mtcrsctton\ which. in f;lror;lblc cases. can bc dtagnosed. 
An unfortunate ctrcum\t;incc greatly impeding intcrprctattons IS that the data avatlablc 

for R slvcn bond arc far outwclghcd numerically by the Iargc number of interactions 
of plau\tblc physical slgnificancc that ha\c been Inkcntcd to account for the data. 

The factors most commonly acknowlcdgcd to influcncc bond lengths arc: 

(3) bond order. conjugation. hypcrconjugatton 
(b) hybndizatton 
(c) partial Ionic character 
(d) nonbondcd Intcrrictmns. 

’ thus rcwrrch was w~pr~cJ by a grant from thr Natlonrl Scwncc Foundrilon. 
’ L. Yaullng. 7hr .A~rurr o/the Chrmtcd BonrlOrd F.d I Chap 7 Cornell Unwen~~y Prctr. h’cw York (1960). 
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To this list should really bc added crnothcr factor uhlch. \rhllc 50 self-cbldcnt 35 IO 

appear tnrial. ha\. unh3pplly. played a slgnlticant role m the study of bonds. 

(c) cxpcnmental errors 3nd differcnccs in opcratwnal dctinitwns of bond Icngth. 

Although the abovc tcrmr [except for (c)j are con5idercd to repre5ent distinct bond 

charactcn5tics. precrscly dcfinahlc m pnnclplc cvcn If they h;l\c not yet hccn m practlcc. 

3 httlc rcflcctlon \hou-s that they arc more ~htly Intcruo\cn than commonly rccog- 

nlrcd. Perhap\ the k-51 establl\hcd of them 15 (a) In 3rom3tlc hydrocurbon\ 3\ 

predlctcd by P3ulmg and co-worker\. J Structural cficc~\ of the others I~cd ha\c been 

Its5 conclu\lvcly dcmon5tr;ltcJ and cicn (9) I\ spc~uI;~l~~c in nunarcm;ltlc molcculc\. 
tilth which wc sh3ll hc conccrncd In the rcmaindcr of the p;~pcr. 

Cunou5ly. 31 Ic3st for bonds IO carbon atc)m\. the mo\t ncglcctcd of the factors. 

(d). p~vc\ promise of hccomlng one of the mo\t Important. It u-as rcccntly pomrcd 

out4 that If 3 plau\ihlc WI of potcntA functtom dcwrlhmg Intcractrons hctuccn 

nonbondcd atoms were 3Joptcd. carbon c3rbon bond Icngths In 3 \3nety of non- 

aromatrc hydrw;lrbon\ could bc closcl~ computed ulthout Inbokmg hybndvAtlon. 

cqugation. or hypcrconJug3tion. Slncc the argument\ u’crc al5o found to hc 

spplicahlc In large mcasurc to bond cncrpcs and other thcrmochcmical ;Ind klnctlc 

cficcts5 prc\lously 3ttrrbutcJ IO factor\ (a) and (h) ;~ho\c. I[ w3t wgcstcd that non- 

bonded lntcractrons might ~cll bc domln3nt f;rctor\ m govcrnm_c the ch3ngc\ In 

bond\ accomp3n>lng ch;lngc\ in cnvlronmcnr. l’hc prlnclp3l thcmc of thl\ p3pcr HIII 

hc to pomt out 5omc Intcrrclstlon\hlp\ bctuccn nonhondcd Intcractlon\ and the 

other factors INCJ uhlch ~ggc\t th3t the concept5 they rcprcscnt 3rc not 3\ dl\tmct 

35 gcncr3lly thought. In VICH of the prcllmlnary n3turc of the ncu nonhondcd model II 

sccm5 bc\t to prc5cnl 11 In II\ most clcmcntary form. kccplng it\ o\cr\impllfic3tmn~ 

ob\lous rather than ma\kmg them Mlth phyvcall) rca\on;lhlccorrcctlon\. I \cn In thl\ 

fcvrn 11 Iccldc to 3n uncxpcctcd ransc of corrclallon. 

INTtRPRf TATIONAL IlhC’f RTAINTILS IV RONIJ I I.S;ci I )tS 

l_ct IJ\ con5lJcr tir\t f3ctor (c) abc)\c. the problem of cxpcrlmcnt3l error\ and 

Jlticrcnccs In Jcfinitlon5 of hond Icngth. The rca\on for concern I\ that the rc\pon\c of 

bond Icngth\ IO ~Ipmlic;rnt changes In cnblronmcnt 15 u~ally \cry ~1311. and of .I 

magmtudc often not much grcatcr th;ln the 3bo\c unccrtamtlc\. II h;l\ only hccn 

comp3r;LtI\cIy rcccntly th3t cxpcnmcntal crrcv\ In the hot dlfTr;rctlon studlcs h;l\ccvcn 

;Ippro;lchcJ 3 comforl;lhlc margIn In thl\ rc\pcct. W)I : OJXN A or bcttcr. 3nJ that the 

full m3gnltudc of mtcrprct3tlon;~l unccrt3lntlc5 m \~ctroscopic 5tudlcc has been 

rcccjgnvcd. In 3Jdltion. \Irtu3IIy ncl cfTort hJ\ been m3Jc until rcccntlb to rcducc 

bond length\ dctcrmmcd by JltTcrcnt ~nc.tllod~ IO ~c~lllpar;lhl~ \;tluc\. 

H’hcn II I\ con\idcrcd that the n3tural lcro-point InJctcrmln3c> 3~~1atcJ ulth 

3tomlc po\ltlon\ IS of ths or&r of 0.1 A 3nd th3t the prohablhty dl\trlhutIon I\ 

3\ymmctrlc. II I\ rc3Jlly dpparcnt th3t the dctcrminatlon of Intcr3tomlc dlstancc\ UIII 

hc \cn5itl\c to the method of a\cr3gmg okcr bond ~~hr;~l~n\. A\ 5Implc \chcmc\ for 

trcatlng the prohlcm h3\c not been fully uorktd out thcrc 3rc still lntcrprct3tlonal 

unccrt,tmtrcs of the order of IO * A In the c35c of C C bond\. I’hc C II bond has 

8 1 P,ul,ng. L 0 Hro,~u~r and J b I&r&h. J 41nrr (‘hrm SW 37. 27lU (191:). I Ydmg rnd L 0 
Hrorkuar. lhd 9. I:\ 1191~1 I or . r<r’rnt ,CIWU WC 11 W J (‘ruliL\hrnL and R 4 Sp~rht. I’m 
Rot .\.a A z!u. ?‘O IIYHI) 

’ I S Barlcll. J (hrm PI,, 32. W‘ I lVW1 

’ I. S H~rtrll. (to he puhlehcdj .\ prcl~m~nrr?_ rcporl I\ ~I.CII I” lrrrohrJr,tn I ,,tcr, \O b. It (IVMI 
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rcccivcd conslderablc attention. howcvcr, and It is Instructive to study the wults for 

the famdiar scrles of hydrocarbons It<tcd In Table I. The paramctcrs r,,, I,, and I, 

rcprcsent the spcctroscoplc average over the ground statc.6 the mean length. and the 

cqullibrlum kngth. The mean bond Icnsth. or ccntcr of grawty of the bond probability 

dl>trlhution. can be dcduccd from electron dtlfractlon data for gas molcculcs : X-ray 

crystal analysts. when corrcctcd for thermal mntwnx EI\L’ a pardmctcr clew IO r,. L 
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l-or mo,t of the cntrw In lahlc I standard error\ arc rcportcd to hc : OWZ A or 
Icw but additional small unccrtaintic\ may ariw. The Important thing to ohwrbc I\ 

that the dilicrcnccs txtwccn r,,. rs. and r,. H htch arc not always corwdcrcd In cornparIng 

results for dlffcrcnt molcculcx arc compar.lblc to the dlfkrcnccx from molcculc to 

molcculc. A\ a rule the C C hond. ulth It\ xmallsr amplltudc of \Ibratwn. ~111 

cxhlbit smaller dlfTcrcncc\ bctwccn the \arlow paramctcr\ than the C - H bwd. 

The \aluc aImott uru\cr\ally wlcc~rJ to rcpwcnt IIIC C C rinrlc bond dl\tanw 

I\ the diamond X-ray kaluc. I.544 A. Not only I\ thi\ dl\tancc not an cqulllbrlum 

dl\tancc as it I\ often tahcn to bc (since /cro-pwnt motion\ undoubtedly ckpand the 

bond Icngth in the lattice by the cwdcr of 0.01 h). but It I\ appreciably hlghcr than the 

C C distances charactcwtic of paraffin hydrocarbon\ ulth I, I ,533 Au and I,, 

I.526 A.10 Thi\ IS at Icast partly bccauw of rcpuhions bctwccn nonbondcd atom\.” 

It IN helpful IO rccognix that the dccrcacc cncnuntcrcd In a Fi\cn bond In goln,c 
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from I, to I, (i.e. from full to zero vrbrational amplitudes) stems not only from the 
hypothetical settling of the bond to the bottom of its own anharmonic valence stretch- 
ing potential well but also from the smaller nonbonded repulsions of neighboring 

atoms as they bccomc qurcsccnt. Thus latter factor lcads us to prcdrct that the mean 

C - C bond length in C2H, should be 3 feu- thousandths of an 3ngstrom longer than in 
C,D, whcrc the greater Inertia of ths D 3toms restrrcts their rrbratronal amplitudes. 

N0NBObDF.D RCPLLSIONS 

The underlying basis of the ~dcas rn the rcmaindcr of the paper is that, contrary 

to prevalent opmion. the nonbondcd repulsions between any two atoms bonded to a 

given carbon atom arc enormous. and strongly mflucnce structure and thermochemical 

propcrtrcs. The f3ctor that has obscured thc\c repulsions IS that they arc balanced tn 

tctr3hcdral compounds more closely than might have been cxpcctcd. That IS to say. 

intcrsction, bctwccn the pairs Ii . . tt. C. . . C. Cl. . . Cl. H . . C’. and H . Cl. 
for cxamplc. 3rc very ,rmrl;ir rn magnrtudc in substituted methanes. Yot\rrth- 

standing. rt has aImott slw3ys hccn assumcd th3t chlorine atoms arc large and 
rcpcl atom\ strongly whcrc3s hydrogcnc 3rc small 3nd quote ncglrgrhlc in comparrson. 

Consequently It h3s been consrdcrcd th3t bond 3nglc\. Icngths, 3nd cnzrgrcs m the 

scrrcs CH,CI, ” would show m3rhcd vari3tronc If nonhondsd rcpukionc wcrc large. 

The sm3llnz,s ofeffects in this series was s3rly intcrprctcd” 3\ rndrc3ting that atoms arc 

greatly whittled down on the SI~C ofcov3lcnt bonds 3nd hcncc cahrbit small rcpulsrons. 
Chcmrst\ hlr\s adhcrcd to this bclrcf. 

l’hc UIC’C’L’~~ of Prtrcr and C3ta13nor3 in 3ccounting for i\omcrtr3tion cncrgrcs of 

par&tin hydrocarbons by 3 model invoking drspcrsion force\ but 3ltopether ignoring 

nonbondcd repulsions (cxccpt for .~uu~~IIc configuration\) is further svidcncc for the 
b3l3ncc of the rcpul\ion\. fhc nonbondcd rntcr3ctions prc\cntly 3ssumcJ. whrch havs 

the drspcrsion forces of Prtrcr 3nd C3talano built into them. give 3 similar profile of 

interaction diffcrcnccc to 3ccount for isonicrkrtion cncrgics.” 

Confu\rng the picture h3vc been the rcbults of analysts of vibrational spcctm. 
Lrcy Brcldlcy 3nalytcs offer, in principle. pcrhap\ the most drrcct cxpcrimcnt3l 

rc\olutron of molecular force ficldc into v;rlcncc 3nd ccntr;rI force components that 
h3s yrt been dcv rscd. The confu\ron ;rro\c bcc;rusc rcpul*ronv ticrc found by amrlyscs 

to bc strong.” ‘r of the m3gmtuJc rcquircd for the prctcnt model and cntrrcly 
comparable with rcpukionc computed for rntcrmolecular v3n der W3al\ forces at the 

umc dktancc. cxccpt in the c3\c of hydrogen 3tomc. For mcthanc, H.. H 

interactions sccmcd to bc ncgligiblc. I6 In3rmuch 3s structural and thcrmochcmical 

cvidcncc drd not pcrmrt the large rmbahrncc implied by the \pcctro\copic analy\cs. 
chcmrsts tcndcd to rgnorc 311 rcpukron\ of 3toms bond4 to a given C 3tom. Ncvcrthc- 

Is\\. the r3ngc of inform3tron Gmply accounted for by the 3\sumption that intcractrons. 

rncludmg H . . . tt rntcmctrons. arc large. sccmcd too broad for the assumption to be 

1’ I Paul~ng. 7hr 4ofurr <I/ rhr ( hrmrcul Bond p IO) (‘orncll l’n~rcrw~y Prcts. Ithaca (1019). 
1’ L; 3; P~trcr and I Crtrl~no. J Amrr C’hhrm SW. 78, 4AIl (19%~ 
1’ 1 hc profile II “01 vknl~rl. hoverer II uotkcd bcttcr for one rcawtublc model of molcculrr ~tructurc 

but not at well for the \lru~turrl model of Putter end ( l l~lano. S~ncc our prcunl cmphrw I\ on the 
mrpnltudc of. rather than Ihc dct~~lcd d~tlcrcntct bclwccn ~nlcrac~~onr. no parameter optlmvaclon hrr 
been .artrmprrJ 
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altogether spunous. Accordingly. the prclimtnary paper’ m this scnes proposed 

3 strong hydrogen mtcractton potenttal and prcsentcd many of the following argu- 

mcnts. l 
Stnce publtcation of this paper’ the vtbrational spectra of several simple hydrrdcs. 

includtng methane. have been rc-cx3mined using considerably more dctailcd and 

precise spcctroscoptc data. Strong Ii . . H nonbonded interactions wcrc found’” 

whtch agreed closely wtth the prcdtcted” values. The most important fcaturcc 

obscurtng the mtcrprctatton prevtously wcrc (i) the cffccts of anharmonicity which 
arc far grcatcr for light hydrogen atoms than for other atoms, and (ii) the ncglcct of 

\trctch. stretch interaction\ Constdsratton of thcsc factors in an approximate trcat- 

mcnt of neopcntanc h3s also tmprovcd the 3grccmcnt hctwccn spcctroscoprc C . C 

Interactions and those suggested rn reference 4. 

What makes it posstblc for the small hydrogen atom to compctc in rcpulstvc force 
wtth the 13rgcr carbon and chlonnc 3tom\ IF that the larger atoms are further from the 

central 3tom. and the rcculttng increase in nonhondcd dirtanccs closely compcnsatcs 

for the larger SIX. 

Whcrcas the balance of repulsions masks their efTect in tetrahedral molcculcs, 
the change tn mmher of the repulsions upon going to trigonal and digonal molcculcs. 

Icads to m3rked cffccts. as discustcd in the following. The balance is also dcstroycd in 

strained cyclic molcculcs 3s cyclobutanc. whcrc. according to the prcscnt model. the 

rclicf of C f . f H rcpulsionscountcracts signific3ntly the incrcasc tn C . . + C repulsions 
as the C -C-C 3nglc dccrcascs from 109.5° to 90”. The magnitudes of the terms. 

which h3vc been gcncrally ncglcctcd tn previous cslculations of strain cncrgics. arc 

analyscd in ref. 4 It is cxpccted that similar considcrattons will prove to bc important 

n-r conformational analysts. It is to be stressed. howcvcr. that the prcscnt mtcractions 

arc cntircly insufficient to explain the banicrs to rotation around the C. C bond in 
cth3nc. They do ytcld. nevertheless, quite accurate values for the dttfcrencc in cncrgy 
hctwccn ~run.t and Rot&e configurations of normal hydrocarbons 

Finally, it IF fitting to mention that scvcral thcorctical papersaD**’ have appoarcd 

rcccntly which seem IO justtfy. 3t least partly. the prcvcnt assumption that mtra- 

molecular intcracttonc can bc trcatcd in much the s3mc w3y as tntcrmolccular v3n dcr 

Waals forces. 
BO’JI) ORDLR 

The principal cnvtronmcntal variation of bonds to be dtscusscd tn thus paper is the 
variation in the numhcr of adjacent bonded atoms. rz A conctsc summary of hch3vior 
of carbon bond lengths is shown m F lg. I. Whtlc the figure is schematic rt quttc 

l Ancr ihc pmcnl mwwcr8p1 YLI complclcd. Professor I’ H Wllron. Jr . L~ndly brouphi to my 
attcnl~on l parut prcvnlmg wmtlar Idea* by I B Conn.G R Kw~atou\ty. and F 4 Smith. J Amrr Chrm. 
sot 61. lwA(19~9) 
I’ L. S Bancll and K Kuchltsu (IO bc publIshed, !Scc Aso K Kuchlrw rnd I. S Barwll (rubmlttcd IO 

J Chrm Phrl I It II the second dcrwrrwc of the nonbonded polcntlrl 1hr1 8s mo\1 accuwcly ~~rcn hy the 
dala Foras arc kr\ well eslahl~tbcd by darccl l nalyw bu1 un be c\tlmrtcd from Y’(r) with the l nd of 
mild rwumprlons rhou~ L’(r). 

‘* Rcfcrrnrc 4 A recent ol~m~lc of mlcrrlom8c H H mlcrwl1on cncrgws wry \trnllar m mqnl1udc at 
smrll I 10 the cncqtcs of rcfcnncc 4 was publIshed by J T. Vandcnhcc and I, A Ma-n. J Chrm Ph.,,. 
33. 492 (19600) 

** R. McWccny. Pror Roy Sor A 2!33. 242 (1959) 
‘I 0. Smw?oglu. J (‘hem Ph,r 33. 1212 (1960). 
‘* The ~1ruc1ur~I conuqucnas of fcr other typcr of tnvlronmcnt~l changes hrvc been rolloncd sufficwvly 

rchably for C 4 bonds IO warrant dtrcuwon here hl UC 1. D DunlIt and V Schomakcr. J Chrm 
Phyr. 20. 1701 (IY52). 
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accurately characttrizcs a large body of data. as stressed by Bcrnstem. Costain, and 

StoichefT.= 

II has been customary IO attrtbute a suhstanttal part of the downward slope of the 

hne representing sqlc bonds IO conjugattvc or hypcrconjugative intcracttons. The 

pomt of bicw has been that Jclocahration of electrons from adjacent bonds into the 

hondmg regton of the sqlc bond mcrcasc~ the effecttve bond order and shortens the 

C C dtstancc Ortgtnally hypcrconjugatton was thought to he strongly efTectivc only 
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NUMBER OF ADJILCENT ATOMS 
EIC,. I. Var~d~on of bond Icngth vlth cnrlronmcnt. 

Bhen the adpcent single hot-6 w’crc to hydrogen atoms. but \ub>tttution of the hydro- 

gcns by other atom\ ha\ been found IO haic surpribtngly ltttlc etfcct on the C -C bond 

tcngth. 

Kcccntly convdcrablc doubt has been ca>~ on the role of conjugatton and hypcr- 

conjugation in the ground state of nonaromatic molcculo on the baht< of cmpirtcal 

c\idcncc summarixd by l_Ic\\;rr clnd Schntct\mg. U The character of the argument I\ 

not so much that conjugarton and hypcrconjugatton arc unrcasonablc as that. If proper 

account IS taken of other factcvs. thcrc rcmatn\ ltttlc clidcncc for conjugattbc tnter- 

action\ in the molwutcs consdcrcd. It ic Intcretmg that the rcprcscntatron of 

” II J Bcrnucln. J. Phts C’hrm 63). 5h5 CIUWI. (’ ( o\lrln and Fl Y. StolkhctT. J Chrm. Phbr 30, 777 

(IYW). 
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Bcrnstcin” suggests a similar conclusion. Aromatlc molcculcs. for which thcrc 1s 

\trong cvldencZ rclatmg bond Icngth, IO n hond orders. fall on a he termmated at 

Bcrn\tcin‘s pure smglc bond limit by the -..C C - and C C bond lengths. 

tvcn before the Idea of conjugation w3s scriou\ly challcngcd it had oft& been ohscrvcd 

that cxtmpolatlon of aromatic bond Icngth\ IO zero n bond order Icd IO a value 

3pprcct3hly hclow that of rhc “nc>rm;ll” ~mglc bond. 

A thcorctlcal Invc\tl_r3llon of hul3dlcne by Hcrry .a has 3l\o lent weight IO the idc3 
1h31 conjugation I\ of only minor lmportancc In bond lengths. Moreorcr. Berry 

\houcd th;it there IS no mcanmgful u3y. cben gr3nting that an adcquateeleclronic 

w3bc function be know-n for 3 molcculc. of crxtly acpamtmg the contributions to 

bond stablllty of the clcctrorur: f3ctor\ hc cnamincd. The rc3son for thlc I\ th3t com- 

poncnt\ of the W;IVL functions ah,ociatcd with the f3ctor\ wcrc not mutually or tho_eo- 

n;ll. II I\ pcrh3ps 3long the llncs of this argument that 3 thcorctic3l IIN c3n hc made 

of the prc\cnt cmplrically ~ux~~fisd suggestIon that conjupatmn, hybrldilatlon. 

clcctroncgatl\lty and nonhondcd tntcractlon\ do not rcprcscnl cnlircly dl\tmct 
quclntltlc\. For the przscnt. \lncc pure theory as yet oticr\ scant help. thcrc i, utility In 

conrlnuln$ our cmplrical \c3rch for the hlmplcst 3nd most fruitful dcscrlptlon of 

molsculct. 
To return IO the thcmc of nonhonded mtcrxtion\. II 15 IO bc noted th3t atomic 

rcpul\ion\ xross bonds incrc3tc In numhcr a\ wc proceed from left to right 3crosc 

l-~f-, I. This i\ true both for Gnplc bonds and Joublc bonds. Furthcrmorc. if the 
nonhondcd potcntlal functions arc known as 3 function of dl\tancc. rcpulsivc forces 

can bc c\alu;itcd and rcsolkcd along bond directions. and the influcncc on bond dls- 

t;lncc cnn hc calculated from hnown force constantr. It IS intcroting th3t the potcntlal 
function\ of ref. 4. con\rructcd from con\ldcrations of intcrmolccular van dcr Waals 

forces. rcproducc not only the dlrccttonc but also ths magnttudcs of the slopes of the 

lines In tug. I. Since adj3ccnt mulrlplc bond< would bc crpectcd IO introduce no 

apprcclablc I: bond character into C H bonds. it might be argued th3t 3 comparison 

of C C and C. H bond shortening\ would rcvc3l the n character of C C bonds. 

Y3ulinr.gL Coul\on.*’ and othcrr have in&cd attrlbutcd the dlfTercncc htuccn C C 
and the 3nalogous but \m;lllcr C H bond shortsninss illustr3tcd In Table I IO n 
clcctron conjugation. It is found, howckcr. th3t the nonbondcd model 3lso xcounts 

for the smaller shift of the C H bonds.m partly bcc;lu\c of the larger force constant\. 
and partly t~x3u~c of the gcomctry and magnltudc\ of repulsions. Similarly. the 
Jlticrcncc bctwccn C-Cl bonds In methyl and \lnyl chlorldc\. which is larger than the 

3nitlo~ous dlticrencc bctwccn C-C bonds, c3n hc xcountcd for by the nonbondcd 

modzl 35 usll 3s by the conjugation model. 5) The prcccnt model would sl\o prcdtct 
*’ W S Rcrrb J (‘hem PhtI 30. ‘416 (IO<O) 
“L I’rulInp.l‘l‘ ‘,, fZl.\r< s 
‘) (’ 4 ( ouI\ol-l. tu/r.%r c h4p \ III <‘lJrcndon prr<\. O\fOfJ (193:). 
” \otc. hnur\rr. thJt the prcwnt nonhondc~l mocirl. as apphtd u%,n~ the yotrn~orl funct1on8 of rrf 4. II no, 

~n~cn<lrJ IO treat honJ\ uhl<h arc ~JJJWH IO unshared ~ki~rom. a\ the bond on the C-tl radical. II ha* 
dwn hccn rcmrr~crl Ihal un\harcd clcclron~ hchavc as bulter C’“UP\ Ihan l 1uchcJ l lores. at wp(tc~~cJ. 
for cwnplc. h\ hcmJ m@c\ anal J~\Unicr I” NH, rnd Ihc NII, rrd~cal (and the lonp hod I” the <’ II 
rJdl..ll, 
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shortenings in smglc bonds adjacent lo three and four membered rungs where increased 

nonbondcd distances presumably rclicve repulstons. 

Another cffcct which has been regarded as strong cvrdcnce for hypcrconjugation 1s 
a kinetic beta dcutcrrum isotope cfTect dtscovcrcd by Lew@ and ShmcrJr in solvolyv~s 

rsactions. Here again nonbonded repulsions can be shown to provide an alternatrvc 

cnplanation.’ Hydrogen atoms. with characterrsttcally larger amphtudcs of vrbratron 

than dcutenums. hchavc as If they were bulkier and. accordingly. stnve more 

vtgorously to force off the Icaving group and to make the carbon skeleton assume the 

trrgonal configuratton associated with the carbonrum ton transrtion state. Numcrrcal 

computatrons show the cffcct is entirely reasonable in magnitude. but the numerrcal 

values dcpcnd so strongly upon assumed bond angles and Icngths (whrch at prcscnt 

arc largely conjectural) that a dtfirutc conclusion cannot yet bc mads. The best 

cstrmatc suggests that some hypcrconjugatrvc dclocalititron occurs but that thrs ha\ 

the cffcct. in turn, of enhancing the nonbondcd clfcct. b In any event. phy\rcal argu- 
mcnts for hypcrconjugation in carbonium ion transitton states seem much more 
convincing than for ground \tatcs of olcfins. 

As suggested abovc. cvcn If conjugalton were mcscapablc, consrdcratron\ of 
nonbondcd repulsions would incvitahly arise. Valence bond structures urrttcn wrth 
x bonds across (nomrnallyj tingle bonds Imply. by the altcrcd pairing schcmc and 

charge distribution. a substantial reduction of ccrtam nonbondcd repulsions in the 

vicinity of the bond. 

HYBRIDIZATION 

By hybrtdizatron UC shall mean to imply not only the geometry (tctrahtdral. 

trrgonal. drgonal) but also J. p. etc. character of the srgma bonds. Walsh=. capcc~ally. 

has stressed the numher of propcrtres that can bc corrclatcd in terms of hybridizatton 

and hrs idcar have gained wrdcsprcad support. The onginal unavordablc ovcr- 
simplificatrons have become deeply rooted with rcpcatcd uragc and hybridization I\ 

now commonly regarded as a true physical property In reality. of course. .c character 

has always been used only as a parameter of corrclatmn and never a\ an obscrrablc 

There is no difficulty, grrcn a srmplc valence bond or localized molecular orbital U;I\C 
function. in asscssrng the hybridtratron. The dificulty IS that thcrc is as yet no umquc 

way ofdcfming hybridization In a many clcctron polyatomic wave function of sufficrcnt 

complcxrty to treat rigorously such dchcatc things as bond angles. Grantmg thr\. no 
combinatron of cxpcrrmental obscrvables can bc cxpcctcd to cctablikh hvhridr/ltlon 
Kcverthtlcss. the concept of hybndization i\ 50 attractrvc that HC may contidcntly 

look forward to its ultimate clarification. 
Two well-known alternative representations of hybridization of carbon orbrtals In 

unsaturated molcculcs. the convcntronal CT-~ dcscrrption used for cxamplc by Walsh2* 
dnd Coul\on,n and Pauhnp’s bent bond \chcmiP arc li\tcd for C -II bonds in T.rblc I. 
Kenher schcmc can yet be said IO have been demonstrated clearly supcnor. and both 
arc. at beet. rough approxrmations. 

The commonest dragno,trc crrtcrron used to Infer hybridrzatmn In molcculcs IS the 
angle hctuccn bonds. If 3 srmplc valcncc bond w.~ve functron I\ adopted. If II I\ 

‘*E S Lcrlt and C F, Boozer. J Amrr Chrm Sor 74, 6106 (I93?l. /btd 76, 791. 795. (1954) 
” V J Sh~ncr. Jr. J Anrrr Chrm Sot 75. 292? (195.l). lhld 76. 160~ (1‘434) 
” A. I>. Walsh. Tronr foroduv Sor 43. 60 (1947) 
” L. Paulmg. Ior. ,,I (2). p I )’ 
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assumed that only 5 and p orb,tals are involved, and if it is assumed that bonds arc not 

bent. then it is an easy problem IO compute bond angles as a function of hybridua- 

I,on.” None of the assumptions arc clearly justified and much evidence has rcccntly 

lxcn cited regarding the fa,lurc of Ihc last assumpIion.‘.U S,ncc the reasoning behind 
Ihc assumption about unbent bonds is based on Ihc principle of maximum orb,Ial 

overlap. II is appropriate IO point out an incon<,sIcncy. If Slatcr orbitals as tabulated 

by Mullikcn et al. arc used for cthylcnc. 34 and the H-C ,Ii bond angle IS ,ncrc;l\cd 

or dccrc3tcd cymmcIr,cally from Ihc cqu,l,br,um angle. the sum of Ihc ovcrlapc of Ihc 

bonding orbiI3l\ c3n hc readily calculated. II 1s found IO bc about fivefold less costly 

,n lo\\ ,n overlap tofix Ihc hybr,d,raI,on of Ihc carbon orb,Ials at 3n optimum \aluc 

and “bend” Ihc C H bonds Ihan II i, IO t.urt’ Ihc carbon hybrid,/aI,on IO follow Ihc 

3ngular d,+,ccmcnIs. Morcovcr. Ihc knoun wc;lkncs\ of Ihc bond bending rcstorins 

force\ 3llou\ c\cn modest nonbondcd rcpul+nc IO alter bond angles by many dcgrccs. 

These clrgumcnI\ rc,nforcc the empirical ob\crvaIion of ref. 4 that bond qlcs xcm 
clo~ly corrclatcd with “inIr.,molccul3r v3n dcr Waals radii”. They also sIron_ely 

ind,c3tc Ih3I cqu,l,brium bond 3nglc\ 3rc poor g3ugcs of hybr,dizciIion. 

I)cuclr 3nd Schmc,\,ng. x h3b,ne prc\cnIcd imprcs,,vc c\idcncc 3ga,n\I Ihc impor- c 

I3ncc ofconjugation snd hypcrcon]ugaIion ,n nonaromat,c moleculcc. chosctoattrihutc 
Ihc cliccts under d,scu\;\,on IO hybr,d,/aIion ch3ngcs.‘: follow,ng W3lsh”. The 

author\ po,nIcd out that If the d,tfcrcnas bctwccn tztrahcdral and trigonal sigma 
bond\ wcrc taken cnpl~c~tly into account, little thcrmochcmical c\,dcnce for conjugs- 

I,on rsmatncd. The ncccsury d,ffcrcnccs rn bond cncrgy. (E,‘,. E,.,.) snd 

(&‘I, E, ,,) wcrc dctcrmincd cmp,r,c;llly from expcrimcntal curves of bond cncrgy 
\cr\us bond lcneth in conjunction u,Ih mcasurcd diffcrcnccs bctwccn Irigonal and 

IcIr.,hcdml bond Icnpths. hfa,n II may hc rsmarkcd Ihst d,rcct UIC w3s not made of 

hyhrid,r;,Iion. but only of the gcomctry cucIomar,ly associlrtcd w,Ih hybridization. 
II I\ cttrcmcly intcrcsting 3nd probably Ggnific;lnI that the nonhondcd mods1 

Icadc only not to the \clmc qu;,l11311\c rcsul,s 3s Ihc model of Dcwar and Schmcisinp. 

but in ;,dJ,t,on. pcrm,I\ a rough rhcorcI,cal calcul3Iion of the tlopc. JE!t/r. of Ihc cur\c 

of bond cncrgy \cr<us bond length c\alu31cd cmp,r,cally by Dcw3r 3nd Schmc,c,ng 
I CI uq. n:,,\cly. ;Ls\umc th3I bond cncrgy IS of Ihc form 

E 6, * !A(r -- r_y - Y,, 

whcrc k is Ihc force con\I3nI. r Ihc bond d,,Iancc. I_ 3 constant. and Y,, reprcsentr a 
ksriablc cn\ironmcnI of nonhondcd rcpul%,ons 3cros5 Ihc bond bctwccn the atoms in 

Ihc bond and atoms adjacent IO the bond (of vanable number). If we give C’,, the 

Lcnnard-Jones rcpuls,\c form. ir,, I?, it follow\ that 

dE:dr m -kr,,!lZ(dr,,!ilr). (2) 

Indcpcndcntly of ns\umpI,on\ 3bou1 Ihc magnitude of i. If Ihc rcprcscnI3I,vc v3lucs 
k -c 4.5 . IW dyncslcm. r,, - 2.5 10 ” cm, and (&,,:&) - s,n (IO!&5/1) N 0.8 

M rhc con*crw prohlcm of computing hybrldwataon from an arbitrary ut of bond l ogler may not r~~ayr 

” I) F llcr~h. J W 1.1nnc11. and P J WheatIcy. Trr0.v farodor Scr 46, 117 (19x)) h V Cohen and 
C A Coulwm. /Ad 32. 116) (1934l. I Rurncllc and c’. A <‘outron. /bid 33. 40) (1957) N Mullrr and 
I) I Pntchrrd. I (‘km Pl~r 31. 1471 II9591 Carabllr. Bray. and Barnes. lbrd 30. I191 (1050) 

” R S Hull~kcn. C’ A R~ckc. I) Orloff and H. 0rlofl.I < hrm Pby?rl I?. I?411 (I9491 The conrcntwnal 
n n douhlc bond rrprccznlrI~on ~1% rrwmtd tn the pww-it compuwlon and all bond Icagths \IC,C ttlcJ 

” Pap II hy Sl. J S Ikwar and Ii. S Schmcwng. Trtrohrdwn II. 06 (1960). Intralucrr. howcrcr. the 
qualltlr~tlnn that nonhondcd Intcrxt~on~ art 10 be conwlcrcd l bsortud Into hybrldvrtlon 
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arcsubstltuted intocquation(2),rttsfoundthatthcmaenrtudcofdt’,drrs l?Okcal/molc 

per angstrom. Dewar and Schmcistng. by solving simultaneous equations involbtng 

cncrgicv of formatlon of \artous hydrocarbons of known structure. found 4opcs at 

normal smglt bond distances of about 29 or 1901’ for C C and I 5W or 2503’ for 

C - .H honds. in the ume unit,. Glockle? ha, rcportcd analo_pou\ values of I jcc 191) 

and 140. respecttvcly. The fact that the nonbondcd model EIWS slopes aprcctns with 

4opcs Jctcrmined with the use of C C bonds of ob\-to&y varrablc bond or&r I\ of 
ohscurc signtficancc. a The fact that It pro~dcs correct magmtudcs for LIewar and 

Schmctring’< model to aork IS provocattvc c\&ncc that the nonbonded model may 

hc suhstitutcd in part, or m total. for the “hybridiratmn” model tilth httlc change tn 

cffwrw fC\UII. 

Although there I\ general agrccmcnt that the strength and length of bond\ 8, 

markedly mfiucnccd by iontc character. the Jircctton of the c&t IS still I matter of 

dtrputc. Paulmg@’ has adhanccd 3 rchcmc. ratlonalvcd on the hasi\ of tcrmc-co\alcnt 

rcsonancc. in Khich tonic character cnhanccs bond cnergtcs and Jccrcasr5 Icnpth\. 

The scheme. tn which the concept of clcctroncgatl\ity play> ti central role. I\ SI 

xucccssful tn a uxdc barrcty of corrcIatton\ that it 15 unthmkablc to &regard it t ht\. 

of C’OUW. does not mean that the physical bast\ of It\ rattonalt,atton IS nccc\\Jni? 

ci~ffcct. On the other hand Wal,h3’ has gtbcn qu~tc rca\onablc arpumcnts that In- 

creasing tontc character ucakcns and lcngthcn\ hc)nJs. and h.t\ ctmcludcd that 

ionrc-co\alcnt fc~on;lncr IX not 3 4gnificant factor. Sc\cral Illurnln;:tmg Jf5cu\bton, CI~ 

of the two potnt, of \ICW ha\c ;ippcarcJ. ‘* It \ccni\ \rorthwhllc to prcscnt cl fc\\ 

.&J~tional ~dcas which. rn a stmplc way’. r‘uxt a ltttlc more llsht on mtcrr&tton\ hc- 

twccn the tug point\ of \IC’N. The) ~111 also g~\c \omc m\l$ht Into the nJtur< of 

zarhon carbon bonds Jcxpttc the fact that \uch bonds .trc not u~;lll~ JIWIWJ III 

term< of tonic character. 
In the CJW of the C H bon& li\tcJ m 1 rblc I. the h>dr+xn\ bccomc more ac& 

;L\ the bond ~l~n~i~uratic~n\ progrc\\ from tctrahcdral to dtgctnal. Prcxumablv .I 

vmllar shift of ch;tirgc occur\ In the analopuus +.crIc\ of c’ c’ bond\ trhcn t-i IX 

rcplaccd by CH,. AccorJmg to Wtitl\hxz and C~)ul\orG, amonc other\. .I dtrrnrn,lnt 

factor rn the abole \cric\ of hlrnd\ i\that thcclcctrtmcf~tl\lt~~~p&atl\c in thcdlrcctlon 

of a hond var~c~ as the hybrldtlatlon \arlc\, and lncrcavng the t character of a c;trhon 

orbital dccrcascs the orbital radiux, increases the tlcctroncgatl\ttl/. and \hortcnt the 

bond. Altcrnatr$.ely. Paulm_eS wggc~~ ;I ti\cJ hybrltiir;ltton whcrc. iI\ the bond\ 

aJJ;rccnt to a given ttnglc hvxl arc hcnt to form douhlc bond\ or trlplc b~vxl\. ~hc 
nonhondmg charge IX hcnt ;cv;ay from the gt\cn hontl &rcctic>n. ‘I’hl\ uould bc 

cxpcctcd to dccrcasc nuclear scrccnlng. mcfca\c clcctroncgdtl\~ty and \hortcn the 
xm\ctc bond. The es\cnttal \rmtlarity bttu-ccn the concept c,f bond bond rcpulkions and 
intcractl(m\ hetwccn pair5 of nonhondcd atom\.‘~ implic\ 3 ~10~ 4milaritv hctuccn 

Pauling’s model and the nonhondcd model of tht\ paper 



On infcrrnas of bond character from bond length 187 

The relationship between bond lcogths and clectroncgattvity was first critically 

examined by Schomakcr and Stevenson * who formulated the empirical rule for pure 

single bonds 
(3) 

where rA and r,, arc “covalent radti”. @ is a constant equalling 0.09 A and x* and x,, 

are clcctronegativitics. Pauling’O has rcccntly rcviscd the rule by varying fi in order to 

dtminish discrepancies discus\cd by Wells. u and has adjusted the value to 0.08 A for 

bonds to carbon atoms. No thcorcttcal justification of equation (3) seems to have hccn 

given. though frequent cnticism has been cxprcssed that II holds only roughly and 

falls apprcci3bly in many indtvtdual ~3~s. It\ fatlurcs can hardly bc surprising in 

ucw of the abundance of cffccts thought to mflucncc bonds. 3nd in view of the fact that 

a sattsfactory cxplan3tion of why bond Icngths should be additrvc in the first place. has 

ncvcr been found. h’evcrthcless the trend successfully rcproduccd by the rule warrclnts 
further attention. 

A clue to the posstblc signific3ncc of the Schomakcr Stcvcnson rule is provided by 

the idsas which led to Pauhng’s original dcfinitton of clcctroncgativity. It is to he 

cmphasired th3t the empirical dcfinitton in terms of dcviattons. .I. from addttivitics of 

bond cncrgics (or deviattons. I’. from the gcometrtc mean of bond cnergics) seems 

almost accidentally to have c3ptursd considcrablc truth in terms of what we normally 

undcntand by clsctroncgativny. Let ub proceed with Pauling’s origmal argumsnt that 

a bond A -H. formed m the abscncc ol’ an clcctroncgativtty difTcrcncc has 3 bond 

energy. I), t,, gtvcn by the mean of D .,,, and D ,,,,. Simrl3rly. WC assumr r ,,, I\ the 

mean of r.,* and r,,,,, or sum of r., and r,,. WC then imagtnc that an “clcctro- 

ncgattvtty differcncc” hc turned on which results m 3n addittonal ptcntial. it”(r). For 

-kc of argument WC sh3ll rcprexnt the bond ptcnti31 cncrgy by the sum of a Morse 
curve and I. t”(r) 3s follows, 

V(r) D,:c %A - 2~ aJr) : j.V’(r) 

whcrc Ar = r - (r,, 7’ r,,) and Do I\ the mean of D,,, and D,,,,. For 3ny assumed 
form of V’(r) it is poss~hlc to chmmate i and establish a functtonal rclationshlp 

hctwecn total depth, D.,, - D, : A. of V(r) and the postlion. I*,,- r* ,:. r,, - 
Ar *,,, of IIS minimum. t-tn3lly. the shift in bond Icngth. Ir,,,,, IS related to clsctro- 

negativity by Pauling’s dcfinittons 

or 
Ix* - x,,l (Ai23)’ (5) 

IX,, -’ .r,,l - (A”30)‘. (6) 

whcrs cncrpy is cxpresscd in kcal,‘molc. The result of thts clemcntary approach is 
shown in Fig. 2 for several simple forms of Y’. 3nd comparcd with the Schomakcr- 

Stcvcnson curve. 

Fluortnc, 3s it is the most clcctroncgativc elcmcnt by far, is the clcmcnt for which 
the need for corrections IS most consptcuous. Since the unu\ually low bond cncrgy 
and as\ocutcd long bond Icngth of clemental fluotinc have been explained m terms of 
exceptionally large nonbonded repulsions on the one hand.” or low dispersion forces 

U V. Schomakcr and 0. P. Slcwnson. 1. Amer. Ckm. Sor. 0, 37 (1941) 
L( A. F. Well\. J Ckm. Sot-. SS (1949). 
* Sot. for carmpk. J K. Wdmshunl. J. Chrm. fhyr. 33.81 lt1960). K S. Pazcr. Quorum Chrmurr,v p. 166. 

Prcntu-Hall. Yew York (195)). d~rcutuc the analogous wcrtncrs of the 0-O woglc bond on much the 
ramc bawr 
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on the other,” and since these interactions might bc disproportionately relieved or 
augmented on bonding with other atoms, it seemed not unrcasonablc to try forms 

e-‘I’ and r * for Y’. An alternative explanation of the clectroncgativity effect on the 

basis of nuclear rcpulsionP suggested ac a lower limit of rate of variation the form r-t. 
The effect of cnhanccd covalent binding was examined by using as Y’ the attractive 

part, of form -e-o’, of the Morse curve. The cffcct of nonbondcd neighbors as given 

in equation (I) was also calculated. For the purpose of application to bonds similar 

Fto. 2. Bond ,hortcnmg A) a function of clcctroncgatlwty dNertncc rccordmg to tic Sch+ 
maker-Stcven%on rule (a). and model, whcrc b” rcprcunt~ (b) nonbondcd atom, (cquatlon I). 

(CJ cap ( - r:pj. (d) r *. (c) Morse bondmg. (I) r-l. 

to C-C bonds, the valueschosen for U,. u, and p wcrc 81 kcal;molc. 2 A-‘, and 0.32A, 
rcspectivcly. Thcgcncral magnitude ofthc results was not sensttivc to thcsc paramctcrs. 

The most remarkable result is that the various forms assumed for Y’, tc~rh nofreely 

ud~usrahleporomerers. lcad to rather similar curves, and show a striking arca of agrcc- 
mcnt utth the empirical Schomakcr -Stcvcnson rule’:. For clcctroncgativity difTcrcnces 

that arc not too large. cwcpt for Y’ r I, the diwgrcement 15 of a magnitude com- 

parable with expcrimcntal errors characteristic of the time of formulation of the rule. 

It seems rsasonablc to conclude. then, that the prcscnt arguments constitute a rough 

justitication of the Schomakcr-Stcvcnson rulP. Further, they rcmmd us of how much 
more complex a property clrctroncgattvity 15 than a simple gauge of polartty. 

WC have now arrived at an approxtmatc relation bctwccn bond length and clcctro- 

negativity. and bctwccn bond length and shift from tctrahcdral to trigonal bonds. 
This permits us to assess, or at least to spccul3tc upon. the shift in clcctroncgativity 

* K S. Plvcr. 1. Cktm Ph,vs. 2.3. 1715 (19JJ). 
” Schomrtcr and Stcwn%on alway, had rcYT*at~on~ about the rndytlc form of thctr NIC l t zero cltctro. 

ncgatwty dlfiercnce (c.f. thcar footnote J). The present cowls 61~‘~ a more rpproprwe 8lopc m this 
rcglon. 

” Wllmrhunt. rcf 4J. also propow an cqwtlon of the form of the Scho~kcrJttvcnson NIC but concludes 
that mcrcases an clcctromgatw~ty dlfienna tend to i~~rrotr bond lengths. Allowrnar we nude m the 
rrrne cqurtton for Unount of I chrractcr. however. and the rather numerous assumpttonr mtroduced IO 
cstabhrh 8 churctcr mrrkcdty m!Iucnct the rpportlonmcnt bctwccn hybrtdurtlon rod elactroncpawtty 
cf?ccts. 
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role of “clectroncgattvity” wrth rcspcct to intrinsic atomic polarity differcnccs and 
environmental group polarity differences, and the connection with bond cnergics, IS 

brought somewhat more into the open by the present simple model. 

COVCLUSION 

Effects customarily attributed to conjugatron. hybridization, and group clcctro- 
negativity can bc rationalized to a rcmarkablc extent m terms of nonbonded inter- 

actions. This suggests the foregoing factors arc by no means as distmct from each 

other as they are often assumed to hc. As a conscqucncc II is improbable that un- 
ambiguous mfercnccs of the nature of bonds in terms of these factors can be drawn 

from any set of cxpcrlmcntal data. Ict along simple bond dlstanccs. until much more 

fundamental mcamngs arc worked out. Thi\ conclusion is not really as pcssimisttc 

as it seems. for the model of nonhondcd rntcractions that Icd to It\ formulatton corrc- 

lates a very cxtcnsivc body of data m 3n cntrcmcly clcmcntary way. Even in its prcscnt 

rudrmcntary form it is rcadtly susccptiblc to the computation of numerical values of 

ohscrvablcs. If clrpcricncc confirms the present proposal that intramolecular intcr- 

actions between nonbondcd atoms arc comp;lrablc wtth intermolecular interactions 
at a given inttrnuclcar distance, such intcractionv NW play 3 dominant role in the 

foregomg cffecrs. If atoms arc “uhtrtlcd down” on the stde of covalent bonds. non- 

bonded mtcrxtww may SIIII often bc of the same magnitude as the other rntcractmns 

dl\cu\scd. 


