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Genercrl Discussron of Questions wised in the Conrrlhured Papers* 

I SIWI:LD hke to make several specific comments in reaction to some of the very inter- 

csting articles m this Paper Symposrum. R3sically. I am in agrcemcnt with Bright 

Wilson’s agnostic views about why bond lengths 3rc as they 3re. I bclicvc that there 
are a number of big and littlc rc3sons which contribute, varying in importance from 

cast to c3x. This m3kcs it difficult to pick out and assign correct weighing to the 

real reasons. tither in general or in prticular ~3~s. 

The grcutest difficulty of all may be th3t rt IS almost impossible for any one individ- 

u3l to collect 3nd to keep in wcw all 3t once the now extrcmcly large and very varied 

mass of both cxpcrrmcntal and theoretical cvrdcncc. all of which must be most cau- 
tiously and critically and srmult3ncously cvalu3ted if hc is to rcachsensrblcconclusions. 

The whole field is so cxtcnsivc 3nd so complex, nnd expcrimcnt and theory 3re so 

intimately rntcrwovcn. that it is c3sy to overlook or undcrcmphasrzc rclcvant con- 

siderations. 3nd cxtrcmely difftcult to obtclm 3nd mrrint3in 3 well-balanced judgment 

containing 3 correct proportion ofopen-mmdcd tentativeness. Perhaps for the moment 

WC should relax 3 bit. It seems hkcly th3t. bcforc long, new cxpcrimental data and 

new theorctic3l c3lculations of much rncrcnccd accuracy will help us to see things more 

clwrly. 
Ncvcrthelcss. whrlc I am open-mrndcd ahout new cvrdcnce. both cxpcrimental 

and thcorctical. I hold rather strongl) to the views I have cxprcsrcd in two rcccnt 
;Irtrclcs in Tcrrohedron.‘J These p3pcrs wcrc written in some haste and 3re not quite 

3s clearly sl;ltcd as one mrght wish. Hence I should hkc here. along wrth other 

comments. to reitcratc and try to clarify tome of the m3in points made thcrc. 

(I) I should hkc to emphasire the rmportancc of 3 due regard for the hierarchies 

of conjugation and hypcrconjugation types, 3s deduced from either valcncc-bond or 

molccul3r orhrtal theory. and supported by cxpcrimental cvrdencc ’ Namely. isovrlcnt 

conjugatron should give the 13rgest cffccts. sacrrticral conjugation less, and the s3me 

with hyperconjugation. Conjugation efTccts m any given category should be I3rgcr 
th3n hypcrconjugation effects. Further. we should distinguish homodrrtivc. (more or 
less) non-dative. 3nd dative conjugtion or hypcrconjugation 3s cffccts of diminishing 

importance in that order. 
(2) I.idc’s p3pc1-3 emphasizes cle3r cvidencc for rather large bond length shortenings 

attributable to dative isovalcnt conjugation. which me3ns parti3l electron donation 
from 3 n lone pair of 3 donor group into an unsaturated system. This donor-3cccptor 
ltctron 15 rncrcvalcnt from the pornt of view of the donor group (one new n hond IS 
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formed) but sacrlficl3l from that of the untaturatcd sy\tcm (one carbon atom gets 

de-bonded). wer-u/l II 1s isovalcnt. 

(3) On the other hand. I idc. In agrccmcnt with others. points out clearly that in 

hydrocarbons. C C bond length\ can bc prcdlcted in most c3vs within expcrlmcntal 

error by assuming a fixed cok;llcnt w-@-bond radius for what 3rc usually considered 

to be .Vp, .+ 3nd $ carbcm i~t~H?lS. In other words. one has indeed 3 rather reliable 

and very sinty/c rrcrpe for prcdlctlng C -C bond lengths in hydrocarbons if one thinks 

only in tcrmc of hybrid types wlthout considering n4cctron delocalizcltion. So far. 

so good. 

But in terms of fundamental understanding. and of the interprctatwn and prcdlc- 

tion of other propcrtlcc than bond Icngths. an open-mmded conslderatlon of all the 

ctidencc. capcrlmcntal and thcorctic3l together.‘.’ Icavcs l~ttlc doubt that rr clcctron 

dclocallration mskcs substantial contrlbutlonc to obwrwd C- C bond shortenings 

in conjugated and hypcrconjupatcd \ystcms. My best prcscnt judgment IS that on 

the whole hybridi/;ltwn contrlhutes somewhat more than clcctron delocclllzatlon to 

the obccrvcd shortening\. but that the two C;IUW arc of the same order of magnitude: 

and that in addition. other causes mrrkc contrlhutwns which usu;llly are sm;lllcr. but 

somcttmcs may bc farrly important 

An import;lnt rc;Ison why it i\ difficult to dcclde cxpcr~mcntally bctwccn hybridlw- 

tlon ;Ind clcctron deloc~l~~~t~on a> causes of bond shortcninp IS the fact that the 

two cfTcccts Iqcly opcratc In p;lr;lllel: whcrcbcr thcrc I\ double-bond conjugation. 

there I\ a change III h>brldlration. and when there 1s trlplc-bond or cumulcne-type 

conjupatlon. there I\ ;I further change Under thcw circumstances. it bccomc\ rather 

necc\\ary. and proper. to place con\lderable rsllancc on theory, probidcd II is rcliablc 

theory As to the rsllablllty of the theory now bemg used, thlc seems rather well 

buttrcvxd.* cllthough there arc questIon\ of &tail. and pcrhap\ WCJ// doubts about 

some major pcjints. 30 that one must not bc too dogmcltlc. In ;Iny cbcnt. it 1s the s3me 

dcloc;lll~atlon theory that seems clearly ncceccur,~~ to explain the observed bond 

\hortcnlnSs In d;lt~ve wwlcnt wnlug3twn Hhlch IC uccd In cstirnatlng the clfcctc of 

clcctron dclocahzation tn conjugltlon clnd hypcrconJugcltion in pcncral. 

(4) I am incllncd to agree ulth I)cuar that the term conjugstlon (now cxtcndcd to 

lncludc ~so\alcnt conjugcltion. 3s In bcwcnc) can beet bc wed to dcnotc comprs- 

hensi\cly the altcrstionr in chcmlcal ;Ind phywal char;lctcrl\tlcs uhlch arc found 

cntprricul!~, In molecule\ u hen \Inglc bonds are Iocatcd bctucsn double or trlplc bonds 

or bctucen the latter and lons-palr donor groups, and so on.* Such a pbcnomcnolog- 

ical dctinition and concept of conjug;ltlon seems to bc safer and ht\torically bcttcr 

justificd than one b;~\cd on thcoretlcal cxplanatlons of the WU.QVN for the empirical 

dlficrcnccs bctwecn conjugated and uncon]ugatcd systems. Thus. for cxamplc, bond 

shortcnlngc of C C bonds. ~\Ittrrccc*r the cau\c or wuwc. may bc acccptcd ;I\ 

char;lctcrl\tlc manlfc\tation\ of con~ug~twn. In such 3 definition. primary cmphaw 

must. howvcr. be plsccd on ,cyror& .SIUIY behavior. since ewitcd clcctronic states arc 

many and varied in n3turc 

Ha\ ing gone so far. it should nwcrthclcss bc noticed that even the most completely 

empIrical definition 3nd concept of conjugstion SIIII indispcns3bly inwlvcs 3 dcfinitcly 

theorctw31 concept. n3mcly th3t of chemical bon&. The above-discussed supposedly 

cmpiriccll dctinitlon of coryupcltion c;ln hc ctatcd only in terms of wh:lt happen< when 

varlou\ juxt,lpoGtwnr of bonds arc prcscnt In 3 molcculc. 3nd the ctl\tcncc of bonds. 



whether classically or quantum-m~hantcally conceived. IS a thcorctiwl concept. 

Dcwar’s concept of conjugation is then apparently no more than semi- 

tmpiricol. 

Very similar comments arc apphcablc to the concept of hypcrconjugation. Al- 

though historically this concept was introduced tn a context of thcorettwl explanation 

with emphasis on electron delocalization. it would seem to be sounder to USC the term 

to denote the very real changes in chemical and physical propcrtlcs which are obscmcd 

to be associated uslth the prcscncc of methyl or substnuted methyl or mcthylcne groups 

close to n bonds in unsaturated systems. tioucvcr, I am not at all convlnccd that It 

is necessary to abandon the term “hypcrconjugation” in favor of a new term “scmt- 

conjugation”, as Dcwar and ShmcisJng have rcccntly propotcd.’ mcrcly bccausc the 

rntroductton of “hypcrconjugation” was accompamed by explanations in terms of 

electron dclocalization. 

The forcgoingcommcnts and proposals. made in the interest of clarny of definition. 

of course do not involve any modification of bchcfs as expressed In item (3). 

Conccrnmg the subclass&cation of conjugation and hypcrconjugation into iso- 

talent and sacrificial. and dative. homodatlvc and non-dative catcgorlcs as mentioned 

In Jtcm (I). It may bc objcctcd that the adjectives thus introduced are hascd on theory, 

and thus arc JnconsJstent wtth the proposal to regard conjugation and hypcrconjuga- 

tion as semi-empirical concepts. This objection may be countcrcd as follows. (a) I 

believe that an cxaminatmn of the emplrlcal propcrtics of each of the sub-classes of 

molcculcs dlsttnguished by the various ad)cctivcs will show dlsttnctivc fcaturec, blurred 

or even conccalcd, to bc sure. by extraneous factors in the case of the wcakcr types of 

conjugation and cspcc~ally hypcrconjugation. (b) (iranting that there are empirically 

dlstmct sub-clas\cs. names arc needed to distmgulth them. The names adopted have. 

to be sure. a thcorctical origin. but the theory involved goes beyond classiwl bond 

theory (which had to be ascumcd in scttmg up a semi-cmplrlcal concept of conjugatton 

or hypcrconjugation) only by making use of the simplest possible. and (in the case of 

conjugation, at least) gcncrally acccptcd classically-hondcd resonance structures. l’hc 

main point I< that some sort of termmology is nccdcd. and the use of dcclgnatlons 

based on the theory of rcsonancc bctwccn classical bond structures suppl~c\ this need 

in a way which is cspcclally convcmcnt and self-explanatory even if one dots not \vJsh 

to accept all its Jmpltcations hterally. Howcvcr. I myself see no need to rc)cct at Icast 

partial vahdtty of the thcorcttcal Jmphcattons of the proposed termtnology It IS very 

uccful to dlsttngulsh sacrificial from Jsovalcnt conjugation. and to disttngulsh dat~vc 

from other kinds of conjugation. I have found thcsc distincttons most helpful In 

obtamlng better insight into the structures of molcculcs. An intcrcstlng example I\ a 

comparison between amhne or phenol; with dative isovalcnt conjugation, nttroben- 

7cne. with dative sacrificial conjuganon. andp-nitroanmne. vv hcrc again there IS dat~rc 

Jsovalcnt conjugatton.’ ‘That nitrobcnzcnc is in a dJfTcrcn1 cla\s from the other\ seems 

not to bc gcncrally rcalizcd. 

’ M J S lkurr and II Y Sdmc~\~np. Irtr~hrdror II. 06 (IVW. I J~uprcc or h.*c wry ,trong ,CIC,WJ. 

110nr on the main conclu~tonr in IhaI paper. but hecauu ol p~~srurc of other work mu>I poscponc dcratltd 
comnwnt~ tioucvcr. I should ltkc IO crprrrr ~nccrc rcprc1 II I have mtunwrpwcd or mlsquotcd Ihlr 
crrl~cr paper (</ footnotes on p 07 and p 101 of IheIr IPN) paper) In cxplrnrclon. t should ltkc to 
mcntaon Ihac a1 Ihc Iume my paper was wr111cn. I hrd no1 wn rhc manuscsrtpI of Ihclr paper. GUI uas 
rclym# on notcr I had made baud on Profc%%or Dtwrr’r oral p~rtcnlr~~on and 61tcuwon ,I the 19511 
Confcrcncc on Hypc’conJupallon. posrably 4 W~JCLII~C clcmcnr may hrbc somewhat colored these notcr 



(5) Much confuslon m the literature has. I bclicvc. been gcncratcd by the Idcntifica- 
tion of the concept of hyperconjugatlon with the Haker-Nathan effect.’ Experiment- 

ally they arc different concepts. while in terms of the n dclocalization theory of hypcr- 

conjugation, the Baker -Nathan effect is nor hypcrconjugation. but may be attributable 
to clijjerences bctwecn C-C and C-H hyperconjugation. although other cau~s may 

bc partly or largely responslhlc. The dclocalization theory sees no differcncc in kind 
between C- C and C-H hypcrconjugation. but admits the possibility of quantitative 

differences, cxpcrimcntal evidence on which has been elucidated cspccially by Taft 

and co-workers. 
Historically, the n delocalization theory of what would now be called isovalcnt 

hypcrconjugation was apparently first used In a 1933 paper of mint on twisted ethylene, 
whllc the appliwblhty of the same theory to examples of what would now bc called 

sacnficial hypcrconjugatlon was early recognized by Whcland. and by iluckel. The 
same idea was also stated briefly in the original paper of Baker and Nathan, but in 

later papers they restricted the idea to what is now called C H hypcrconjugation, and 
(perhaps at first tcntatibely) assumed CX hypcrconjugation to bc non-cxistcnt. 
Thereby the cxpcrlmentally observed cfiflerences bctwccn C-C and C-H sacrificial 

hypcrconjugation-the Hakcr-Nathan efTect-bccamc idcntlficd with the latcr-pro- 

posed term hypcrconlugation. Here it may bc recalled that sacrificial hypcrconjuga- 
tlon IS cxpcctcd to hc a relatively weak cflect. so that diffcrenccc bctwccn C- H and 

C-C sacrificial hypcrconjugation should thus bc still waker and easily masked (or 
stmulatcd) by other cffcctc. for example by solvent effects (Schubert. Shiner). In any 

event, the delocaliwtion theory of hyperconjugation dots not see any uniqueness in 
H atoms as carriers of hypcrconjugatlon. and the cxpcrimcntal cvidencc of Taft and 

others seem\ to bear out this thcorctlcal expectation. 
In thclr original paper. Hakcr and Nathan rcfcrrcd to their ctiect as a “new mccha- 

msm of clcctron relcasc”; electron rclwsc was considcrcd an important characterlstlc 

and criterion of the cfTcct. Howcicr. clcctron releusc IS not an essential or important 
fcaturc of the dclocalilatlon theory of ordmary (sacrificial) hypcrconjuption or 

conjugatton; in this respect it i\ cntircly dlffcrcnt from dative hypcrconjugation or 

conjugation, whcrc electron rclcase IS an csscntial intrinsic charactcrlstic and criterion. 

The occurrence of a moderate amount of electron rclcasc from a CtI, group to an un- 
saturated group in ordinary hypcrconjugation is attributahlc to a somewhat greater 

clcctroncgati\Ity of the Iattcr than the former. For example in propylene it would 

correspond to a mild predommance of the resonance structures H,;=C .=CH.-CH, 

and H,-. C CH- T‘H, over H, ,C CH C* H, and H,-=X*-C H-C* H,. 

all these bcmg accompanied by Ii, C.-XII--611? and the predominant structure 
H, C-CH=CH,.’ On suhstitutlng a CMc, or a CF, group for the CH, group. the 
dclocaliwtion theory prcdlcts analogous rcsonancc structures. but in the USC of the 
Cl., group, electron rclcasc would be expected to bc predominantly ro it instead of 
from Jt bccsuw the quay-n orhitals of F, would bc more clcctroncgative than the n 
orhitals of the double bond. opposttc to what seems to bc true of the quasi-n orhitals 

of H, in the CH, group. 
In my opinion, doubts and quectlons about the cause or causes of the Baker-Nathan 

effect have no conclusive bearing on the gcncral phcnomcnon of sacrificial hypcr- 
conjugation. On the whole. the Raker Nathan effect. in harmony with other evidence. 
does cccm to support the idea that C-H hypcrconjugation is a stronger cfTcct than 
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C.- C hypcrconjugatlon. However, it appears also that the evldcncc is not very con- 

clusibc bccausc of the possibility of other small masking and:or simulatmg effects. 

A further point is that the propcrticsofactlratcd btatcsof hypcrconlugated systems, 

on which according to rate theory the Baker Nathan effect usually or often depends. 

may not nccescclrlly always parallel those of the ground state. although there IS 

evidcncs that they usually do. A slmtlar but 5trongcr statement IS apphcable to con- 

juptcd sy\tcm\. 

For clcctronically cncltcd states of hypcrconjugated and conjugated molecules, 

new con4dcr;ltions cntcr and can often bccomc Important. The propcrtics of clcctron- 

~cally cxcltcd or lomled states may bc crpccted to dlfkr from \tatc to state ;Ind from 

one type of coqugatcd or hypcrconjugated molcculc to another 
(6) ‘Jhc intcrc\ting \tudic\ of Schubert and coll;lhorator\ on clectromc spectra 3s 

presented In this SymposlumS and In tin carllcr paper afTord a bav\ for valuable new 

mhight Into the thcorctlcal undcrctandlng of datlbc conjugation and hyperconJug.?llon. 

In clgrccmcnt ulth others” they intcrprct the “prlnclpal” hand spectra of molecules of ..- ~ 

the type R ‘-X. uherc R I\ an alkyl group and X IS elthcr ;L n donor group 

or the n acceptorgroup NOz. 35 belonging to the category of what have been called 

intramolecular charge-transfer spectra. II beems fairly sure that this interpretatton of 
the “prlnclp;ll” spectra IS reasonably correct. although I thorough thcorctic;il study 

will be derlrable. 

The theory of inrcrnro/mdur charge-transfer or donor-acceptor complc\cs and 

their charge-transfer spectra. is directly applicable also IO molcculcs \t;lbllved by 

dtitisc conjugation or hypcrconJugati0n. In an intcrmolccular charge transfer complex 

between 3 nxlcctron donor and a n-electron ;Icccptor molecule. the association of the 

two molcculcs In their ground \tatcs to form 3 complex IS crplalncd by the rcbonancc 

cncrgy ascoc~a~cri Hlth rclonancc hctwccn the predomln;lnt no-bond %truc’turc and d 

*m;tllcr amount of &ti\c xtructurc. From this there follows 3150 the nccc\\lty for a 

complsmcntsry clcltcd “chargetransfer.’ st;ltc In which the J~IIVC structure IS prc- 

Jomln;lnt \\hlls the no-bond structure IS present to ;L minor cxtcnt. A spctro\copic 

trrrnvtlon from the ground \t;ltc to the churpc-tr;ln\frr st;lte corrcspn& to the ch;lrgc- 

trsntfcr hand. ‘I hc Jcltrclliz;ltlon theory of d;lt~\e conJupflon. and of the a~~c~;lted 

chargetmn\fcr spectra. 1s ldcntlcal ulth that of Intcrmolccular charge-tran\fcr u;lh111- 

ration and spectra of n-n complexes. except that hcrc the donor acceptor action 

In\ol\es tuo n-clcctron ~n~up 3lrcxly bound togcthcr by 3 u-bond, lnstcad of two 

scparatc n-clcctron molcculcs. 

In the ;Ippllc;ltmn of thic theory IO the molcculcs R - ‘, -.D studied by 
I / 

Schubert and ;I~WTIJIC~. whcrc D IS ;i n-donor group. the followslng sets of rcronance 

\tructurc\ I IV arc thouz of mcM imprt;incc or Intcrc\t. for both the ground \tatc ;\nd 

the ch;lrpc-tr;ln\fcr \tatc. ( Jhc number nf resonance structures In each set I\ glbcn In 

parcnthcv\ ;tftcr the formuLl for a typIcal mcmhcr of the <ct.) ‘The structures are 

urltten for the C;I\C th;lt R is (‘H,. but If R IS another alkyl group. rt IS IO be understood 



that C is to be substituted for one or more of the H atoms. Further, for vividness of 

illustration. D has been taken 35 an OR group. Rcs~des I-IV. thcrc 3rc also other 

structures which may be of appreciable importance. espcci3lly in the charge-transfer 

state. There may bc considerable admixtures of orhcr cxcitcd-benzcnc-like sIrucIures. 

but probably not enough IO alter the conclusionsd~scusscd here. but IhccsscnIial points 

of intcrcst hcrc c3n be made by considering structures I-IV only. 

/= 
n,=c--i\\ ,/ OR (2) )_ H,UI:r -“p-.:o*Fl (3) 

;/ 
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H;--ci/-~o’R (11 

‘L., 
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’ /;’ 
L .J 

III Ill 

In IV. the o lndlcatcs an unpaired clcctron. or alvo (IO a lesser extent) SIructurcs with 

H,- or H, and in each cast an oppos~tc ch3rgc on Ihc ring. The inIcr3cIion of sIruc- 

Iurcs II and I is dat~vc isovalcnt conjug3Iion. Ih3t of 111 with I is dative isovalcnt 

hypcrconjug3Iion. while that of IV \siIh I is ordinrrry sacrificial hyperconjugation as in 

tolucnc. In d;ltivc conjug3Iion or hypcrconjug3tion. one-Arecrronol charge tmnsfcr 

is Intrlnslc. In ordinary sacrificial hypcrconjugation or conjugation. ch3rgc transfer 

occurs more or less cqu3lly (if 3I all appreciably) in both directions. 

The relative ucightingc of I-IV In the ground st3Ic (N) 3nd in Ihc chargc.transfcr 

state (CT) can be cstimslcd quoliror~t e/,\. beyond rcasonablc doubt. 1‘or vividncsv. Ihc 

following arc given as plausible qu3ntiIrrtiv-c gucsstimatcs of Ihc fractional 3mounIs of 

the various structures. with of course no claim IO rrccuracy Structures I musI surely 

\ 

c-r 

I II III IV 
---. _.- _ -- -. 

0 u7 0 IO 002 001 
011 0 72 0 I OW 

prcdommatc in the ground state. and sIrucIurcs II in the CT state. in agreement with 

relation (I) as stated in the paper by Schubert 3nd acsociatcs. But because Ihc hyper- 

conjugated structure 111 (an cxamplc of Sicbold’s “anionic hypcrconjugation”)’ IS 

hyper-isovalcnt \siIh II. it can be cxpcctcd to make 3 considcrablc contribution in the 

CT state. 3nd ccrroin1.l. a much larger contribution Ih3n in $131~ N. The CT s131c 

should thercforc bc considerably st3bilircd by structures of type III (and IV) rclativc 

to Ihc case where nap-alkyl group is prcscnt. in which c3sc sIrucIure I II cannot occur 

The ground state. howcvcr. should be much less scabilired by these struclurec. 

The frequency r’,,,_ of the absorption band corresponding IO the transition from 

N IO CT (Schubert’s “principal” band) is therefore cxpccted IO bc decrc3scd when R 

is substituIcd for H, exactly 3s is found by Schubert 3nd coll3bornIors. Thus the 

dclocaliration theory of icovalent hypcrconjugation furnishes an cntircly rcasonablc 

3nd saIisfacIory cxphrnation of wh3I IS obscrvcd. Schubert’s further obscrvaIion that 

Ihc nature of the alkyl group R mskcc rclativcly little difTcrcnce in Ihc oburbcd shift 
indicates Ih3I dative isovalcnt hypcrconjugation of the kind here involved i\, at lea\1 
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for CT excited statcc. about equally cfTcctlvc whether it be C-H or C -C hypcrcon- 

jugation (The ohscrvcd detallcd differcnccs between R groups WIII not bc dlscusxd 

here.) It does not necessarily follow that the same near-quahty must bc e\pcctcd in 

general Alqo. 1hc near-equality here should not bc taken as contradicting cbidence 

that C-H hypcrconlugation ic stronger than C- C hyprconjugatlon In ground state\ 
or In reaction rates. 

A similar dl\cusslon can hc given for Schubert’\ earllcr work on the charge-tran\fcr 

spectra of molcculcc of the type R /, ? -NO,. llcrc again WC may consider 

four sets of slruclurti. of lypcs V-VIII,’ ’ 

’ 0 
“,_C- <’ _.h(’ IQ) H) -c ,’ N. O- 

(3) 

\ 0 c ‘0. 

P su 

;c;4( -, ,k -N* “,I, 
< .O 

n; n; .c t -N’ (6) 
0 .- . < 0- 

vll Vlll 

The intcractlon of structures VI with V ic dative socr~ficrol conjugation, hence should 

he weaker than that of II with I, where the resonance is isovalent. The interaction of 
VII with V is dative sacrificial hypcrconjugation. that of Vlll with V IS ordinary s3crl- 

ficial hypcrconjug3tlon as in tolucne. The following arc guccstlmatcs of the weighting\ 

of V-VIII In the N and CT states of the p-alkyl mtrobcn7cncs In thcsc molecules. 

structures VIII and VII arc ho/h hypcrrsovalent with VI (o/l 3rc sacrlficlal rclativc to 

V), so tha1 the ordinclry hypcrconjug3tion structures VIII should hc more prominent 

hcrc than the corrcspondmg struc1urc\ IV, which are sacrrficial relattvc to I-111 for 
,\ 

molcculcs R- ‘, D. 

V VI \ II VIII 
--.-- -. -- 

N 0 95 001 001 001 
Cl 00) 060 0 IJ 0 24 

I \ 
Just 3s In molcculcs of iypc R ‘. D. extra structures (here VII 3nd VIII) 

L 
are introduced by the presence of the p-alkyl group. and these must unquc\tlonahly 

hc much more important for the CT than for the N state. so that 1hc former should 
bc stahillred more than the latter. and v,,,_ for the CT 4 - N ahsorptlon process should 
again be decreased. just 3\ has been observed by Schubert and collaborators. 

II is seen that the n-clcctron delocahzatlon theory of hypcrconjugation. 3s approxl- 

mated here In terms of resonance structures. gives a straightforward and unambiguous 
explanation of the lowering of the frquency of the charge-transfer band by p-alkyl 
substituents In both donor-group-substituted and acceptor-subsiliuicd bcnrenes. 

As has already been stressed in Comment (5). the n-electron delocali7ation theory 
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of ordinary sacrificial hypcrconjugation dots not require the methyl or other alkyl 

group (as e.g. m tolucnc or t-butylbcnzcne) to bc intrinsic;illy crthcr 3 quasi-n clcctron 

donor or a quasi-n 3cccptor. Bruh structures should bc present In nearly equal but 

perhaps rcl3tlvcly small amounts (the predomln3nt hypcrconjugatlvc structure In that 

event bc~rlg the long-bond htructurc); but the weight of c\ldcncc seem\ to Indicate 

th3t in ordtn;uy sacrific131 hypcrconlugatlon the donor function of the 3lkyl group (or 

at least of the methyl group) does prcdommcrtc wmcfihat. (At the amc time. thcsc 

group rclcasc clcctronlc charpc f3lrly strongly by the r~rcluorre. I c. n-bond. route ) 
Structure\ III and VII (hyxriso\;llcnt rcyxctwly with II 3nd VI) show 3lkyl 

groups functioning rc\~cti\cly ;L\ electron 3cccptors and 3s clcctron donors In JuIIt.e- 

hypcrconjugatlvc rc\on;incc structure\ which must bc of apprccl;lhlc Importance in 

stablllringchargc-tr3ntfer ~tatcs. Thl\ clmphotcrlc functlonlng of thcalhyl group. with 

Itscharge transfer dlrcction governed by u hcthcr the other suhstltucnt IS 3 strong clcc- 

trondonor or acceptor. ~scntlrcly rc;l\onahlcclndcon~;lstcnt ulth the thcoryc~fs3crllicl31 

hypcrconjug;ltlon ;IccorJmg to uhlch In the oh~nc-c of strong Jlrcctlon nclthcr the 

donor nor the acceptor role IS strongly cmpha\l&. 

c. A. coulsoo 

DR. LIIW throws almost all the rcspnslbihty for bond length change\ In carbon bonds 

on to changes of hyhrldlratlon. I believe this to be one of the important f-dctors. but 

the cffcct must bc more subtle th3n I\ sometimes supposed. Thu,, changes of hybrldi- 

zatlon m an Isolated carbon atom mrrkc no difference uh3tcvcr to the first-or&r 

density matrix. If WC mclkc 3ny four orthogonal hybrid< out of sp,p,pz the rcsultsnt 

chrrgc-cloud IS still sphcrlc3lly symmctriccrl. Thus hybrldlcatlon can only 3chlcbc Its 

cffcct in terms of the cccond-order density m3trin. 3nd prc\um;lbly cbcn hcrc It IS 

largely 3 qucctton of the dlfkrcncc bctwccn the clcctron corrclatwn terms for clcctrons 

with coupled. or ulth random. spins. H’hcn the matter I\ thought of 111 terms of the 

electron density. it 1s surprising th3t such charactcrlstlc dlfTcrcnccs arc found as 1s 

shown by capcrimcnt. My own opinion. thcrcforc. I\ th3t cithcr HC should bc content 

with 3 very slmplc type of presumed relation hctuccn hybrldiz;ltion 3nJ bond lcnpth. 

or WC must look for a much more sophAtlc3tcd ;In;llysl\. In which cbcn the concept of 

hybrldizatlon may not bc adqurrtc. 

A situation of the kind just dc\crlhcd would not 3pply to 3toms uhcrc thcrc I\ 3 

lone-pair of clcctron< (c g NH,) l-or here WC have what Mofitt called second-order 

hyhrldl7Atlon. 3nd cvcn the slnglc p3rtlclc dcnclty function IS dcpcndcnt on the hybrIdI- 

wtion pnramctcrs 

C. A. CoulWa 

Comments on paper b.1. B. P. Stoichef 

0~ of the most dlsturblng features of this very mtcrtitmg paper IS the obscrb3tlon 

that although In m3ny c3scq the clcctron-dlffr3ction and spcctro,coplc values agree 

cxccllcntly. yet for CH and CD in Ctl, (and CD,). they differ by an amount bctuccn 

0.010 and 0.020 A. H’h3t can bc the oripm of thlc dlfTcrcncc, uhich is of the order of 

magnitude ofonc-h3lf the classical rrmplltudc of vlhr;ltion! I-urthcr. why is the dlflrac- 

tion value larger than the spectroscopic enc. when the following argument would 



lead us to expect the opposite? The spectroscopic bond length is based on moments 

of Inertia. and therefore is detcrmincd almost entirely by the nuclei. We may say that 

this gives a very reliable length (suitably avcragcd. of course!) for the internuclear 

drstancc. The clcctron difTractron value involves both nucleus and charge-cloud. So 

far as the nucleus is conccrncd, the agreement with spectroscopic measurements should 

rdcally be almost pcrfcct. Hut so far as the charge-cloud IS concerned. we should 

cxpcct small ditfcrcnccs dcpcndmg on the lack of spherical symmetry m the clcctron 

dcnsrty around an atom. In the cast of the H and D atoms. conventional valence 

theory Icad\ us to suppose that uny charge migrations that may take place as a result 

of the formation of a molecule. ~111 be such as to attract charge mto the rcgron 

bct\sccn the nuclei. Thus would bc cxpcctcd to give the .rppcarance of a shorter bond 

rather than a lonpcr one Dr. Storchsff has been very careful not to offer any “cxpllr- 

nation” of the clTcct\ whrch hc ha\ catalogucd and analyscd. Dots hc have any 

comments to make on the uncxpcctcd situation for CH bonds in methaneJust dcscrrbcd? 

B. P. Stoicheff 

Rep!,. IO commcn/.s b,v C. A. Coulron 

Ttn discrepancy to which Dr Coulcon refers is probably correctly mtcrprctcd by 

Bartell. Kuchitsu and DC Ncui (rcfcrcncc 31) as arr,ing from the diffcrcnt avcragcs 

over the zero-point vibrations rnhcrcnt in the two methods. The above authors have 

computed corrections to the diffraction “I,” and spectroscopic “r,,” values (by oxwmrng 

a modified anharmonic llrcy Bradlcy force ficld) which result in similar colcu/ureJ 

values of the equilrbrrum bond length in mcthanc. 

The efTect which Dr. Coulson mentions while undoubtedly prcscnt would perhaps 

be expcctcd to pro&cc only a small drffcrcncc in apparent bond lengths. Unfortun- 

atcly the cxperimcntal data and our knowlcdgc of potential functions of polyatomrc 

molecules arc too limrtcd to look for such interesting effects. As a first step in under- 

standing the difTcrence bctwecn diffraction and spectroscopic values of bond lengths I 
bcl~e\c It would be very useful to obtain electron drfTractron data on diatomic mole- 

cults for comparison with cxistmg spectroscopic data. 

D. R. Lidc 

C~~mmenlr on the pup-r b.1, B. P Sloichefl 

Dw. SToI(‘IlCtk has rarccd a questron about the C-C drstancc m isobutane. He states 

that the value of I.525 A [I. Chem. Ph,r.s 33. 1519 (IOMIO,] might be in error by as much 

as 0407 :\ bccausc of the small z co-ordrnatc of the off-axis carbon atoms. In fact, 

there is no reason to suspect an error of this magnnude. Since almost three-quarters 

of the total mass of the molecule is in the plane of thr off-axis carbons, this plane must 

ncccssarrly lie close to the center of mass. This type of molecule is clearly distinguished 

from a case such as propylene. where the central carbon atom lies near a princrpal 

axis for rather accidental reasons (l.c. because of an approximate balancing of the 

other masses in the molecule). As an independent check one may calculate the c co- 

ordinate of the off-axis carbons from the first-moment relation; the change in the 

C-C distance is complctcly trivial (specifically 04004 A) 
There I\ strong cvidcnce. then. that the I, value of the C C distance in both iso- 

butane and propane is very near I.526 z\. The distance in ethanc is much less ertain. 
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The values of I.534 -4 and I.539 A obtamcd from Infrared and rotattonal Raman 

spectra. rccpectively. do not agree as well a\ they should. h’urthcrmorc. these are 

mtxcd r, and r0 values, and II has hccn pointed out that the true I, drstance might be 

as much as 0.008 A lower. Thus there IS no clear c\ rdcncc at thrr time for a drtcrepancy 

bctwccn the cthanc and propane isobutanc \alucs. F thyl fluortdc should bc excluded 

complctcly from thcsc comparrsons. Here the location of the central carbon atom 

could not hc expcrimcntally dctermincd. and it was arbitrarily atsrgncd a co-ordtnatc 

of xcro. The rcsultrng C-C &stance could hc in error by as much as OtJ2 A. 

B. P. Stoicbcff 

I AM grateful to Dr. I.idc for pomtmg out the dtfliculty m the determination of the 

<: C bond length in ethyl fluortdc: 52 a calculatton shobs the unccrtatnty in this value 

IO hc about 0.010 to 0.020 A and thcrcfore thus bond length should hc delctcd from 

Tahlc 3. 

‘I’hc source of thus d~tiiculty in the ethyl fluoride structure52 rllustrates my potnt 

that the C -C bond length in rsobutanc may be slrghtly longer than the quoted value 

of I.525 .-\. In ethyl fluoride II is found that the moment of incrtta dctrcu.cer by MO64 

a.m.u. A2 when W IS substrtutcd for ‘*C in the near-axis po\rtion. This anomaly IS of 

course a conscqucncc of rero-point vibratrons. Thcrc IS no reason to expect a smaller 

effect u-hen substitution is made on a C atom no matter what its positton in a molecule. 

Thu\ If WC assume a srmrlar dccrcasc in the moment of rnertta tn propylcntir the I, 

coordrnate for the central C atom becomes 0.1 I2 A rather than 0.081 A and is In good 

agreement utth the prcfcrred \aluc of 0.106 A obtamcd from the first moment equa- 

Iron )r A crmtlar zero-pornt vrbration cfTccct in isobutanc Icad\ IO a C coordinate of 

0.126 A Instead of 0.102 A and results In a C C bond Icngth of I.532 A. Unfor- 

tunately, the sbidcnce from the first moment equation I\ not complctcly convincing here 

hccuu~ of the as\unlpttons regardtng the tntcrnal as usll as the an~al symmetry of 

three CH, groups In conclusion II may bc Saud that the C-C bond lengths m ethanc 

and t\obutanc arc \omeuhat unccrtam hut the unccrt;Lrnttc\ arc \uch a\ to bring both 

closer togcthcr. 

C. A. Coulson 

C’ommvtl.s on pup hi 0. Ra.srian.st+n ontl M. TforrfeherR 

(I) I WOULD like to ask Professor Hastranscn uhcthcr he can gi\c any reason why the 

“single” bond m cyclooctatetracnc should be 0.02 I L\ shorter than in butadicne. It IS 

hard to abold the conclusion that some sort of resonance is operative in the ring molc- 

cult. not equally opcratr\e in the charn. 

(2) Professor Rasttansen has raised the rmportant question of the possible cxistcnce 

of attracttve (as well as repulsive) forces bctwccn non-bonded atoms such as the halo- 

gens in 2.2’-drhalohrphcnyls. It may bc worth mentronmg that in force-constants 

analysts of the vtbrations of sckcral molecules. notably the group V trihydrtdcs. 

indrcations of such attractrte forces habc somcttmes been found. If this is indeed the 

case with the orrho-biphenyls then the total potential energy curie as a funclron of the 
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angle 0 of twist of the two halves, measured from zero in the cls-form may somctimcs 

be as shown in the diagram. Hcrc: 

curve I is the resonance energy curbe 
curve 2 is the stertc repulsion curve 

curve 3 is the dlspcrsion (?I attractl\c force. 
with its minimum in the cts-posltion. 

The final curve 4 shows minim3 31 some f3irly sm3ll v3luc of 0,3nd 3ls.o 3t 0 = :. n. 

Hut they arc not of equal height. 

0. BactirlMa 

I AM afr3id I wnnot give 3 good cxplanstlon for the mcntloncd diffcrencc in bond 

distance. I 3grcc with Professor Coul\on that it is difficult to avoid the conclusion 

that wmc sort of resonance charactcristlc for the ring molecule must t3kc place. As 
st3tcd In our article the cfiect m3y pcrh;lps hc rclatcd to the cyclic form of cyclodcta- 

tctraene th3t might favor r-electron dclocah/atlon. ‘rhlr “cyclic” resonance cficct 

must hc \o large 3s to over-compcn\;Ltc for the loas III rcson3ncc due to the Its\ eflective 
f-clcctron okcrlap In cyclotit3tctracnc comp3rcd to th3t In butcrdlene. 

W. M. Scbukrt 

Cnmment.s on paper b,v 0. Ba.rrwtcen and M. ‘lioerteherx 

(I) Ttrl findmg that the 2 .2’-haloblphenyls prcfcr 3 near CI.~ mstc3d of a nc3r trans 
conform3tlon IS a convmcing cast for the opcratlon of a dl\pcrtion force (i c. van dcr 
Waals attractive force). Howcvcr. it is not clear whether the m3m attractlvc force is 

between an orrho-halogen and the n-system of the 3tt3chcd ring (attraction prc\umably 
at 3 maximum for a 90’ Intcrpl3nar angle) or between or/h+halogens, although prob- 

ably the 13ttcr. Jf the latter. the incrcasc in intcrplanar angle In the order F . Cl 

. Rr . I would speak for an important underlying v3n dcr Warrlc repulsion. 

(2) Does the statcmcnt to the cffcct that the plan3r rranr-form of 2.2’-bipyridyl 
should bc free of steric strclin (also appc3rmg In the p3pcr by Cruickqhank) take Into 

3ccount the untharcd electron pair on each nitrogsn? I.C what IS the v3n dcr Warrls 
repulsion radius of the N: 3c comp3rcd to 3rom3tlc C-,11? 

0. Buti- 

Repi,v IO comments h,,, IV. M. Schubert 

lu the cast of the 2.2’-dlhaloblphenyls. WC hclicvc the halogen-halogen Interaction to 
be responsible for the nc3r CIJ conform3tion. It I\ no doubt correct to Include the 
lntcraction between the halogen atom\ 3nd the n-system of the attached ring; though 
this mtcr3ction IS prohahly less important than the halogen-halogen intcractlon as 
also stated by Schubert. 

Schubert’s question on the 2.2’-bipyrldyl is indeed a justified one. In our paper, 
we were considering the kind of steric hindrance that occurs in the blphenyl derivatlvcs 
where a planar molecule has to suffer a severe steric strain. What we wanted to express 
was the fact that the interaction between the two orrho-hydrogen atoms is effective 
only in the cis region. In the other possible conformations of the molcculc, other 



effects, such as resonance. should be expected to be predommant. Comparing the two 

cffcctc to bc cxpcctcd in the rranr rcgron, namely rcsonancc and hydrogen-nrtrogen 

rnteractron, our electron drfTraction data seem to demonstrate that the resomrncc 

cncrgy IS not largccnough to keep the molecule in the pl;:nclrform. A possrblc hydrogcn- 

nitrogen rcpulsron seems m other words to he of grc;ltcr rmporttincc In the rran.c 

region conformatrons than resonance. The hydrogen nnrogcn dt\t;lnce rn the pkrnar 

~run.r form is. in fact, a httle shorter than the corrcspondrng Yaulrng van dcr WadIs 

drstancc. Without a closer study of the cffcct. it i$ drfficult to dccrds In which angle 

region the van der Waals hydrogen-nrtrogcn I\ attr.rctI\c ;tnd III \rhich. if any. It IS 

rcpulsrvc. A simple considcmtron seems indeed to rndtcate a mrnor repulsion in the 

planar rrcmr conformation ;is implicrtly suggc\tcd in Schubert’\ quc\tron. 

I am indeed grateful to Dr. Schubert for haling r;lrsed thr\ quc\tron. ‘The pornt we 

wanted to stress. namely the mabrhty of rcsonancc to secure a pl;ln;lr molcculc. may 

have been lost as the effect of our mrslcading statcmcnt. It uould no doubt be an 

intcrc\ting undertaking to try to calculate the potential cncrgy 3s a function of the 

angle of twist mcludmg hydrogen-hydrogen rnter;lctron. hydrogen-nttrogen rnter- 

action, and rcsonancc 

c. A. ccmboo 

Conrnwnrs con paper h.1. I). IV. J Crurckshunk 

CRUICKSHAYK has shown that the simplest of all MO thcorrcs pvcs pretty good results 

for most bond lengths. But thcrc arc residual discrepancrcs wrth expcrimcnt. It may 

bc mcntioncd that Dr. A. Golebicwsky and the writer, in some work in course of 

publication. have shown, using quote simple ideas of self-consistcncc. that by allowrng 

for the variation of the rcsonancc integral /I urth bond Icngth. and by including the 

cfTcct of the underlying a-bond. the discrcpancrcs can be constdcrably reduced. In the 

cast of butadienc. which must be regarded 3s one of the most scvcrc tests of any theory, 

since the disparity bctwccn the short and long bonds IS greater than in rrng molcculcs. 

the theory of Golebiewsky and Coulson rcduccs the avcragc error from about 0.03 A 

to about 0.01 A. 7 hrs value seems to be about the best that can hc achicvcd. with 

theory or cxpcrimcnt. at the moment. 

c. A. Coulson 

Conrntmr.s on pupr h,,. D. J. Moms. ,v. .~hcppurtl and B. P. .$lorchcj 

EVEN if it is agreed that the bond length for the central “single” bond In butadicnc is 

not much shorter than 3 conventional r$-rp trigonal u-bond. wc arc stall left with 

the problem of understanding the planarity of butadicnc. If hutadrcne is written as 

tuo non-Interacting double bonds ’ * ’ ‘, then the n-clcctrons on atoms 2 and 3 

would bc pairs to other n-electrons (on I and 4 respectively) and there would then be 

the usual repulsion between non-parred electrons which would tend to destroy planar- 

ity. lndccd scvcral years ago now, J. Guy [C*. R. Am/. S-i.. Purrs 223, 85 (l946)j 

showed that this structure. which is mcrcly the conventtonal Kckulc structure for 

butadicne. would not bc planar, since the repulsion of these n-electrons would tend to 

rotate the two halves relative to each other around the 2-3 bond. This effect is well 

known for H,O, and N,H,. where of course there are two lone-pair clcctrons on each 

atom. Even if the argument is not now so strong as It seemed in 1946, it is still true 
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that without some form of conjugation across the central bond it remains rather 

difficult to understand the high planar stability of butadicnc. In present-day clews. 

what is the origin of this stab&y. if it is not some measure of conjugatton? 

Is tt unreasonable to accept somcthtng 11k.c the taluc I.515 h. for the pure #--SF 
n-bond. as In Bastiansen’s paper. apphcablc to hexaphenylbcnzcnc? If so. thcrc I\ a 

shortemng of 1.515. I.476 004 A. tn this central bond. 

c. A. Coulsoa 

11 is at first sight surprising that the single-contiguratton single-ccntcr wave function 
of Olcart gives so good an cncrgy: and yet the much more complex wave function of 

Saturn0 and Parr [I. Chmr. P~,IT. 33. 22 (1960)) on whtch the paper by Turner (‘I ul. 

IS based. dots not improve It as much as one aould hate hoped. I bcl~cvc that the 
trouhlc tic5 esxnttally in the situation around the four If atoms. I-or thcrc I\ ;I singu- 

lartty tn the Hamtltontan at thcsc point\. and \o. tn the language used by Roothaan 
and WCIU [&I. Mod. P~,T. 32, I94 ( 1960)) and Kolos and Roothaan [/&*I. Mod Phrs. 
32,205 (1960)], thcrc wtlj hc ccrtatn cusp condtttons to hc sattsticd by the concct wa;c- 

function. It may hc shown, in general terms. that at each nucleus whcrc any one elcc- 
Iron experiences a nuclear charge A*, the ~a\c functton for any one electron must 

satisfy the condition 

where the Icft-hand side dcnotcs the mean value of the outward gradient of ylovcr the 
surface of a small sphcrc surroundtng the nucleus. If thcrc is sphertcal symmetry, 

then of course de,/& IS indepcndcnt of angular directton. and WC reach the condition 
easily vcriftcd for hydrogcntc orhttals: 

It is cxcccdingly difficult to rcprcxnt a function whtch has a disconttnuity of slope at 
some given point in terms of functions ba\cd on some other point as origin. Thus 11 

is to be cxpcctcd that a large number of terms will bc nccdcd to deal wtth this stngularity 

alone. quite independently of any clcctron-correlation effects which we know uill hc 

important. Prcciscly this situatton has hccn carefully investigated by M. Cohen and 

the writer [Prr~. Camh. Phil. Sot. 57, 96 (196l)j. where. in the case of H;. using a 

singlcccntrc model. the effect of introducing more and more terms in a trial wave 
function showed itself almost cntircly in a closer approximation near the nuclei. It 

seems reasonable to hope, therefore. that if the conventional singlc-ccntrc type of 
expansion for methane could bc supplcmcntcd by a single term that would allow for 

the dtscontinuity in grad r. and more nearly satisfy the cusp conditton. considerable 
improvement in the wave function might bc obtained fairly easily. Such a term could 
bc 

A(t’“. __ 4 (9 - e-v. + C-“4} 

where r. . rd denotes distances from the four protons. The cusp condition would be 
that 

(CA - v (0)) 

where y (0) is the value of cp at a proton. 
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c. A. Coulsoo 

01.1 tt irrcspectivc of uhcther or not we agrse with the particular appltcation of his 

tdcas to the diffcrcncc bctwcen carbonxarbon bonds of varying hybridization. thcrc 

is no doubt that Hart4 is right in drawing attention to the importance of non-bonded 

tntcractions 1 hesc may be ctthcr attractive or rcpulsi\c. with rcpulsivc forces usually 

prcdominclttng. Ths origtn of thcsc forcch. in any but the sr.mplcst pseudo-atomic 
systems. i\ excscdingly complex. Thus In the orrho-dtchloro-benrcnc molcculc, thcrc 

w~ll’bc chlorine-chlorine forces of the following kinds: 

Cl 

’ (I) electrostatic rcpul\ton betvvccn cffectivc net charges 
on the two chlonnt\. 

; 

I 
/’ 

‘Cl 

(II) attraction due to rchonance with structures showing Cl--Cl as a single bond. 

(III) overlap repulston bctwcen the chareeclouds of each scparatc chlorine atom. 

(IV) disperston force\ of attraction between the chlorines. 

(v) “random-spin” rcpulstons of the clcctrons not paired to each other in the two 

chlorine%, 
(VI) tntcractions due to d~polss and higher multtpolcs in the C-Cl bonds, and smaller 

contnbutions from more rcmotc p3rtc of the molecule. 

Some of thcsc forces ha\c been invcsttgatcd by Stocker and myself (C. A. Coulson 
and D. Stoker. .\tol. Pht,s. 2. 397 (1959); C. A. Coulson. Chemical Society. Kckulc 
Sympo\tum, London. 1958; Buttcrworths Scientific Publicatton). 

But the scrtcs of contrthutiom (I) (bib counts certain types of tntcractton more than 

once. and any complctc uncqut\o4 separation of the total tntcraction Into contrihu- 
tton, of this kind seem\ at present qurtc tmpracttcable. It is my imprc\tion that the 

study of thcsc forccc bctuccn non-bonded atoms may well play 3 dominant role In 

molecular-structure calculattons of the next ten year5 

W. M. Scbubrt 

Ttit: tntrtgtung non-bonded intcractlons hypothesis of Bartcll IS at least qualitatively 
conaistcnt with the deercase In C-C bond Icngth wtth 3 dccrcasc In the number of 

sub,tnuents on the t\so carbon atoms. Itowc\cr. the hybridilatton hypothests of 
Dewar and Schmcislng seems to more simply accommodate the obscr\atlon that C-C 

bond lengths cluster about discrcts \rlucs according to whether the carbons can be 
labeled a, tetrahedral. trtgonal or dtgonal. Rartcll’s argument that there IS a close 
balance of the postulated considcrabls rcpulst\s forces bctwccn substituents attached 
to the same tctrahcdral (or trigonal) carbon atom IS used to account for C-C shorten- 

ings dcpendtng apparently only on the nunrhcr of repulsions. and also answers other 
questtons that could bc ratscd. Although Bartcll’s calculations bawd on intcrmolc- 
cular van der Waals forts laws may indtcatc thcrc is 3 balance of rcpulstvc forces, tt 
IS nc\erthclcss dtflicult to Imagtnc why this should bc so. i c. what are the underlying 
“theoretical” reasons uhy. c g. in the bartation of say one of the substuutnts on a 
tctrahcdral or trigonal carbon. the bond length of the varying substnuent (of dtscrcte 
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length for any tetrahedral, trigonal or digonal carbon-substitucnt), the bond angles. 

and possibly the bond lengths to the remaining ftxcd substituents (but not for carbon- 

substitucnts), should so adjust as to maintam such a balance? 
‘fhc tntcrcstrng relief of strain explanation offered for the ~M5utcrium kinetic iso- 

topc cffccts found by Lcw~s and by Shmcr in \olvolysis reacttons appears offhand to 
contradtct the balance of rcpulston forces argument. That IS, the isotope clfcct IS 

attributed to an rntholoncc of rcpulstve forces bctwccn isotoptc species in the tctrahcd- 
ral ground state and in the transttton state, whtch IS on the way to bccomtng tctra- 

hcdral. It is true that only a small tmbalancc of repulsive forces need bc rcqutrcd to 
account for the small .IH + dtffcrcnccc bctucen the isotopic compounds. But if the 

imbalance created by a considcrablc substituent change (c g. hydrogen to chlorine) IS 

supposed to bc small, then a change in sub\tttucnt from hydrogen to dcutcrium must 

create an extremely small imbalance of rcpulsivc forces. 

1.. S. Bartell 

Rep!,. 10 wmmmts b,r H’. Schuhtvr 

THY points raised by Dr. Schuhcrt cmphastrc the need for constdcration of the magni- 

tudcs of cffccts involved. His reservations center chicfly upon the forces between X 

Y 

and Y groups in C-X. In reply. it may bc said that no such rigid balance is 

‘I 
rcquircd of the non-bonded model a\ Schuhcrt tmplrcs. The C X bond length and 
encrey may \-cry ucll vary \omcwhat with the narurc of Y a\ well as with the number 

of repulsions. Briefconjectures about thts were made in my paper but the documcnta- 

tion of such variations IS wry mcagcr. Even the principal variations trcatcd in the 

paper arc not much larger than common experimental errors. 
A rationalization of the approximate balance (I c. the relative insensitivity of 

X .Y interactions to the nature of Y) is given in my comments on Professor Wilson’s 
paper. No detailed readjustments of bond lengths and angles of the sort envistoncd 

by Dr. Schubert arc rcquircd. Scvcral obscrvattons suggest that the balance is not 
exact. If tsomcriz;ltion energies of paraffin hydrocarbons arc non-bonded in nature, 

our model rcquircs (V,.,. - V,,,, .- ZV,.,,) to hc about I.3 kcalimolc. Bond angles 

imply similar Imbalances. 
As 3 rule X .Y force\ seem to bc of the order of0.l md. X. .Y potcnttal cncrgics 

of the order of 3 kcal/mole. and C-Y force constants. pcrhapc a few md:‘A. Imbal- 

ancc\ of scvcral hundredths md should not seriously invalidate the csulncc of the 

sample model The imbalance involved in the II-deutcrium isotope cficct. which 
appeared to Schubert to contradict our hypothesis. is actually only about 0401 md. 
and conscqucntly. of no concern in the broad picture. This small distinction bctwccn 
CH,. .Y and CD,. .Y forces. which is predicted by the non-bonded model. is ncver- 
thclcss sufhcicnt to account roughly for the obrrvcd isotope ctTcct. The difference 
hctwccn the presence of 3 CH, group and its complctc abscncc. as essentially occurs 
in the compartson of (CH,),CH C and CH,CH-C, represents a change in C. .C 
interactions one hundredfold grcatcr. It was this type of change with which the 

prcscnt work was primarily conccrncd. 
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in conclusion. it is fair to remark that the main value of the simple non-bonded 

model is more in the forceful attention it draws to the possible magnitude of the uni- 
\erwily ncglcctcd interactions than in its rcliahlc handling of them. It is not difficult 

to tind arguments to the cfTect that the model may bc spurious and that the bond and 
umharcd clcctron distributions rather than atom-atom interactions must be bitally 

important. Consider the fact (see rcfcrcncc 31 that the plucking of hydrogen atoms 
from H,O. NH, or CH, lengthens rather than shortens the rcmainmg bonds, cvcn 

though the numhcr of non-bonded repulsions IF rcduccd. Jn part14 defense of the 

nonhondcd model. it may bc mcntioncd that the resolution of cxpcrlmcntal F matrices 
rnto components (rcfcrcncc IN) rcndcrs the lcngthcntng compatlblc wrth the cxfstcncc 

of nonbondcd rcpulstonr. The stretch \trctch bond intcr~ction~ amply the correct mag- 

nitude of lwtnd lengthening when adjacent bondc arc severely stretched. Conbcrscly. 

they also corrcctl) imply the more ca\ily undcr\tood shortenings of hmds when ad- 
pent hod> arc ~hortcncd. the limit being reached at the united atom s~agc, HF. 

Clearly. the non-bonded model must be used urth caution. 

I.. S. Barttll 

Comntcnrs on rhc pap h,r E. Rri.phr Wdson, Jr. 

PROFBSOR WILSOX’S opinion that the roles of stcric influences, conjugation, and hy- 

bndization cannot be icry dcfinitikcly a\soscd at present seems to bc shared by many 

of the contributors to this symposium, including myself. His conclusion in the abstract 
that “the stcric theory is probably untcnAc”. houcbcr. appears to me at least as 

speculative as the stcric theory &elf, rn vtcw of the meager cvidcncc he has cited 

agatnit 8t. 
The principal virtue of the “stcric theory” (or. as I regard it. the hypothesis that 

in~ramolcdar nonbondcd intcractlons follow roughly the same force laws as arc 

ascrlhcd to their mrcrmoleculur counter parts) is that it correlates, semi-quantitatively. 
a wide karicty of known effects in an extremely simple way. It IS as yet far from rigor- 

ous,and IF must hccmphasircd that not one corrcfatton it makes is in rtsclfan uncqui\o- 
cal demonstration of the validity of the hypothesis. Thcrcforc. it is of interest to 

cxammc Professor Wilson’s arguments against the model. They arc. as I see them: 
(a) Our ignorance of nonbondcd potentials is very great. 

(b) It would be remarkable if diflc‘errnt substItucnts did not lead to markedly 
dlffercnt results. 

(c) Barriers to rotation are not stcric. 
(d) The nal\c “hard sphcrc” model of bond angles works no better than the natvc 

hybrtdzation model. 
Point (a). of course, cannot rule out the stcric model. The balance of repulsions 

involved in potnt (bf, briefly mentioned in my paper. can be rationalr7cd in terms of 
Pauling’s obscr\ation that ban dcr Waals radll arc not chaotically scattered but rather 
arc closely r&ted IO covalent radn. Pauling’s relation. coupled with the usual cmpiri- 

cal approximations for nonbonded interactions, suggests a considcrablc compcnsatton 
for variations in atomic sire of substitucnts. targcr atoms arc associated wtth corrt- 
spondingly larger nonbondcd distances in the carbon cnb lronmcnts of most concern to 
us. IF is fair to admit. however. that the htcraturc dealing with stcric lntcractions is 
inadequate FO settle the exact amount of compensation. Point (c) of Professor Wilson 
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is almost surely true, as hc h3s shown so beautifully tn his recent rcscclrch. but thts 

implies no incompatibihty with the stcric model. The repulsions I invoke arc an order 

of magnitude roe mall. at least in ethane. to 3ccount for the barrier. hinally. the 

cxccss~vc ovcr\tmpltfications of the models In potnt (d) render any very subtle com- 
pansons tnconclusivs. The “hard sphere” model ~3s introduced ortgtn3lly \tmply to 

point out th;tt it provtdcs 3n alternattvc dcscrtptton IO the well-knoun consurnt-angle 
model discussed by Wtlson. 3nd one strongly \mattcrtng of “stertc” tnfluencs. H3vtng 

scrvcd 3s 3 hrtcf introductton IO the I&X of tntr3molccular tntcr3ctton\. tt ~35 dts- 

carded In the original p3pcr in favor of 3 model utth 3 more rc3sonclhlc force 13~. 
hcvcrthclc\c. II is interc\ting IO note that the stmplcst stenc model uorhs rcm3rk- 

ably ucll cvcn for the rcccnt dat3 cited hy Profcs\or Wtlson. cxccpt for ;In_rlcs tnvolvtng 

hydrogen. If hydrogsns 3rc sxcludcd. the 3nglc\ \hovv 3 mc3n dcvi3tton of only shout 
I . ;L acattcr no grcatcr th3n the errors in the da13 from vvhtch the sphcrc r.tdtt wcrc 

asstgncd. The spcctro\copist\ clearly h3vc ~I~TLIIII~ utth hydrogen posittons (they 

3rc not alone In thts respect’) and error\ of \c\cral dcgrccs arc not unknown. Accord- 
tngly. the poorncs\ of fit utth hydrogen m3y not bc solely the fault of the mods1 On 

the other hand. the model does not appear sutfictcntly fund3mcnt;ll to be worth more 
dctailcd considcratton at present. 

hddttional cvidcncc th3t stcrtc cffcctc influence bond angles h3s been prcscntcd hy 

A. I. Kttaigorodskti. (Ahsrracr (;. S. III 2, Fcdcrov Session on Crystallography. 

Leningr3d. U.S S.R. M3y 25. 1959) Kit3igorodskit successfully corrcl3tcd v;iri;ittons 

in bond 3ngles In 3 large number of organic molcculcs using nonbondcd potcnttal 
functions similar to those I Invoke. Also. contrary IO the firrt tmprc\ston of m3ny 

chemists with rcg3rd to the prohahlc dtrcction of stcric cfTccts. the fact th3t the 

C -C C angle in tsohutanc is 13rgcr th3n 109.5’ hut .rrrru/k*r th3n that In prop3nc 
(D. F. Lidc. J Chr~. PII,~T. 33, 1514. 1519 (1960)] IS ;tccountcd for hy 3 stcrtc m&cl. 

3nd the prcscntly con\idcrcd potcnttal functions [L. S. B3rtcll. 1. (‘/WV. P/II.c. 32. X27 

(l960)] ytcld f3tr quantttaltvc prcdtcttons of the rrnplcs. 
The prcscnt nonbondctl model is subject to sertou\ criticism in IIT ovcrsimpltticd 

rcprcscntation of molccuktr forts ticlds Noncthelcss. the cvtdcncc agatntt II seems 3s 

yet insufficient IO w3rr3nt rcjccttng the b3stc idea 

w. M. scbubrt 

Wtrrt rsgard to IWO of H’tlson’s arguments against the hybridiation hypothesis 
firstly. a pos\iblc role of conjugation in C-, X bonds does not ncccssanly cxtrnpolatc 

to C - C bonds in u hich no “unsharsd” clcctron pairs arc involved. 3\ nicely pointed 

out in the p3pcr by Lidc; secondly. the Dcwar hypothesis does not rcqutrc th3t C H 
bond distances vary with hybridization IO the same cxtcnt as C-C distanccc. In fact. 
3 sm3ller variation in C-H bond distances would perhaps bc more consistent ullh 

the smaller variation in C-H than C C bond energies that 3rc rcquircd tn the Dcuar 
hypothc\is IO account for the stabilization energy of butadicnc. ctc In that conntition. 
a smaller v3riation in the C- H hond energy uith hybridtzrrtion could bc due In p;(rt 
to the clcctroncgativity of hydrogen being greater than that of tetrahedral carbon In 
th3t cvcnt. that part of the changes in the C-. H bond cncrgics from tctrahcdral to 
trtgonal to dtgon3l carbon that arc due to changes in Pauling-like .I values would be 



smaller than considered by Mullikcn [ Tcrruhedron 6, 68 (lOSO)] who used electro- 
negativity order: tetrahedral carbon - hydrogen. 

(;. L. Caldor and C. A. C&D 

C0nmml.s on pap h,b. L. Paulrn,y 

IX connection with Pauling’s dtscussion of the rcpul\ivc effects of lonc-pair electrons 

on the bond cncrgic< of molcculcs. UC should llkc to report some rcccnt calculations’ 
which WC habc made for the halogen diatomic molcculcs. and which arc conccrncd 

with similar effects. In thcsc halogens. the scqucncc of bond cncrps (KC Table I) 

TAM& I B)\I) fhfnt.t)s oh fta IIAIW~~ uoLI(‘t I )c Ilcal:mok) 
- ._- - 

f, (‘I, Br, 1, 
. -_ - -__ -.- -. .-- ._. -_. 

Expcrlmentd dlsswtatwn energy I) 37 7 57 I 45 4 15 6 

C~lcula~cd Coulomb ct-rcrgy Q 

f f IC for rttrxtwn) 10 3 42 R 17 6 302 

Ln1plra.d cwhrngc cncryy t D CJ) 27 4 I4 3 7X 54 

is I-, . Cl, . Br, I,. in which the posttion of fluorine seems anomalous. WC have 

made some crude r-alcncc-bond calculations whtch seem to suggest that this anomalous 

scqucncc arises from the Coulomb term rather than from the cxchangc term. 
If ths cncrgy of a two-electron homonuclcar molcculc i, written in the convcntionul 

way 

Q;J 
E - 2F.,,,,, . - 

1 ’ .s 
it may bc transformed to 

E - 2&,,,,,, ! Q . ‘I 
1 ;. s2 

(I) 

whcrc 7, may be called the cfTcctl\c clrchangc Integral, or bond tntcgral. and S IS the 
obcrlap integral The hond enerR i\ 

Q t,‘( I f 9) (2) 

whcrc Q. the Coulomb cncrgy. is gikcn by 

Q jh.,(Ih,rc(2) !,H I,:, ,a.,, 81 9,,(l)q,r(2) dr,dT, 

s .f7.,(l) Q,Al) (17, 

With a many-clcctron homanuclcar molecule. simple gcncrali7atlons of (I) and (2) 
arc ncccsury. The Coulomb energy Q now takes the form 

Q jyj.,(l.2.. n) v,r(n . I.. 2n) {H - 2E ,,,,,,, } y*,,(l. n) y,,(n 1 I. 2n) dr’* 

(3) 

Thcrc arc comcwhat similar expressions for 1. ‘1 and S. though J now includes repulsive 

’ G L (‘Ator rnd C A Coulron. I” COU,V of publatlon 
* 5 Frqa and R s Hulllkcn. RI1 .Cld PI,1 ~2.254 (1960). 



exchange interactions hctwccn non-p3ired orhitals. as well as attractive ones between 

the paired ones. In (3) v,, and y’,, arc the lcadtng diagonal terms m each separate 

determinantal atomtc wave function. Thus In the cvsluatron of Q wc have the mutual 

repulsion of the two separate atomic chargcclouds. together wtth the attraction of 

c3ch charge-cloud for the other nucleus. modified of count by the mutual rspulston 

of the two nuclei. If there IS subst3nti;ll pcnctr3tion of one chargccloud by the other. 

then the attraction terms (which result essentially from the f3ct that clcstrons arc being 

pulled tow3rds two nuclei rather than one) may outwctgh the rcpulstons Thts 1s 

prcciscly what we have found. 

1 hus. assuming pure p u-bonds. and using Slatcr orhtt3ls with no hybrtdt/ation. 

WC find the Q-values shown in the table. Thc\c 3rc all of such a stgn 3s to contrtbutc 

positively to the binding cncrgy. What xcms to us to bc tntcrcctlng here IC that thts 

scqucncc of Q-values 15 the same scqucncc 3s th3t of the cxperimcntal htndtng cncrgtcs. 

and indeed if WC suppc that the dttTcrcncc between the two I\ Jut cntucly to the 

cficctirc cxchanpc integral term corrcspondtng to PI/( I 1 9) In (I 1. then wc obt3tn 

the smooth set of v3lucs shown In the last rou of ths table. Thcrc I\ now no anomclly 

In the cast of F,. 

It would bc ntcr to bc able stmilarly to calculats the cfTcctl\c exchange terms and 
vcrtfy thts vanation of 11. But not only arc thcsc terms more dttlicult mathsmattc3lly. 

they arc also more strongly dcpcndcnt on the a\sumcd form of the orbit.tl\. and the 

extent of hyhrldl/3tton. 

Insofar as our present calculattons 3rc stgniticclnt. they suggest that In many- 

clcctron molcculcs. the gcncraliMd Coulomb intcgr31 may be dommant In dctcrmtmng 

the variation of bond energy in a rclatcd scrtcs of molcculcc. In the cast of the halo- 

gcns. the low value of Q(F,) IC to be asswiatcd wtth the f3ct. often polntsd out by 

carlicr uorkcrs. th3t the SIX of the valcncc-shell orbttals IS \mallcr than uould be 
cxpcctcd on the basis of an cntrapolation from the other mcmbcr\ of the erlc’s. AI a 

result thcrc IS less pcnctratton. and Icss clcctrostattc attractton. Our conclu\lons dlffcr 

somewhat from those for N, in Paultng’s p3per’ for It seems that P3ultng pay\ no 

attention to Q. 3nd throws all the rcsponsibtlity for bonding on to the cach3ngc term\. 

In many cases. of course. Q and / will bc cxpcctcd to k3t-y simrlarly. f urthcr calcula- 

tions of both qu3ntitics for other molecules UIII bc nccdsd to scttlc prcciscly which IS 

normally the more important. 

L. S. Bartell 

Comment on paper by Inga Frsrhrr- Hjalmars 

SOME time ago. in a study of isotope cfTccts. I made c3lcul3tions on btphcnyl similar 

to those by MM Fischer-Hjalmars. Since I used the nonhondcd interaction potcnttalc 

[J. Chum. Ph.,-s. 32. U27 (196O)] rcfcrrcd to In my prcscnt paper rather than Hills’ 

potentials [I. Chem. Ph.v.5. 16. 399 (l948)j. It m3y be of some intcrcst to compare rccults 

to illustrate the range of error introduced by our ignorance of the prccisc form of the 

potentials. Calculatmns wcrc made assuming undcformcd henLenc-hkc rings with 3n 

inter-ring conjugation energy rcprcsentcd by I’,, cos* 0. a functton quite similar to th3t 

adopted by Miss Fischer-Hjalmars. If V, was taken to be 4 kcal:‘molc. the cquilihrlum 

twist angle. using only H. .H interacttons. was found to bc about 39 (cf. the cxpert- 

mental value of 42 t IO’). The cnhanccmcnt of rcpulstons by rcro-point vlhrations 

was found to tncrcasc the angle hy an additional I or 2 dcgrccs (the cnh3nccmcnt for 
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Ihc deutcratcd species was half a degree smaller). When C. .H forces wcrc included 

the angle opened up IO about 42’. The cquilihrium lust angle was rclativcly insensitive 
IO c;. varying by only 5 uhcn C’,, varied by 50”“. The potential hill of the planar 

conformation was appreciably hifhcr than Ihat of .MIs\ Fischer-Hjalmarc. being scvcral 
kcal:molc. but this value was sensitive IO the stress-relieving distortions of bond angles 

anlicipatsd lo occur al zero tubI. 
For several reasons I have rcscrvations about potcntuils involving hydrogens 

constructed. as wcrc H~ll‘s. ;Issxi;rIing a hydrogen van der Waals packing diamctcr 

of 2.4 A uith Ihc minimum of ;L Buckin_cham or 6. I2 potential function. This seems 

IO make hydrogcns too small ;Ind loo “hard”. For that matter, my own potentials 
arc csscntially based on speculation although Ihcy corrclatc many facts. It IS IO bc 

hoped that much more attention UIII prcrcntly lx given lo Ihc calculation of pofcnfial 

functions that WC can uw with grcatcr confidence. 


