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IbTRODUCTION 

As 3 result of the incapahtlity of quantum mechanics to yield 3n accurate and dcctstvc 

solution for 3 system with a pvcn number of nuclei and clcctrons, the whole theory of 

the chemical bond IS hascd upon approximation calculations. These calculations 

have to 3 great cxtcnt ken guided by cxpcrimcntrll results. of which bond-length 

measurements and conformation studies have been of particular importance. The 

approximation approach has Icd to the introduction of a scrtcs of concepts that have 

often been introduced as a result of mathematical resignation. Thcsc concepts 3rc 

thcrcforc often merely of formal v3luc 3nd accordmgly not of an obvious physical 

nsturc. though they 3re often referred 10 3s “effects”. Among thcsc concepts some of 
the most important ones are hybridization. electron dclocalt,z3tion. rcsonancc. 

conjuy3tion. hypcrconjugation. clcctroncgattvity. and stertc effects. 
Perhaps the most important charactcrtstic of the chemical bond is the bond length. 

For the c3rbon carbon bond the bond Icngth does not vary much with the cnviran- 

mcnt. It is often ths C;IW that 3 change m bond environment will lead to 3 bond 

distance c&t whtch 15 ICC\ than the error limits of the expcrimcntal methods in USC 

for bond length mc3surcmcnt. For the dcvclopment of rhc theory of the chemiczrl 

bond it is thcrcforc of great importance to improve the experimental tcchmquc. It is 

also Important to understand the principal diffcrcnccs of the results obtainable from 

the various methods. The Llfcst proccdurc is to compare distances obt3incd using 

always the s3rnc cxperimcntal method. 
The prcscnt contribution is nc3rly cxclusivcly based upon results obtained by the 

Notwcgi3n clcctron-diffr3ction group. It should bc cmph3sizcd that 311 the molcculcs 

arc studied in the vapour phase. The prcscnt authors would consider it too ambitious 
to try to cover more of the field than the very limited results of their own school. The 

field as 3 whole will no doubt bc taken cart of by the other contributors to this papers 
symposium. 

Even when comparing results obtained from the same cxperimcntal method great 

difficulties arise 35 to the accuracy of the bond distance determinations. In the case 

of the clcctron-diffraction method for instance. the accuracy may bc diffcrcnt for 
diffcrcnt compounds and also for diffcrcnt bonds in the same molecule. It is. thcrcforc. 

very difficult to give a dcfinitc statement 3s to the accuracy. In favourablc WKS a 
bond distance can bc rcproduccd to an accuracy of 0401 A. Reproducibility is, 
howcvcr. not the same thing as the absolute accuracy th3t depends upon scale factors 
and complkrtcd dcfimtions 3s to what 3 bond length actually mc3ns. 
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COVALENI’ RADII FOR CARBON 

A number of hydrocarbons have been studied by the h’orwegian electron-diffrac- 
tion group. In Table I a series of C- C bond distances of non-aromatic open chain 
molcculcs have been listed and compared with distances obtained by spectroscopic 
methods. Some of the spectroscopic values are average values from several invcstl- 
gators. The gcncrai correspondcncc bctwccn the spccfroscopically obtained valucc 
and the cl~fron~iffracfion %alucs is sAxfactory. The honds have been grouped into 
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the usual ten categories defined by the hybridization. SIX for the single bond, three for 

the double bond, and one for the triple bond. It seems to be of great importance to 

the theory of the C-C bond to cxtcad this table to a larger number of molecules. An 

cxtcndcd table would give valuable infonnations as to the relative importance ofhybridt- 

ration and bond dclocahzation. Without entering into the controversies on this 

point we shall make some comments from our data: The clectroodiffraction bond 
lengths given in Table I form bases for calculating covalent radii for the carbon atom 

applicable for C-C bonds. The radii arc pvcn in Table 2. Of course the number of 

compounds prcxnted in Table I is not sufftcicnt to draw any far-reaching conclusion. 

On the other hand the given radii and a scrics of similar radii values published by 

other authors*.‘* a indicate the uscfulncsc of the kind of arguments leading to these 

values. 
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If one desires to argue in terms of a-bonds and Icxzalired n-bonds some stmplc 

conclusions may be drawn. The bond shortening effect of a n-bond wn for instance 

he studied. Comparing the three combinations @q#. @sp, and spsp, the bond 
shortening cfTcct going from a single bond to the corresponding double bond is 0.137, 

0.1 IO and MB4 A rcspcctivcly. It is rcasonablc that the cfTect decreases with the 

length of the single bond to bc contract& In a similar way the cfTect of the first and 

second n-bond in an ~psp bond could bc studied. The first n-bond contracts the total 

bond by an amount of 0094 A. The effect of the second bond is 0.076 A. In Fig. I 

the bond shortening caused by one n-bond has been given as a function of the un- 
contracted distance. In this presentation the effect of the n-bond dclocalization has 

of course been ncglcctcd. and thi\ cfkct should according to the usual resonance 

theory bc cxpectcd to be rather large. 

THE sp’-sf C-C SINGLE BOND 

For the study of rcconance effects tn terms of n-bond electron delwalization, the 

qP-.~p’ single bond is of particular interest. Two examples of such a bond are @en 

in Table I. namely for cycle-octatctraenc and for I .3-butadicne. The bond distance is 

found to be 0.021 A larger for I.3-butadrenc than for cycle-octatctracne. This IS a 
remarkable result in view of the fact that the l.3-butadienc molecule is found to be a 
planar WURT molecule while the bond arrangcmcnt around the single bond in cycle- 

octatctracnc is far from planar. the angle between the two - 
c( 

’ planes being 
H 

approximately 60’. This finding, if real. seems lo be an important argument in the 

1’ I. Hplmrn. Arfo Vo’lddolrrvro. 2‘4. (IYSS) 
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dtscusston of the mflucncc of conjugation on the C. C smglc bond length. One must 

seek for arguments IO explain the diticrcnce in the two distances as well as the fact 
that the I .3-butadtenc molecule IS planar. If resorutncc does not result in a shortcnmg 

of the central C- C bond distance, how could it then posstbly be rcspnstblc for the 

planartty? A natural argument might bc sought m the interaction bctwccn hydrogen 

atoms. One might for mstancc expect the hydrogen-hydrogen distanccc in the planar 

1.3~hutadicnc molcculc IO bc parttcularly favourahle. Howcvcr. a rcccnt calculation 

” 8’) I 

carried out by Ftscher-Hjalmars” dots not seem IO support this argument. Accordmg 
to her calculations. conjugation energy plays a more important part than the hydrogcn- 

hydrogen interaction. If the dtlemma IS to be cxplaincd by resonance. the cffcct may 

perhaps hc rclatcd to the cyclic form of cycle-octatctracnc that might favour the 

p-electron delocahzation. One could of course qucstton the reality of the effect. 

Though there arc all reasons to behcvc that the cffcct is real. the authors feel in view 

of the Importance of the problem that a stmultancous rcinvcstigation of cyclo- 
octatctracnc and I .3-hutadtcnc should hc carrtcd through. 

Ths .cp’-cf Gnglc bond h as hccn studied by the clcctronditTr;lction method tn a 

whole serio of molecules where IW aromaltc rings arc linked together. These 

molecules are. for example. btphcnyP and its dcrtvativcs.neu hipyridy1s.m sym- 

triphcnylhenrcnc.” hcxaphcnylbenzcnc.n and 2.2’-dtthicnyl.” Unfortunately the 
bridge C-C bond drstance m these molcculcs cannot be dctcrmined with particularly 
great accuracy by electron diffraction. The rclatlvc contribution of the bridge bond 
to the total clcctron scattering is small. and the distance has to bc dctcrmincd In- 
directly by studying larger mtcrnuclear distance\ between two dlffcrcnt rings. Bi- 
phcnyl Itself IS probably that of the abovc molecules for which the most accurate 
*’ t Fwhcr HJJlmar\. IO he phllrhcd 
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distance value has been obraincd. It was found to be I.489 A with 3 standard devia- 

tion of 00075 A. The molecule seems to be far from rigid. and a rather large 

amplitude of rotational oscillation around the equiltbrium postrion seems to exist. 

Howcvcr. the clcctron_difTraction studies give a clear indication for a non-planar 

cquilihrium conformation with an angle of 416 hctwccn the two phcnyl rings. The 

deviation from planarity tn the gaseous phacc can cas~ly bc cxplaincd by interaction 

between hydrogen atoms. A comparison bctuccn the results of l.3-hutadtcne and 

that of biphcnyl also favourc the idc;r that rcsonancc seems to play 3 Ices Important 

part for the bond dtstancc. The two .rf sp’ C C dtstanccs arc. wtthtn the error of 

the method. the omc in sp~tc of the Ices favourablc ;Ingls arrangement for btphsnyl. 

For the other molcculcs contamtng aromattc rings linked togcthcr uith stnglc 

bonds the clcctron-dtffractton studies cnrricd out so far hardly give suflictcntly 

accurate values for the brtdgc bond length to draw decisive conclustons. Altogcthcr 

about I5 \uch molsculcs have been studtcd with rstults ranging from I.47 to 1.52 A. 
Some of thcsc results have been obt;lincd u\tng older technique and are thcrcforc Ic\s 

rchablc. The only result bcstdc biphcnyl that might bc 3ccuratc enough to bc con- 

stdcrcd rn thts relation I\ that from hcxaphcnylbcnrcnc. The sp’-sPg C-C bond 

length was found to be I.51 5 A.a The cstlmatcd error limit IS 0.015 A. If thts &-\-I- 

ation from the biphcnyl values IS real, the longer dtstclnce might rc;l\onably bc rclatcd 

to the avcragc 90’ angle found bctuccn twodtrcctly linked rings.” The I.51 5 A dtstancc 

should then corrc\pond to an sp’ .rp’ dtstancc free ofp-clcctron dcloc;llization cffcctr. 

Stcrtc cficcts ;Irc of course of great Importance for the conformtitton of the molcculc. 

;L\ mtcractton bctwccn hydrogen atoms no doubt IS rc\ponstblc for the 90’ angle 

bctwccn c;Ich of the pcrtphcrtcal rings and the central ring. Hut al\o tn the orthogonal 

conformatton thcrc arc stcric dtfficulttc\ due to tntcraction bctwccn carbon atoms in 

nctghbourtng pcrrphcrtcal rings. This \tcrtc cffcct I\. houcvcr. probably too small to 

contribute apprcctably to the Icngthcmng of the C -C brtdgs bond. 

A \ystcm;tttc study of the ;Inglc bctuccn ncighbouring rings In the btphcnyl and 

bipyrtdyl group of molcculcs m;ly throw some ltght on the rcsonancc cticct. For 

btphcnyl and 4.4’-btpyrtdyl the deviation from planartty tn the gascou\ %ttc I\ found 

to be as large as 42 and 37’ rcspcctivcly. tt Ths resonance cncrgy that should be 

gamed In the planar form dots not \ccm to be sufficient to ovcrcomc the repulsion 

bctwccn hydrogen atoms. A molcculc of con>tdcrablc tntcrcst tn this connection 

is the 2.2’-bipyrtdyl molcculc. In the fr~nr form this molcculc should bc free from 

\tcrtc difficulties. One should. thcrcforc. cxpcct to find I pure /runs molcculc. This 

IS not the cast. The molcculc dots not seem to cxhtbit any well dcfincd conformatton. 

Thcrc seems to hc a nearly free rotation through large angle intcnals. The roomtncc 

cncrgy dots not seem to bc large enough to keep the 2.2’-btpyridyl molcculc In the 

stcrtcally unhtndcrcd planar /ratIs form. One might ask for the cffcct of the attractive 

force bctwccn the two hydrogen atoms in orrho posttton to the bridge bond. If this 

force ucrc predominating. the molcculc would have assumed an unplsnar rir form 

corrcspondtng to the most f;lvourablc H- H van dcr Waals’ distance. Probably both 

the rrun.~ form and thts unplanar c/r form may correspond to cncrgy minima. but the 

maxima rn the energy curve gtvcn as a function of the angle. does not seem to be 

sufficiently htgh to favour any of the two stable conformattons at the tcmpcraturcs 

applied tn the clcctron dtffractton experiment. 

A grnup of molcculcs of intcrcst tn thts conncxton arc the 2.2’Jthalobiphcnylc. 



Electrondiffraction studies lead to the surprising result that these molcculcs prcfcr a 
near ci.c instead of a near 1run.s conformation. The inter planar angles found are 60”, 

74’. 75’ and 79’ for the fluoro-. chloro-. bromo- and mdo-derivatives respectively. 

(Angle zero refers to the planar cis form.) Ostl The conclusion to be drawn is that 

attractive van dcr Waals’ forces of the London force type and not the rcpulsivc dipole 

forces play the prcdomtnating part for these molcculcs. Conclusions along the same 

lines wcrc obtained by Hampson and Weissbcrgcr from their dtpolc moment mcasure- 

ments.g 

Of particular interest for our understanding of the influence of environment on the 

carbonarbon bond arc studies of molecules containing halogen atoms or other 

negative groups in the ncighbouring position to the bond in question. Unfortunately 

the litcraturc describing bond length measurements dots not seem to form the basis 

for empirical rules. The present authors have made a list of approximately 50 molc- 
cults from the litcraturc of the last few years without being able to di\covcr any real 

systematical trends. There arc many cxamplcs indicating bond length cffccts due to 

ncgativc neighbour atoms but the results are often contradictory. For example, m 

hcxafluorocthane indications are found for 3 somewhat larger C-C hond length 

than in cthanc.” On the other hand rcccnt work by Morino and Hirotaj” for hcxa- 

chlortrthanc leads to 3 C -C bond distance considerably shorter than that of cthane. 
In the caw: of ethylene dcrivativcs Morino cf 01. ” have found a C C bond distance 
in tctrafluoro- and I .I’-difluorocthylenc somewhat shorter than the cthylcnc distance, 

while microuabc ;Ind infra-red work by Douli@ for I.1 ‘-dIbromocthylcnc lead to 3 

distance slightly larger than that of cthylcnc. It seems to bc very difficult to find a 

ainglc theory that can explain the various shortenings and lcn@hcnings obscrvcd. 

The fcclmg of the prcscnt authors IS that considerably more systematic cxpcrimental 

work should hc carried out in thi\ field bcforc thcorctical explanations arc aimed at. 

It might bc mcntioncd that prchmmary rc\ultc in this laboratory for l.2-dichloro- 
cthanc and l,2-dlbromocthanc mdtcatc 3 shortening of the C -C bond compared 

with that of cthanc.= The ohrcrvcd \hortcning is. howcbcr. only 0.02 A instead of 

the earlier rcprtcd shortening of 0.05 Au for the chloro compound. 

RINGS AND BF.NT BONDS 

To study the mfluencc of the \o-caUcd bent bonds it IS important to measure the 

C -C bond lengths with the htghcst poshiblc accuracy. The most important molecule 
in this connection IS cyclopropanc. Three indepcndcnt clcctron-diffraction studies 
have been carried out on this molcculc during the last few years. The structure 
par3mctcrs arc : C-C distance I.509 A. C-H distance I.091 A. and HCH angle 

113.8”. The estimated error limits arc .i OXlO A. _=O.Ol A and : 2’ rcspcctively.” 
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8’ Y Mormo. K. Kuch~tru and T. Shlmanouchl. 1. Chrm. Phyr 20. ??6 (IPS?) 
*‘I M. Dowlmg. J. Chrm Ph,s. 16. 211 (1957). 
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For cyclobutanc the best C-C and C-H distances obtained are I.548 A and I.092 A 
rcspcctivcly.S The rather large C -C distance value is probably related to the 

repulsion bctwccn two carbon atoms in diagonal position. For cyclopcntanc a C--C 

distance of I.539 A is obscrvcd. J This is nearly the same as that observed for cthanc. 
Both the cyclobutanc and cyclopcntanc molecule seem to deviate from the sym- 

metric form with a four respectively fivefold 3x1s of symmetry. This deviation seems 

to affect both the hydrogen 3toms and the carbon atoms. Both moleculcc exhihit 3 

non-planar carbon skclcton. 

COh’DFNSLD AROMATIC RING SYSTEMS 

F.lcctron diffraction studicc on naphthalenc. anthraccne, and coroncncTSm have 

been carried out, and the rcqults are compared with those obtained by Cruickshank 

CI ol. usmg X-ray crystallographic methods.” Really reliable v3lucs habe been 

ohtaincd only for naphthalcne. and they corrcrpond very satisfactorily with those 

ohtaincd by Crulckshank 41 01. Naphthalcnc should. thercforc, be 3 good ww for 

testing v3rious theoretical approaches. 

It IS interesting to note the increase In the avcrclgc C-C bond distance with the 

size of the molecules. The avcragc C C bond dlstanco found by electron+!ifTraction 

studlcs for kn7cne. naphthalcnc. anthraccnc. and coroncne arc: 1.397. 1401. I.408 

and I.415 A rcspcctivcly. One could include graphite in this list with its C, -C bond 

distance of I.421 A. By comparmg graphite with the aromatic molecules mentioned 

one should. howcvcr. keep in mind the princip3l dlfTerencc th3t exists. In graphite 

p cIcctron\ no doubt pl3y home p3rt in keeping the layers in the lattice togcthcr. For 

the free molcculcs as studlcd In the v3pour phase all the p clcctrons 3rc cngagcd 

wlthin the molcculc. 

FRLL AND RESTRICTED ROTATION 

The problem of free 3nd restricted rotation around a C-C bond is no doubt 

greatly dcpcndcnt upon the bond cnvironmcnt. A large amount of expcrimcntal 

work has been done In this field and rcvicw ;Irtlclcs *.(I and book\” h3vc been devoted 

to the problem. The problem w3s also partly dlscusscd rarlicr in this article. The 

only question we w3nt to rrisc in this conncxion is the following: Do carbon carbon 

bonds around which thcrc i\ cntlrcly free rot31lon exist at all’? One could think of 

molcculcs of the type as hutyne-2. The sp’-sp C C bonds at the two ends of the 

molcculc should not lcad to rc>trictlon and the central triple bond should according 

IO well cstabll>hcd bicws have cylinder symmetry. Further the distance hctwccn the 

two methyl groups should bc so large that no apprccinhlc stcric cfTcct should hc 

cxpcctcd. Klcctron-JilTraction studies on I .4-dihromohutync-Z” and I .4dlchloro- 

butvnc-Y’ have been carried out. No detcct3blc restriction IS ob\crvcd. Electron- 

dlfT;actron \tuJics. howcvcr. can not cxcludc 3 posslblc cxistcncc of 3 small potential 

barrlcr of say 100 200 c3l:molc. 

” A Almcnnangtn. 0. Hurwvcn and P. N. Skanckc. Art0 Ckm Scam/. In prtrr. 
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‘* D W J (‘ruarklhank and R A Spark%. Pror. Ror. Soz. A W. 270 (1960) 
” S MIzu\hamr and f. Shamanouchl. AM. Rec. Phrs Chrm 7. Us (I95b). 
‘I 0 Hastmnun and F W Lund. Ann. Rtt. Phts (‘hem. 10. 31 (1959) 
” 5 Mlrushlma. SIIYCIYII o/ .Ifolrrulrs nd I~~trrnol Rororlorr. Audcmw Press. New York. (1954) 
” A Almrnnlngcn. 0 Harrlrnun and 1: Hanhhrrgcr. Arro Chrm Scud II. ION (1957) 
‘* K Kuchllw. Rvll Chrm .So,r /upon 30. )W (1057). 



SOML: CONCLI:DI’JG RFMARKS 

The present contribution has come out more as a series of statcmcnts on expcri- 

mental results than a real dtscu\slon of the thcorctlcal aspects Involved. The authors 

have con\idcrcd this as their mam task. 

In concluding, WC want to cmphaslzc agam the errors that occur tn any expcrl- 

mental result. Hcmg among those who arc putting out distance \alucs and other 

structure parameters on the market for the use by theorctlclans WC feel particularly 

rcspon>ihlc on rhls point. II should bc rcmcmbcrcd that prcclslon mca$urcmcnts of 

structure paramctcrs arc dlflicult to carry out. but it IS SIIII more dlficult to g~\c a 

realistic cv;lluation of the error Ilmlts. Calculvtton of stand;lrd dc\iatlons g~vcs no 

doubt a good indtcatlon of rhc rclatlbe error m various distances in the same molcculc. 

and the study of rcproduclhillty ~IVC\ 3 good Indlcatlon of the rchahillty of the method. 

Howsvcr. each molcculc prcxnts the investigator with new problems rind cvcry new 

expcrlmcnt may bc obscured by uncxpcctcd Irrcpularitlcs. 

Thcsc warning% arc hoped to help avoidins claboratc thcorstlcal calculations to 

bc based upon expcrlmcnt;rl sffcct~ of dubious cxetcncc. llnfortunatcly many of the 

most intcrcstlng effects from a thcorctical point of \ICW corrcspnd to structural 

changes on the llmlt of the sxpcrlmcntal methods. 


