
THE VARIATION OF CARBON CARBON BOND LENGTHS 
WITH ENVIRONMENT AS DETERMINED BY SPECTRO- 
SCOPIC STUDIES OF SIMPLE POLYATOMIC MOLECULES 

m A brlcf and crwal rcweu of Ihe spcaroxopc method of dctermmmg molcdar sttucbrcs 
II given T?K d~fficult~a and pmcm cxpcnmental ~ccunc~cs ol the method arx (IIYu~.& and com- 

pansons wtlh rva~lablc JPTnctlon v;rlua are made. Spcctroscoplc data on wbonxarbon bond 

lengths (accurate to 0 005 A) which hare ban accumulatcJ In rcocnt yun are summarl& These 

show a rlmpk Jcpcndcnce on bond cmtronmcnt. namely. Ihat bond lengths mcrcsc Imealy wtth an 

mcreau In the number of adjaczn’ bond% 

IN1 RODUCTION 

RI (.I 3 I dcvclopmcnts In cxpcrlmcntal tcchmqucs and in interpretation of cxpcrlmental 

data have Icd IO improbcd accuracy in the detcnnmation of molecular structure 

paramcrcrs by spectroscopic and diffraction studies. Thus at the prcscnf tlmt bond 

lengths in simple molcculcs can bc given IO an accuracy of ::OXIO5 A or bcttcr. This 
accuracy has made it meaningful IO assemble values of bond lengths in rclatcd molc- 

cults and justifies an attempt IO dcrlvc rclarionshlps between bond Icngths and various 

other bond propertics. 
A dcpcndcncc of the CC single bond length on environment was first rccogmtcld 

by Hcr&crg. Patat and Verlcgcr’ In 1937. From an analysis of the photographic 

tnfra-red spectrum of mcthylacctylcnc, they showed that the C. C bond length 

in mcthylacctylcnc was 1460 A 3s compared to I.540 A for the C-C bond length in 
cthanc. Further cvidcnce of the variation of the CC single bond length wa, rcportcd 

in 1939 by Paulq. SprIngall and Palmcrl from thclr clcctron dlfiractton invcstlgatlons. 

A depcndcncc of the CC double bond length on cnvironmcnt was first shown by 

Ovcrcnd and Thompson3 in 1953 from thclr study of the infra-red spectrum of allcnc. 
They found a C C bond length of I.30 A In allcne as compared with I.34 A in 

cthylcnc. 

In rcccnt years abundant data based on infra-red. mlcrowavc and Raman spectra as 
well ;I\ on clccrron diffraction cxpcrrmcnts have been accumulated which confirm the 
varlatron of CC bond lengths with cnvironmcnt.‘.; An analysis of thcsc data has Icd 
IO an empirical relation5 for this dcpcndencc. namely, that the C-C, C-- C and 
C- H bond lengths incre3sc linearly with increase in the number of adjacent bonds 
(or adjxcnt atoms). 

’ 6. Hcrrbcrg. F. Pata1 and H. Vcrlcgcr. 1. Ph,t~ (‘hem 41. 121 (1937). 
* L Paulmp. tl I) Sprmpall rnd K. J Palmer. J Amrr (kern Sor 61. 027 (IVNI. 
’ 1. Ovcrcnd and ti. W. Thompson. J Opr. Sor Amrr 43. IOb5 (1951). 
’ C; Hcrrhcrg and B P StolLhcfi. hrturc. Lvnd 17S. 79 (19331 
’ (’ C’ (‘O\IJI~ and B P StolchcfT. J Ckm PA!J 30, ?77 (I95V) 



It is the purpose of this paper IO re\Icw very briefly the prcscnt status of cxpcri- 

mental values of carbonerbon bond lengths in simple polyatomic molcculcs. A 

summary is given of the most accurately known C - C. C C and C=C bond lengths 
determined from spectroscopic studies. An attempt is made to assess the deficicnclcs 
and accuracy of the spcctrosccoplc method. and spectroscopic values of bond lengths 

are compared with available clcctron diffraction balucs. Finally, it is shown that the 

collected spectroscopic values confirm the simple relation. given abosc. of the dcpcnd- 

cnce of carhonxarbon bond Icngths on the number of adjacent bonds. 

RFVICW OF THE SPk.CTROSCOPIC METHOD 

In principle the spectroscopic method of determining molecular structures is 

simple and straightforward. From the molecular spectra (infra-red. microwave, 
Raman or electronic spectra) one obtains the rotational constants for a given vibra- 

tional state of the molecule under study. Thcsc are csccntially reciprocals of the 
moments of inertia averaged over the vIbrational state. When the rotational constants 

of a sufficient number of vibrational states arc known it is possible IO determine the 

constants for the equilibrium state (i.c. the minimum in the potential cncrgy surface) 

and hence the equilibrium moments of Inertia. The equlllbrium structure can thca 

bc dctcrmincd in IWO ways: (I) by solving a SCI of simultancout equations of the 

moments of inertia for xvcral isotopic species of the molccuIc.* the number of 
equations being equal to the number of unknown structural parameters.” or (2) 

alternatively. one can use the method described by Kraitchman’ whcrcby the cquillb- 

rium position of each atom in a molecule is dctermincd fromthc diffcrenccs in the 
moments of inertia of two isotopic spccics of the molecule with the isotopic sub 

stitution being made for each atom in the molcculc.? The two methods are cntircly 

cquivalcnt. 

Following thlq brief discusston II ma): bc well to cmphaslzc several points about 

equilibrium structures. Firstly, molecular spectroscopy affords the only known 

means of dctermimng equihhrlum structures cxpcrimentally. Secondly. thcrc is no 

ambiguity in the definition of equilibrium parameters and thcrcforc the accuracy in 
evaluating thcsc parameters IS limited solely by cxpcrimcntal inaccuracies. With the 

best cxpcrlmcntal tcchniqucc of today, equilibrium bond Icngths can be glvcn IO 

~0301 A or bcttcr and bond angle to t_ 15:. 

In practice. howcvcr. the expcrlmental problems of ohtammg such complete 
spectroscopic data for dctcrmining the equilibrium structures of plyatomic molcculcs 
arc formidable. Up to the prcscnt tlmc. the equilibrium structurcc of only the few 
polyatomic molcculcs I~stcd in Table I have been reported. 

On the other hand, spectroscopic data on the rotational constants for the ground 
vibrational states (I:, 0) of molcculcs are more easily obtained. and values of thcsc 

l For 411 dtrtomic molccukr xnd for Imexr rymmctrlc toatomtc mokcukr xx well xx for some wmplc 
rrymmctrtc top molccukx (xx for cxrmpk those hstcd m Txbk I) only the constxnts of one mokcdxr 
spccto xrz ncasury to dctctmlne the compktc structum. 

* Smcc one cxn u%c the tint moment cquxt~ons m rddttlon to the moment of mcrt~x cqrutlons. the 
number of~,otop~c rubsltutlons cxn be rcducdd.’ The mmtmum oumkr of substltutlons 1% r(-2 for Imew And 
pllnrr x\ymmctrlc top mokculcr xnd n.1 for non-pluw uymmttrtc top molecules. whcrr n 8s the number ol 
atoms In the molecule. 

* G. Ilcrd%rg. Infiord und Romm Sprrrro o/ Polyoromrc Molrrdrr pp. 19% 434. 40 Van Nostrand. 
Prmaton (1943) 

’ 1. Kr~ltchmxn. Amer. J Phtc Il. 17 (105)~ 
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constants are known for many polyatomic molcculcs. The ground state rotational 

constants give values of the “cffcctivc” moments of inertia or more prccixly. they 
give average values of the reciprocals of the corresponding moments of inertia 

averaged over the rrro-point vibrations.* II is the USC of thcsc “effccttve” moments 

of inertia that can lead to difficulties and sometimes IO uncertainties in structure 

detcrminattons. 
The two methods for dctcrmining cquiltbrtum structurcc. given above. can also 

bc used for detcrmintng “effective ” structures. In the first method one solves a set of 
simultaneous equations for the effective moments of inertia of several isotopic 

molcculcs and obtains the “effective” or “f,,” structure. Howcvcr. a fundamental 

differcncc artscs hcrc: while it is expcctcd that equilibrium tntcrnuclcar distances (I,) 

in isotopic molcculcs arc the same (to bcttcr than : 0401 AI, it is known that effective 

intcmuclcar dtstanccs (I,,) need not bc exactly the same stncc the amplttudcs of the 

zero-potnt vtbrations arc different in dtffcrcnt isotopic molr~ules. The conscqucnccs 

of thcsc “lero-point vtbratton effcc~s” arc well known.6.8”.10 One obtains slightly 

different “ro” structures when solvmg equations for diffcrcnt sets of isotopic molc- 

CUICS,“~~~ the dtticrcncts bcmg largest when isotopic substttution has been made for 
an atom near a principal axis (wrthm about 0.2 A). or when the positions of hydrogen 

atoms arc dctermincd without dcuterium substitutton. also. amhiguitics may arise 

bccausc of the tnertial defect for planar molcculcstO and because ofanalogous factors 

for non-pl3nar molcculcsg 

Obvtously WC must discuss the question of just how much the “ro” structures 

differ from the “I,” \tructurcs. A comparison I\ made tn Table I for all polyatomic 

molecules whose cqutltbrium structures are known. It is seen that the “rO” values are 

no more than 0405 A Iargcr than “I,” and tn most cases the ditfcrenccs arc much Icss. 
(It may bc mentioned here that thts good agrccmcnt in “ro” and “I,” is found in 311 

but a few of the known dratomic molecules. Of course. of ncccssity, one would not 

cxpccl “foe’ and ‘*r,” to bc the same in H,. the Itghtot molecule. but even so thsy only 

differ by 0009 A.111 Unfortunately. only this ltmitcd comparison IS posshlc at the 

present time for polyatomic molecules but the closeness of the “ro” and “r,” values 

shown here appears to confirm the Micf of many spectroscopists that “rO” structures 

are tn fact very good approximations of the cquilthrtum structures. 
Even bcttcr agrccmcnt with cquiltbrium structures I\ obtamed by the second 

method of dctcrmming structures from ground state rotational constants. It is baud 
on Krattchman’s equations’ and the resulting cffcctivc structures are labcllcd “I,” 

structures. Costain’O has recently advocated thts method and has given a detailed 

dtscussion of its advantages over the first method illustrated by several convincing 
examples. In thts method one detcrmincs the co-ordinates (in the principal 3x1s 

system) of each atom indepcndcntly by making isotopic substitution for every atom 

in the molcculc. In the calculations the diffcrenccs of moments of inertia of IWO 
isotoprc species arc used and this results in a reduction of the zero-point vibration 
effects. It is found that the **r,” structures are almost indepcndcnt of the isotopic 

l Any ground slate roraclonal conrlanl (for example 8,) I* dcfincd as B, - 
We M.$ 
L see ref. 6. p. 161. 

’ C. II. TOWIKS and A. L Schawlor. .%f~rm~ow .Xprrrrorrop~ p J? V&raw-.ll~ll. NW York (1955) 
’ V. w’ Lure. J. Ckm Phvr. 28. 704 (10%3). 

” C <‘. Costaln. 1. Chum. Phyf 29. I64 (1950. 
” R P Stoachcff. Cad. 1. Pk,vs. I)$ 710 (1957). 
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spcc~cs used to dcterminc the structures: that I\, the consrstcncy of the **I,” \tructurcs 

dctcrmincd from diffcrcnt sets of rsotopic spccics IS within ! 0401 A.‘oJ* Also. the 

errors in dctcrming the co-ordmates of an atom arc rndcpcndcnt of the mass of the 

atom: thcrcfore hydrogen atom position\ are located with the same prcclslon as 
posrtions of heavier atoms. As in the first method, errors may arise from the rncrtral 
dcfcct or from substitution on atoms near a principal 3x1s. In practrce. the most 

rcliablc distances arc those for atoms farther away than about 0.20 A from principal 
axes. i-or atom, closer than 0.20 A. the posrtions can be rclrably dctcrmrned by the 

USC of the first moment cquatrons rf the posrtions of most of the othsr atoms have been 
determined: or when sutfrcicnt data arc avarlabls, namely moments of inertia of 

doubly substituted atoms, one can use the second diffcrcnccs of the moments for 
locating “near-axis” atoms. t3 Other advantages arc that partial structures may he 
determmed by making isotoprc substrtutionr only on atoms whew position\ are 

required and that probable errors can bc given for the co-ordinates of each atom. 

At present. Isotopic substitution at each atom IS not always fea\rblc. In spite of thus 

drfficulty II IS possible to dctcrminc “I,” structures by mrcrowavc spectroscopy since 

its high wnsitrvity and hrgh resolution permits the study of many isotopic molecules 

in their natural abundances. In mfra-red and Raman spectroscopy. however. isotopic 
substitutron is almost solely restricted to rcplaccment of hydrogen by dcutcrium. 

A comparison of “I,” and “I,” structures is made in Tahlc I. It is \ccn that the “I,*’ 
values arc within :. OXM)3 A of the cqurlrbrrum valuc~. 

In concluGon. the prc\cnt status of the spectroscopic method of dctcrmrnmg 

molecular structures may be summarized a\ follows. The cqurhbrium structures of 

less than ten polyatomic molecules arc known. Unfortunately, progress In this 

important field is slow and for a long trmc to come WC shall have to bc content wrth 

structure paramctcrs obtained from ground state rotatronal constants. Whrlc the 
drficultics and limitation\ of such ctructurc dctcrminatlons arc rccogmzcd thcrc i\ 

considerable rcacon for optrmrsm with the “r,” and “r,,*’ structure paramctera. The 

available data (Table I) show that thcuz paramctcr\ arc the same as cquilrhrrum 

parameter, withrn OIlO5 A for bond Icngths and I for bond angle\. the “I,*’ values 

being somewhat hctter than the *‘I,,” \;lluc~ It IS thi, closeness of “I,” and “rO” 

v3lues to *‘I;’ valucc which now m;lkc\ worthwhrlc the collection of bond Icngths in 
related molcculcc in or&r IO look for po,s~hlc rcl;ltron\ with bond propcrtrcs. 

COMPARISOX OF SPFCTROSCOPIC A5l-J DIFFRACTION 
STRUCTURAL PARAMETLRS 

While the present paper is intended to deal primarily with spcctrowopic structure 

dctcrminations it is of interest to compare hricfly the avarIable dIffractton and spcctro 
scop~c data. Such comparison\ may be of importance in e\tahlishrng poscihlc diffcr- 
cnces in apparent structures Jctcrmrned by thccc two cxpcrrmcntal methods. In 
Table 2 arc lictcd the diffraction and spcctro\copic values of structural parameters rn 
scvcral Gmplc molecules. Only those values arc included which wcrc conGdercd by 
the orrgmcll invotrgators to bc accurate IO . t)405 A rend : I ‘. Al\o. the rcqult, of 
as many invcstrgators as pos>iblc arc rncludcd In order IO test the rcproducibrlrty of 
structure dctcrminatrons. 

‘I C. <’ Corcan and J K Horton. J (hem Ph,j 31. !I)Y (1939) 
” L PICKC. J Yol Sprcrwrrop,r 3. 573 (19191. I. c’ Krurhcr and L Pacrtc. J ( hrm Phbc 32,lhlO (IY60) 
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It is xcn that most of the values agree to wrthin the cxpertmcntal accuracy quoted 

above. Such good general agreement amongst the several different cxpcrrmental 

tcchniqucs and amongst the vartous authors using the same tcchniquc is encouraging. 

Yet thcrc are tome significant differcnccs which bear closcrsxamination. For cxamplc. 

the ditTraction values of the CH bond lengths In Ctl, (and CD,) as well as in CH,CI 

arc bctwecn OX)10 A and 0.020 A larger than the corresponding spcctroscoptc values 

and thcrc IS a discrepancy of about 2^ in the valuck of the HCH angle In C,H,. Thcsc 

diffcrenccs arc scvcral ttmcs the cxpcrrmental errors given by the ortgrnal Investigators 

and appear to support the su_ggestion that thcrc may bc significant diflircnccs In the 

results of spcctroscoprc and drffraction structure detcrmrnatrons. Such diffcrenccs 

may bccomc more apparent as the accuracy of both techniques is improved and would 

bc more conclustvc if clcctron dIffraction data for diatomic molcculcs wcrc available 

for compclnson wrth existing spectroscopic data. According to the results In Table 2, 

thcrc appear to bc small ditTcrenccs ;Imongst drffcrcnt cxpcrrmcntcrs using the same 

methods. for cxamplc in the spcctroscoprc values obtained for the C- C bond lsngth 

in cthanc. and in the diffraction values of the C -C bond length In n-hutanc. IXffcr- 

enccs of this kind c;Ln only mean that further efforts arc ncccswry by all invcstrgators 

to adcqu;ltely 3s~~ and to rmprovc the accuracy of cxpcrrmcntal values. 

In \prtc of the gcncrally good agrccmcnt shown in Table 2 bctwcen the drffraction 

and spcctroscoprc values of molecular \tructurcs. the main conclusrons of this paper 

arc based on spcctroscoprc rcsuIt\, not only because they arc more plcntlful but also for 

the sake of consistsncy. For the sake of complctcnos. howcvsr. the available clcctron 

diffraction values arc included In the prcscnt comprlation. 

SUMMARY C-II- CARBON-CARBON BOND I ENG’tttS IN 
SIh1PI.F POI.YA robtIc hl0LLCULF.S 

The most extcnsrvc collection of CC bond lengths covering the period up to 1955 

was published by Sutton et 01. I’ in 1958. This collcctron includes all the CC bond 

lengths bclicvcd to be known to :.0X)2 A or bcttcr. Shorter compilatmns of values 

known more accurately have also been given :‘.‘.I’ one of thcs@ Includes only those 

values believed to bc accurate to +:WO5 A or better. The prcscnt collection of bond 

lengths forms an cxtcnsion to the latter paper. 

Tables 3 and 4 contain the CC hmd lengths of all the gaseous polyatomrc molc- 

culcc for which accurate data arc available. Table 3 includes open cham molcculcs 

and Table 4 cyclic molcculcs. The quoted bond lsngths ;1rc considered to bc the best 

values avarlablc at the prsxnt time. Most of the values arc reported to bc accurate 

to at least i OJIO5 A. A few values which arc less accurate (to only : 0.01 A) cithcr 

because of larger experimental error or bccaux they arc not indcpendcnt of some 

assumptions. have been included and arc correspondingly labcllcd. As mentioned in 

the preceding section. most of the data have been obtained from molecular spctra. 

mainly from microwave spectra. The values arc all “r,” or “rO” paramctcrs dctcr- 

mined from ground state rotational constants. Electron diffraction values (also 

rcportcd to be accurate to ~0.005 A or better) arc included in Tables 3 and 4 to 

I* 1.. E. Sutton. D G. Jcnkm. A. D Mltchcll. L C Crcnr. 11. J. H. flown. 1. I)onohuc. 0. Kcnnrrd. 
P J Wkarlcy and D. H Whlffin. TobIer of Inrrroromtc Ih~canrr~ orrd Confi~worron ,lt .b4olrc~lrr and 
hnr The Ckmrcal Socwty. I.ondon (1938) 

” H G &own. TIOIU rbruihr Sur 55. 694 (IVW) 

? 
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indicate their trend with changes in bond environment. A summary of CH bond 
lengths in simple polyatomic molecules is given in ref. 5. 

DEPENDENCE OF CC BOND LENGTHS ON EKVIRONMENT 

An examination of the bond lengths given in Table 3 confirms the conclusions of 

several recent investigations, namely, that the bond lengths for a given bond environ- 

ment arc remarkably constant in different molecules. This appears to bc true even m 

the few cxamplcs where atoms of very different clcctronegativities arc adjacent to the 

CC bonds. For the C -C bond length. a small change is indicated when Cl. Brand F 
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atoms are adjacent to the bond. But the scarcity of such data does not allow any 
conclusions to be drawn, at present. on the dcpcndencc of CC bond lengths on 
diffcrcnt adjacent atoms. The bond length data on ring compounds (Table 4) are 
also scanty and little can bc said concerning a dcpcndencc on environment. 

The data on C-C and C C bond lengths confirm the earlier conclusionP that 

the bond lengths change systematically with the changes in bond cnvironmcnt: 
spcc~fkally. the bond lengths increase linearly with increase in the number of adjacent 
bonds (or adjacent atoms). These relationships arc shown in the graphs of Fig. I. 
Most of the values for the C. -C bond lit within Y 0405 A of a straight lint given by 

the equatton r(C -C) = I.299 ’ oG40 n n=2.3..6 

(whcrc )I IS the number of adjacent bonds) 
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All the values for the C. C bond lit close to another straight line given by the equation 

ICC&) I .226 + 0.028 n n -. 2. 3. 4 

Thus an analysis of the available spcctroscoptc data has given empirical rclattons for 

the avcragc or “normal” bchaviour of C-C and C--C (as well as C HY bond 

lengths. 
There apFar to be a few exceptions to this bchavtour for the C - C bond. These 

include the values for butadiene. acrolem and propynal. ths latter two being “I,” 
values. The value given for butadienc is an “rO” value but unfortunately is based on 

assumed ethylene parameters for the two CH CH, groups. There is also, apparently. 

/ 
a rather wide range of values for the -C, C-.- bond length: thcsc may bc grouped 

into three values. I.539 A (r,,, ethane): I.533 A (I,. ethyl fluoride) and I.526 A (I,. 
propane. isobutane). The discrepancy between the cthanc and propane-isobutane 

values appears to be too large to be accounted for by a difference in “I,” and “lo” 

values: one might perhaps cxpcct a difference of at most OX)05 A and hence an “r,” 

cthanc value of about I.534 A. A closer look at the isobutanc structure dctcrmination 

shows that the off-axis C atoms are only 0.10 A from the .r-_ro plane (dctermincd by C’s 

substitution) and their positions arc subject to appreciable error. perhaps in the range 

of 0.010 to 0.020 A. It is known that the “I,” method errs in gtving an apparent 
co-ordtnatc which is too small for “near-axis” atoms and thus it is possible that the 

C-C bond length in isohutanc may bc as large as I.532 A. The short C C bond rn 

propane is rcminisccnt of ths short CH bond in mcthane.5 the latter being approxi- 

mately 0411 A shorter than the CH bonds in cthanc. methyl acetylene and methyl 

cyanide. 
No attempt has been made in this paper to explain the dcpcndcncc of CC bonds on 

cnvironmcnt. Other authors have attempted to explain this dcpcndcncc in terms of 

various descriptions of the carbon atoms and their environment. For cxamplc: 

Somayajulu” and notably Brown’s and Dcwar and Schmeisingl” discuss this depcnd- 
encc prcdomtnantly in terms of hybridiation: Bcrnsteint8 in terms of n-bond orders; 

Mullikcnt’ in terms of hybridization with appreciable contribution form conjugation 

and hypcrconjugation; Bak and Nygaard I) in terms of hybridization and clcctron 
delocalization; Wtlmshurst” in terms of hybridization. bond order and ionicity; 
and Bartcll- in terms of van der Waal’s interacttons between non-bonded atoms. 

It is very difficult to test the validity or to determine the rclativc importance of 

thcsc various concepts. This has not been the purpose of the present paper. Rather. 
the atm has been to establish cxpcrimcntally the cxistcnce ofa dcpcndence of CC bond 

Icngths on their cnvtronmcnt. 

I am grateful IO Dr. Ct ilm7acrr; and Dr C. C. CMAIN for rmny helpful dacucr~onr on rhtr 
SUhFCl 

‘* M. J S Dcwrr and Il. N. Schmci~mg. TefroLkom S. 166 (1939): II. 96 (1960). 
” G. R Somayqulu. J. C&m. Mrs. 31. 919 (1939). 
” II J ikmstcm. J Phrs. Chrm 63. 565 (1959) 
I* R S Mullatcn. Tefro’r)r&orr 6. 68 (IPJP). 
** 8. BJ~ and I Hanun.h’yparJ. 1. C&m. Phys. 33.416 (1960) 
‘I J. K. Wtlmrhurtt. J. Chrm. Phbr 33.813 (1960) 
” I. s. BJndl. J Amrr Chrm SO< 81. 3497 (1939) 
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u W. S. Bcnc&ct. N. Gallrr and E. K Ylylcr. J <hem P~)Y U. 1139 (19%) 
” W. S. Bcncd~ct and r. K. Plylcr. <brod J #%,I 35. 1235 (1957) 
*’ M. T. Chrlctcnun. 0 R talon. R A Circcn and H W Thompson. Pwr. /to, Sot A W. 15 (1956). 
‘* I. II Callomon and B P Sto~chcff. Ccrwrl. J /%*I 35. 173 (1037) 



P.aramctcr 
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NH, 

F;D, 

cti, 
CD, 

c,tt, 

CII,CI ’ 

c,ti, 

Cd, 
( AllCnc) 

C,% 

r(NHl 

r(NDl 

r(CH) 
r(CDJ 
r(CH) 
r(K) 
-.(HCtI) 

Irv.3I) 

l?(Cc‘I) 

Ir(Ctl) 

Ir(CC1 

Ir(CC1 
IrKto 
L(C’C’J 
‘r(m) 
If(CC’) 
‘r(CII, 

- - 
I 0173 I” 
I 015s 1” 
10940 R” I 0941 I” 
I 092, R” 

I Olv- 

I 017H I 
I 107.” 

I IO?,” 

I on4 u 

I 312, 

I 15 20’ I I 
I 1141” 
I 70’ 
I 1071” 
I 5361 
I 3121” 
I 082’ I On0 I” 

I I 393” 1 39,“ I 3971” ’ I 397(R” 
IO831 1 lOKJ( 

I 5331’“l S-M-II” 
I IOX’ 1100’ 

low, IM’O 
17812’ 
I lO?ll’~ 
l 5431 I 04 I” I 53X R” 
I 3OY R” 

l All values hare been obwncd hy clcItron J~tTrasc~on cxperlmcntr with gascow molcculo. the only cxccp. 
loon bcq the CC bond lcnpth In knzcnc whwh was oblrmcd hy x.ray dlflrrctlon cxpcrlmcntr ~8th 
knrcnc crystaIr. 

* The rpcaro~~op~c VJIUCI hare ken obtalncd by mranr of mfrr.rrd (I) Raman (R) and mwrow’avc (M) 
spc<tra of ~awour molcculcs 

’ I hc upcrwrlpcs arc r&raw numbcrs 

a0 A Almcnnmgcn and 0 Ra\Iwwn. Rrs Corrr~pondrrrrr 9. 35 (1956) 
‘1 I S R~rtcll. K Kuchltw and R J de hcul. 1. Ckm Yh,s 33. 1254 (IOH)) 
” M A. lhomas and H I Wclrh. <unorl J Phvs J8. 1291 (l960) 
” K. T tlccht. 1. Mol Jpr,tru,r~,r 5. 390 (IOhoJ 

” (i (i Shepherd and H L Uclth. J .Sld Spr~rrowop~ 1. 277 (1937) 
” I. 5 Bar~ll and R A Ronhrm. J Chrm Phbj 31. 4OO(I9Wl 
y H (’ Allen and F K Plylcr. J Amrr. Chrm Sor #). 2673 (1058). 
” J M 1)owlu-q rnd B P SlowhclT. (‘no& J Ph,J 37. 703 (IUSV). 
” I S Bartcll and L 0 Rrwkway. J Chrm PhbJ 2.3. 1864 (19311 
‘* A Almcnnlngcn and 0 Basrlanun.Arto Chem Siond 9. 815 (IUYSJ 
a0 ti. r Ilrnun and 0 hf Drnnlson. J. (‘hem Phrr 20. 113 (1932) 
‘I H C. Allen and F. K Plylcr. J Chrm Ph*l 31. 1062 (1959) 
” R P Stol\hclT. CuwJ J Phsr IO k puhhrhcd 
” A Almcnnmpcn. 0 Ha\lunrcn and H Trrt~cbcr#. Atro (‘hem Srcurd 13. 1699 (I0591 
” B P. Stwchctl. CunoJ J Phbr. 33. 811 (1955) 
” D. R Laton rnd H u’ Thompwn. Pour Rob Jar. A 247. 19 (1959). 
‘* 1 L. Katlc. J (‘hem. Phbg 20, O< (195:) 
” I (i C’or. I). W. 1. Cnuckshank rnd J A S Smlrh. Pror RQ~. Ser. A Uf. I (193111 
” A. Almcnnmgcn. 0 Bastlrnscn and L Fcrnholt. K#I .S’or~hr k’d Srlrh .Shr No 3 (IVSA) 
‘* A. LanKseth and B P StolLhcfl. C’uwd J Ph,f 34. 3u) (19%) 
l * W A Ronham And I S Rarlrll. J 4-w (‘hem Sor 81. J4Vl (1959) 
” K Kuchlcw. Bull (‘hrm Sk Japvn 32. 748 (19591 
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cthrnc C,tl, 
cthanc C,H, 
cthanc C,tt, 
ethyl fluorwk CH,Ctt,F 
proprnc Ctt,CH,CH, 
sobutane (Ctl,),Ctl 

- 
I 500\ 

I I WI 
I 501 

I 505 

; I& -oil*’ 
I 472 

1 lJI3~001 - 

I 37x 
I \75 _ - _ 
IW 
I !W 
I 3w 
I 337 
I ?wl 
1 II? 

I 137 
I 113 
I 111 

-- 

1 114 
I309 

I ?I? _ . 
I 34. 

12x0 001 - 
. IZOU 

1 207 
I 205 
I 205 
I 205 

i :;o”: 

1 19x 

I- 

I 

I- 
I .- 
I 

n-burrnc C,H,, 
ClhJm C,H. 
n-hcpranc C,tI,, 
n-he-ant C,H,, 
n-bulanc C,H,, 
n-pcnrJnc C’,H,, 

JCClyl flUOrl& CH,CFo 

propylcnc CH,CtiCtl, 
JCClJtdChydC CH,CtlO 

wbutylenc (CH ,),CCH, 

buladwnc CH,(CH),CH, 
acrolcm CH,CHCHO 

bur4wnc 

mcIh)kcrytcnc CH,CCH 
mcrhylhromoawylcnc Cti,CCBr 
methyl cyamde CH,CCK 
mcthylchlorora~ylcne CH,CCCI 
mcrhykyswxcrylenc CtI,CCCN 

propyn4l CtICCItO 
\mrl cvJnldc CH,CHC’h; 

c)rnoacxlylcnc IICCCK 
mclhylcy~norcclytcnc CH,CCC\ 

rcrolon CH,CHCHO 
ethylene C,H, 
vmyl qaotdc <‘H,CHC\ 
ethylene C,H, 
propylcnc Ctt,CHCtI, 
brnyl chlorldc CH,CttCI 

buwtwnc CH,(CHt,Ctl, 
cthylenc C’,H, 
wbur>lcnc Ktl,t,CCtI, 

Lctcnc Ctl,<‘o 
allcnc Ctt,Cc’tt, 

allcnc CtI,CCH, 

bur;rrrlcnc CtI,C‘C(‘tI, 

carbon wboa~dc (‘$3, 

propynJl CtICCHO 

I 

ra~ylenc C,tl, 
mClh$JWyknC CH,CCtI I 

cyrnoacc~ylcnc t ICCCS 
mcth~lcy~norccrylcne CtI,CCCN 
chkvOJCCl~knC CHCCI 
mcrhylbromorcctylenc CH,CCBr 
flunrc~acct\lcnc CtlCF 

Hcfercncd 
.-- -. - 

1. 40 
H.42 

I. 41 

M. 52 
M. 53 

M. 54 

Lb. JI 
F.D. 3v 

LD, 55 
tC). 55 
1.1). JO 
t.L). 55 

M. 56 

H. 57 
V. 58 

tL). sv 

R. I. 60 
%I. 61 

ED. 62 

M. IO 
‘vi. 63 
M. IO 

M. 64 
M. 65 

hi. I2 
M. 5 

M. IO 
M. 65 

M, 61 
R. 37 
M. 5 
I. 36 
M. 57 
M. 66 

LD. h? 

tL). 3s 
ED. 50 

M. h7 

w. 44 

t..D. 43 

R. 6x 

LI). hV. 70 

M. I2 
I. K. 28. 29 
ht. IO 
M. IO 
\I. 61 

u. 61 

v. 63 

hl. 71 



The varlatlon of carbon-carbon bond lengths 14s 

TABI t 4 A %LMWAIY or cc BOND I ~\(~IHI I\ (‘YCLIC htOI.tc LILEI 

Bond typ I.cngth’ Molcculc Rcferencc’ 

I 549 

I 558 
trnncthylcnc oxide C&O 

cyclobutanc C,H, 

M. 72 

R. 73 

.c’ c 
\ 

I !I! cyclopropcn CH ,KH), .u, 74 

I 

‘. 

‘c -c’ 
I 423 

I 462 

thwphcne C,H,, 

cyclooctatctracnc C,H, 

M. 76 

EL). 75 

I 3Y7 bcnxnc C,H, R. 49 
I 394 pyrldmc C,H,N M. 77 

I.397 benrcne C,II, tl). 48 

I 393 bcnicnc C,H, LD. 46 

\ 
c c 

/ 
I 370 thlophcnc C,H,S M. 76 

c C’ IWO cyclopropenc CH,(CH), M. 74 

Footnotcr for .rdie 1 rnd 4 

l All bond lengths arc an ,i unat$ (I c IO ‘cm) 
* M mxrowaw. R - Ramrn. I mfrr.rcd. FD clccrron dlflrrctlon. 
’ In order to oblrm these r~lucs some of the rlruclural parrmctcrc wrc assumed. 

** R. Bak. S. ktonl. L. HJnun-Nygrrrd. 1. T. h’lclscn and J RastrupAndcrun. Spr4rro~hrm Acto 16, 
376 (1960). 

” D. R. Lade. J. Chtm Phyr. 33. 1314 (1960) 
M D. R. Lode. 1. Chrm. fh>s. 33. I519 (1960) 
u R. A. Booham. L. S. Rar~cll rod D. A Kohl. J Amer. Chrm Ser. 81. 4765 (1939) 
u L. Pwra and L. C. Knshcr. J. Chrm. Phyf 31. 875 (1959). 
” D. R. Lldc and D. Chrlstcnscn. J Chrm Phvs IO k publahcd. 
‘* R W Kllb. C. C 1 In and C R Wllron. J Chrm Phrs 26. 1695 (1957) 
” I S Bartcll and R. ,\ Bcmham. J Ckm fhv~ 32. 824 (19601 
*O f!I 1. Mawr. N. Sheppard and 8 P. StolchctT. Tewoludror I?. 16) (1962) 
(I C C. COttJln and t Chcrnlrk. Prlvrtc commwwatlon (1961) 
** A. Almcnnmgcn. 0. I)rslwwn and M. Trrttcbcrg. Acto C’hrm. Sromf 12.1221 (IOUJ) 
u J Shcndrn. Sympostum on Molcculrr Structure and Spcctrouopy. Columbus. 0h10. t9M 
u C C. Cortrln. J Chum Phys 25. 2017 (1935) 
y L F Thomas. J S. Harks and 1. Shcrldrn. Awh SC/ (Crnrro) IO. I8 (IY57). 
u D. Kwclron and 6. 8. Wlslon. J. C’hrm. Phrs. 32. 205 (1960, 
*’ A P. Co:. L F. Thomas and J Shcrldan. Sprcworhtm. Arra IS. 542 (19S9) 
*’ R P Stolchcff. CarrtJ J. fh,s 35. 837 (1957). 
** 0 Bastwwn. Prlrrtc commun~cal~on (19%). 
” R L. Lwngrfon Jnd <‘. N R. Rae. 1. Amrr Chem. Sot. 81. 285 (1959). 
‘I J Shcrldrn. fax. Chrm Sor 11’4 (IPH)) 
‘* S I. <‘hJn. 1. Zmn and W. D. Gwmn. 1. Chrm. Ph,vs. 34, 1319(1961). 
‘I H C. Lord and B. P. StolchclT. IO k pubhthtd. 
” P H. Kaw. R I. Myc~. I). F Emrr and K B Wlborg. J. Chrm Phrl 30, Sl2 (1939) 
:’ 0 llastranun. L. Hcdbrg and K. Ilcdbq. 1. Chrm. fhyr. 27. 131 I (1957) 
‘* B iiak. D Chrtstcnun. L. Hanun.Ny~rrrd and I. Rastrup.Andcrun. Private communltiatwn (lobol. 

J. \41rl Sprcrro~~pv 7. 28 (l96I) 
n R BJ~. I IiJnUn~NygJJfd and J RarffupAndcrun. J .Uo/ Sprrtr~cropr 2. 142 (1958). 


