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Abstract A bricf and critical review of the spectroscopic method of determining molecular structures
1s given  The difficultics and present expenimental accuracies of the method arc discussed and com-
pansons with available diffraction values are made. Spectroscopic data on carbon—carbon bond
lengths (accurate to 0005 A) which have been accumulated in recent years are summarized  These
show a simple dependence on bond environment, namely, that bond kengths increase hnearly with an
increase 1n the number of adjacent bonds

INTRODUCTION

Ricint developmentsin expenimental techniques and inanterpretation of experimental
data have led to improved accuracy in the detcrmination of molccular structure
paramcters by spectroscopic and diffraction studies. Thus at the present time bond
lengths in simple molccules can be given to an accuracy of ::0-005 A or better. This
accuracy has made it mecaningful to assemble values of bond lengths in related mole-
cules and justifies an attempt to derive relationships between bond lengths and various
other hond properties.

A dependence of the CC single bond length on cnvironment was first recognized
by Hersberg, Patat and Verleger! in 1937, From an analysis of the photographic
infra-red spcctrum of mcthylacetylene, they showed that the C- C bond length
in methylacetylenc was 1-460 A as compared to 1-540 A for the C—C bond length in
cthanc. Further evidence of the variation of the CC single bond length was reported
in 1939 by Pauling, Springall and Palmer? from their electron diffraction investigations.

A dependence of the CC double bond length on cnvironment was first shown by
Overend and Thompson? in 1953 from their study of the infra-red spectrum of allene.
They found a C  C bond length of 1:30 A in allene as compared with 1:34 A in
cthylene.

In recent years abundant data based on infra-red, microwave and Raman spectra as
well as on clectron diffraction experiments have been accumulated which confirm the
vanation of CC bond lengths with environment.** An analysis of these data has led
to an cmpirical relation® for this dependence. namely, that the C—C, C- C and
C— H bond lengths increasc linearly with increasc in the number of adjacent bonds
(or adjacent atoms).

' G. Hersberg, F. Patat and H. Verleger, J. PAys. Chem. 41,123 (1937).

'L Pauling. H DD Springall and K. J. Palmer, / Amer Chem Soc 61, 927 (1939).
? J. Overend and H. W. Thompson. J. Opt. Soc Amer 43, 1065 (195)).

¢ G Hcerrberg and B P Stoicheff, Nature, Load 178, 79 (19595).

P o Costain and B P. Stoicheff, J. Chem PAys. 30, 777 (1959).
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136 B. P. SroicHise

It is the purposc of this paper to review very bricfly the present status of experi-
mental valucs of carbon—carbon bond lengths in simple polyatomic molecules. A
summary is given of the most accurately known C - C, C  C and C=C bond lengths
determined from spectroscopic studies. An attempt 1s made to assess the deficiencies
and accuracy of the spectroscopic method, and spectroscopic values of bond lengths
are compared with available clectron diffraction valucs. Finally, it is shown that the
collected spectroscopic values confirm the simple relation, given above. of the depend-
cnce of carbon-carbon bond lengths on the number of adjacent bonds.

REVIEW OF THE SPECTROSCOPIC METHOD

In principle the spectroscopic method of determining molecular structures is
simple and straightforward. From thc molecular spectra (infra-red. microwave,
Raman or electronic spectra) onc obtains the rotational constants for a given vibra-
tional state of the molecule under study. These are cssentially reciprocals of the
moments of incrtia averaged over the vibrational state. When the rotational constants
of a sufficient number of vibrational states arc known it is possible to determinc the
constants for the equilibrium state (i.c. the minimum in the potential energy surface)
and hence the equilibrium moments of incrtia. The equilibrium structure can theo
be determined in two ways: (1) by solving a set of simultancous equations of the
moments of inertia for several isotopic species of the molecule,® the number of
equations being cqual to thc number of unknown structural paramecters,® or (2)
alternatively, onc can use the method described by Kraitchman? whereby the cquilib-
rnium position of each atom in a molecule 1s determined fromthe differences in the
moments of inertia of two 1sotopic species of the molecule with the isotopic sub-
stitution being made for cach atom in the molecule.t The two methods are entirely
cquivalent.

Following this bricf discussion 1t may be well 10 emphasize several points about
cquilibrium structures. Firstly, molecular spectroscopy affords the only known
means of determining equilibrium structures cxperimentally. Secondly, there is no
ambiguity in the definition of equilibrium paramcters and thercfore the accuracy in
evaluating these paramcters s limited solely by experimental inaccuracies. With the
best experimental techniques of today, cquilibrium bond lengths can be given to
- 0-001 A or better and bond angles to - 15°.

In practice, however. the expernimental problems of obtaining such complete
spectroscopic data for determining the equilibrium structures of polvatomic molecules
arc formidable. Up to the present time, the equilibrium structures of only the few
polyatomic molecules listed in Table | have been reported.

On the other hand, spectroscopic data on the rotational constants for the ground
vibrational states (¢, - 0) of molecules are morc casily obtained, and values of these

* For all distomic molecules and for hinecar symmetric tnatomic molecules as well as for some simple
ssymmetric top molecules (as for example those listed 1n Table 1) only the constants of one molecular
species are necessary to determine the complete structure.

* Since one can use the first moment equations 1n addition to the moment of inertia cquations, the
numbcr of 1s0topic substitutions can be reduced.” The minimum oumber of substitutions 13 »-2 for linear and
planar asymmetric top molecules and »-3 for non-planar asymmetric top molecules, where n1s the number of
atoms 1n the molecule.
¢ G. Herzberg, Infrared und Raman Spectra of Polyatomic Molecules pp. 395, 434, 487  Van Nostrand,

Princeton (1949)
T ). Kraitchman, Amer. J Phis. 21, 17 (19%))
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constants are known for many polyatomic molecules. The ground state rotational
constants give values of the “cffective”™ moments of inertia or more precisely, they
give average valucs of the reciprocals of the corresponding moments of inertia
averaged over the zcro-point vibrations.® It is the use of these “effective’” moments
of inertia that can lead to difficulties and sometimes to uncertainties in structure
detcrminations.

The two mcthods for determining equilibrium structurcs, given above, can also
be used for determining “effective’ structures. In the first method one solves a sct of
simultancous cquations for the effective moments of inertia of scveral isotopic
molccules and obtains the “effective™ or **ry"" structure. Howcever, a fundamental
difference anises here: while it is expected that cquilibrium internuclear distances (r,)
in isotopic molecules are the same (to better than : 0-001 A), it is known that effective
internuclear distances (rp) need not be exactly the same since the amphtudes of the
zero-point vibrations arc different in different isotopic molecules. The consequences
of these *“‘zero-point vibration effects™ arc well known $#%1% Qne obtains slightly
different “'ry" structurcs when solving equations for different sets of isotopic mole-
cules,™'® the differences being largest when isotopic substitution has been made for
an atom ncar a principal axis (within about 0-2 A), or when the positions of hydrogen
atoms arc determined without decutenum substitution: also, ambiguitics may arise
because of the inertial defect for planar molecules'® and because of analogous factors
for non-planar molecules ®

Obviously we must discuss the question of just how much the “'ry” structures
differ from the *'r,” structures. A comparison is made in Table | for all polyatomic
molecules whose cquilibrium structures are known. Itis seen that the *'ry"" values are
no more than 0-005 A larger than **r,” and 1n most cases the differences arc much less.
(It may bec mentioned here that this good agreement in **ry"" and “'r,” is found in all
but a few of the known diatomic molccules. Of course, of nccessity, onc would not
expect "'y and *7,” to be the same in H,, the lightest molecule, but even so they only
differ by 0-009 A.}') Unfortunatcly, only this limited comparison is possible at the
present time for polyatomic molecules but the closeness of the *'ry" and **r," values
shown herc appears to confirm the belicf of many spectroscopists that **r;" structures
are 1n fact very good approximations of the cquilibrium structures.

Even better agreement with equilibrium structures 1s obtained by the sccond
method of deternuning structures from ground state rotational constants. It is based
on Kraitchman's equations” and the resulting effective structures are labelled “r,”
structures. Costain'® has recently advocated this method and has given a detailed
discussion of its advantages over the first mcthod illustrated by several convincing
examples. In this method onc determines the co-ordinates (in the principal axis
system) of cach atom independently by making isotopic substitution for every atom
in the molecule. In the calculations the differences of moments of incrtia of two
isotopic species arc used and this results in a reduction of the zero-point vibration
effects. It is found that the *'r,”" structures are almost independent of the isotopic

® Any ground state rotational constant (for example B,) 13 defined as B, - s%{( ! | see ref. 6, p. 461.

Iulan.
¢ C. H. Towncs and A. L. Schawlow. Microware Spectroscopy p 42 McGraw . Hill, New York (1955).
* V. W. Laurie,J. Chem Phys. 28, 704 (1958).

V0. C (. Costain, J. CAem. Phys. 29, 364 (1958).

‘' B P Stoicheff. Canad. J. Phys. 38, 730 (1937).
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species used to determine the structures: thatas, the conststency of the 'r,” structures
determined from diffcrent sets of isotopic specics 1s within ¢ 0-001 A.1%12 Also, the
crrors in detcrming the co-ordinates of an atom arc independent of the mass of the
atom: thercfore hydrogen atom positions are located with the same precision as
positions of heavier atoms. As in the first method, errors may arise from the incrtial
defect or from substitution on atoms ncar a principal axis. In practice, the most
reliable distances are those for atoms farther away than about 0-20 A from principal
axes. For atoms closer than 0-20 A, the positions can be rchably determined by the
usc of the first moment cquationsaf the positions of most of the other atoms have been
determined: or when sufficient data arc available, namely moments of inertia of
doubly substituted atoms, onc can use the second differences of the moments for
locating “'ncar-axis’™ atoms.'* Other advantages arc that partial structures may be
determined by making isotopic substitutions only on atoms whose positions are
requircd and that probable errors can be given for the co-ordinates of cach atom.
At present. 1sotopic substitution at cach atom 1s not always feasible. In spite of this
difficulty it 1s possible to determine *r," structures by microwave spectroscopy since
its high sensitivity and high resolution permits the study of many isotopic molccules
in their natural abundances. Ininfra-red and Raman spectroscopy. however, isotopic
substitution is almost solcly restricted to replacement of hydrogen by deuterium.
A comparnison of *r,”" and *'r,” structures is made in Table I. It is seen that the “*r."
values are within +:0-003 A of the cquilibrium values,

In conclusion, the present status of the spectroscopic method of determining
molccular structures may be summarized as follows. The cquilibrium structures of
less than ten polyatomic molecules are known. Unfortunately, progress in this
important ficld is slow and for a long time to come we shall have 1o be content with
structure paramcters obtaincd from ground state rotational constants. While the
difficultics and limitations of such structurc determinations arc recogmized there is
considerable reason for optimism with the 7, and *'r," structure parameters. The
available data (Table 1) show that these parameters are the same as equilibrium
paramcters within 0-005 A for bond lengths and 1" for bond angles. the *'r,” values
being somcwhat better than the "7, values. [t s this closeness of “'r,”" and “ry™
values to **r,"”" valucs which now makes worthwhile the collection of bond lengths in
related molecules in order to look for possible relations with bond properties.

COMPARISON OF SPECTROSCOPIC AND DIFFRACTION
STRUCTURAL PARAMFTLRS

While the present paper is intended to deal primanly with spectroscopic structure
dcterminations it is of intercst to compare bricfly the available diffraction and spectro-
scopic data. Such comparisons may be of importance in establishing possible differ-
ences in apparent structures determined by these two cxperimental methods. In
Table 2 arc listed the diffraction and spectroscopic values of structural parametersin
several simple molecules. Only those values are included which were considered by
the original investigators to be accurate to - 0005 A and : 1°. Also, the results of
as many investigators as possible are included 1n order to test the reproducibility of
structure determinations.

B C. C Costainand J R Morton, J. Chem. Phyvs 31, 389 (1939).
W Pierce, J. Mol Spectroscupy 3,575 (19%9). | C Krisherand L Pierce,J Chem Phyvs 32,1619 (1960)
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It is seen that most of the values agree to within the experimental accuracy quoted
above. Such good general agreement amongst the scveral different experimental
techniques and amongst the various authors using the same techniquc is encouraging.
Yet therc are some significant differcnces which bear closer examination. Forexample,
the diffraction values of the CH bond lengths in CH, (and CD,) as well as in CH,CI
arc between 0:010 A and 0-020 A larger than the corresponding spectroscopic values
and there 1s a discrepancy of about 2”7 in the values of the HCH angle in C,H,. These
differences arc several imes the experimental errors given by the original investigators
and appear to support the suggestion that there may be significant differences in the
results of spectroscopic and diffraction structure determinations. Such differences
may become more apparent as the accuracy of both techniques is improved and would
be more conclusive if clectron diffraction data for diatomic molecules were available
for companson with existing spectroscopic data. According to the results in Table 2,
there appear to be small differences amongst different experimenters using the same
mcthods, for example in the spectroscopic values obtained for the C— C bond length
in cthane, and in the diffraction values of the C -C bond length in n-butanc. Differ-
ences of this kind can only mean that further efforts are necessary by all investigators
to adequately assess and to improve the accuracy of experimental values.

In spite of the generally good agreement shown in Table 2 between the diffraction
and spectroscopic values of molecular structures, the main conclusions of this paper
arc based on spectroscopic results, not only because they are more plentiful but also for
the sake of consistency.  For the sake of completeness. however, the available electron
diffraction values arcancluded 1n the present comprilation.

SUMMARY OF CARBON-CARBON BOND I ENGTHS IN
SIMPLE POLYATOMIC MOLLCULES

The most extensive collection of CC bond Iengths covering the period up to 1955
was published by Sutton er al.'* in 1958, This collection includes all the CC bond
lengths believed to be known to +0-02 A or better. Shorter compilations of valucs
known more accurately have also been given: 4313 one of these® includes only those
values belicved to be accurate to =-0-005 A or better. The present collection of bond
lengths forms an extension to the latter paper.

Tables 3 and 4 contain the CC bond lengths of all the gascous polyatomic mole-
cules for which accurate data arc avatlable. Table 3 includes open chain molccules
and Table 4 cyclic molecules. The quoted bond lengths are considered to be the best
values available at the present time. Most of the values arc reported to be accurate
10 at least : 0-005 A. A few valucs which arc less accurate (1o only :0:0l A) cither
because of larger experimental crror or because they arc not independent of some
assumptions, have been included and are correspondingly labelled. As mentioned in
the preceding scction. most of the data have been obtained from molccular spectra,
mainly from microwave spectra. The values are all 7, or **r,"" paramecters deter-
mined from ground state rotational constants. Electron diffraction values (also
reported to be accurate to -0-005 A or better) are included in Tables 3 and 4 10

W I.E Sutton, D G. Jenkin, A. D. Mitchell, L C Crose, H. J. M. Bowen, J. Donohue, O. Kennard,
P J Wheatley and D. H Whiffen, Tabdles of Interatomic Distances and Configuration in Molecules and
lons  The Chemical Society, L.ondon (1938)

¥ M G. Brown, Trans Faradav Soc. 88, 694 (19%9)

”
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indicate their trend with changes in bond environment. A summary of CH bond
lengths in simple polyatomic molccules is given in rcf. 5.

DEPENDENCE OF CC BOND LENGTHS ON ENVIRONMENT
An cxamination of the bond lengths given in Table 3 confirms the conclusions of
scveral recent investigations, namely, that the bond lengths for a given bond environ-
ment are remarkably constant in different molecules. This appears to be true even in
the few examples where atoms of very different clectronegativities arc adjacent to the
CC bonds. For the C' -C bond iength, a smaii change is indicated when Ci, Brand i
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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 dependence of CC bond lengths on
different adjacent atoms. The bond length data on ring compounds (Table 4) are
also scanty and little can be said concerning a dependence on environment.

The data on C—C and C C bond lengths confirm the carlier conclusions®® that
the bond lengths change systematically with the changes in bond environment:
specifically, the bond lengths increase linearly with increase in the number of adjacent
bonds (or adjacent atoms). Thesc relationships arec shown in the graphs of Fig. 1.
Most of the values for the C- -C bond lic within - 0-005 A of a straight linc given by

the equation r(C -C) = 11299 4 0040n  n=23..6
(where n is the number of adjacent bonds).
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All the valucs for the C- C bond lic close to another straight line given by the equation
n(C=C) 1226 +0028n n--2,3.4

Thus an analysis of the available spectroscopic data has given empirical relations for
the average or “normal™ behaviour of C—C and C=—=C (as wcll as C H)* bond
lengths.

There appcar to be a few exceptions to this behaviour for the C--C bond. These
include the values for butadiene, acrolein and propynal, the latter two being *r,”
values. The valuc given for butadienc is an *'r,"" value but unfortunatcly is bascd on
assumed cthylene paramcters for the two CH .CH, groups. Therc is also, apparently,

a rather wide range of values for the —C. .C--- bond length: these may be grouped

e S

into threc values, 1-539 A (r,. ethane), 1:533 A (r,. ethyl fluoridc) and 1-526 A (r,,
propane, isobutane). The discrepancy between the ethanc and propanc-isobutane
valucs appears to be too large to be accounted for by a difference in “r,” and *'r,”
valucs: one might perhaps expect a differcnce of at most 0-00S A und hence an *r,"
ethanc value of about 1:534 A, A closer look at the isobutanc structure detcrmination
shows that the off-axis C atoms are only 0:10 A from the x-v plane (dctermined by C'$
substitution) and their positions are subject to appreciable error, perhaps in the range
of 0:010 to 0-020 A. It is known that the *r,” mcthod errs in giving an apparent
co-ordinate which is too small for “near-axis’ atoms and thus it is possible that the
C—C bond length in isobutanc may bc as large as 1:532 A. The short C  C bond in
propanc is reminiscent of the short CH bond in methane.® the latter being approxi-
mately 0-01 A shorter than thc CH bonds in cthane, methyl acetylene and methyl
cyamde.

No attempt has been madc in this paper to cxplain the dependence of CC bonds on
environment. Other authors have attempted to explain this dependence in terms of
various descriptions of the carbon atoms and their cnvironment. For cxamplc:
Somayajulu!’ and notably Brown'> and Dewar and Schmeising!® discuss this depend-
encc predominantly in terms of hybridization: Bernstein'® in terms of m-bond orders;
Mulliken' in terms of hybridization with appreciable contribution form conjugation
and hyperconjugation: Bak and Nygaard® in terms of hybridization and clectron
delocalization; Wilmshurst?' in terms of hybridization, bond order and ionicity;
and Bartell® in terms of van der Waal's interactions between non-bonded atoms.

It is very difficult to test the validity or to determine the relative importance of
these various concepts. This has not been the purpose of the present paper. Rather,
the aim has been to establish experimentally the existence of a dependence of CC bond
lengths on their environment,

I am grateful to Dr. G HexzerG and Dr. C. C. CosTaiN for many helpful discussions on this
subgect.

1 M. J. S Dewar and H. N. Schmeising, Tetrakedron S, 166 (1959). 11, 96 (1960).
' G. R. Somayajulu, J. Chem. Phys. 31, 919 (1939).

1% 1. J Bernsten, J. PAys. Chem. 63, 563 (1959).

1* R S Mulliken, Tetrahedron 6, 68 (1939).

' B. Bak and |. Hansen-Nygaard, J. Chem. Phys. 33, 418 (1960).

). K. Wilmshurst, J. Chem. Phrs 33, 813 (1960)

(.S Barell, J Amer. Chem. Soc. 81, 3497 (1959).
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Tame ). COMPARISON OF EQUILIBRIUM AND GROUNI STATE MOLECLLAR STRUCTURFS
DETERMINED EXPFRIMENTALLY RY SPECTIROSCOPIC METHONS

Molecule Parameters r,* ’. ’, Ref
Co, r(CO) 1 1600 1162 1 1607 23
CS, r(CS) 15531 1555 15528 24
HCN [r(CH) 10630 1 064 10632 10, 25

tr(CN) 11538 1156 1 1554
N.O Ir(NN) 11126 1129 1 1286 10
' lr(NO) 1186 Y19t | 11876
H.O | r(OH) S 09572 0963* 09609 26
' . (HOH) 104°31° 10472 103 33 |
D.0 | r(OM I 09575 0962 . 09618 26
: L. (hon) 104 29° 10477 10421
NH | r(NH) 10124 1017 10139 27
i I. (HNH) 106 41" 107:47° 107 20°¢ |
ND © 1 r(ND) 10108 1016 b3}
e l. (DND) 106 42 10736’
C.H (r(CH)Y 1 0SRS 1061 28. 9
™ HCC) 12047 1207

* All bond lengths arc given in .\ umty

b Average valucs obtainced by taking /a, /n. Jo 10 pairs 1f only /, and /y are used 1n the calculations the
rq and r, values arc within 0002 A from the equilibrium values.

¢ The NH, and ND, valucs are necessary to obtain the 'z, parameters

' C. P. Courtoy, Aan. Soc. Sci. Bruxelles 13, 3 (1959).

% A. H. Guenther and B P. Stoichefl, Canad. /. Phys 1o be published

8 J. W Simmons, W. E. Andervon and W. Gordy, PArs Re: 86, 1058 (1952).

" W.S. Benedict, N. Gailar and L. K Plyler, J. Chem. Phys. 24, 1139 (1956)

" W.S. Benedict and F. K. Plyler, Canad. J Phvs 38,1238 (19%7)

" M. T. Chnistensen, D R katon. B. A Green and H. W. Thompson, Proc. Rov Soc A 238, 15 (1956).
). H Callomon and B P Stoichefl, Canad. J Phys 38,373 (1987).
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TamF 2. COMPARISON O} GROUND STATE MOLECULAR STRUCTURES DF TERMINFD
PXPLRIMENTALLY BY DIFFRACIION AND SPECTROSCOPIC METHODS

Molecule Parameter Diffraction value® Spectrowopic valuc
NH, r(NH) 10162~ 10173 1%
ND, r(ND) 1017 I 10188 1"
CH, , r(CH) 1107, 1-0940 R* 1 0941 I¥
CD, r"Ccn) 1102, 1092, R®
C,M, \ r(CH) 1084 \» 1086 |1’ 1-086)RY
, "o 1332, 1337 11339
. - (HCH) 115 30° . 22 s
cH,Ql 11(CH) 1114y . 109 IM'®
I/ CCh 1 783! 178121
C,H, 1H{CH) o 1107 1-102|1¢°
lCC) 1536 15431 1-534 1* 1 538 R%*
C,H, Ir(CC) RPN 1309 R
{Allcne) lr(CH) 1082! 1-0%0 1%
C.H, [e(CC) P393 139,47 13971 1 ) 39T|RY
lrchy 1os3t | 1084
C.Hya 1(CC) 15331001 $40,*
(n-butane) 7CH) 1108¢ 1 100!

¢ All values have been obtained by clectron diffraction experiments with gascous molecules, the only excep-
tion being the CC bond length 1n benzene which was obtaincd by x-ray diffraction experiments with
benzene crystals,
* The spectroscopic valucs have been obtained by mcans of infra-red (1) Raman (R) and microwave (M)
spectra of gascous molecules.
‘ The superscripts are reference numbers
1 A. Almenningen and O. Bastiansen, Res Correspondence 9, 38 (1956)
M1 .S Bartedl, K Kuchitsu and R J de Neur, J. Chem Phys 33, 1254 (1960).
MM A Thomasand H | Welsh, Canod J Phys 38, 1291 (1960)
8 K. T Mccht, J. Mol Speciroscopy 8, 390 (1960).
M (i G Shepherd and H L Wclsh. J Mol Spectroscopy 1, 277 (1987)
3 1..S Bartell and R A Bonham,J. Chem. Phys 31, 400 (1939)
M H C Allen and F_ K. Plyler. J Amer. Chem Soc 80, 2673 (1958).
7 J M. Dowling and B P Stoichefl, Canad J Phvs 37,703 (1939).
1 S Bartelland L. O Brockway, J. Chem Phis 23, 1860 (193%)
3 A Almenningen and O Bastiansen, Acta Chem Scand 9, 815 (1939)
40 G. F. Hansen and D. M. Dennicon, J. Chem. Phvs. 20, 313 (1952).
S8 H C. Allen and F K Plylcr, J. Chem Phvs 31, 1062 (1939)
U R P Stowhefl, Canud J Phrs to bde published
2 A Almenningen, O. Bastiansen and M Trztteberg, Acta Chem. Scand. 13, 1699 (1939)
4B P. Stoichefl, Cunad J Phre. 33, 811 (1953).
4 D. R Laton and H W Thompeon, Proc. Roy Soc. A 247, 39 (1959).
1 L. Karle,J Chem. Phvs 20, 6% (19%2)
TG Cox, ). W.J. Cruickshank and J. A S. Smith, Proc Rov. Suc. A 247, 1 (19%8)
¢* A. Almenningen. O Bastiansen and L. Fernholt, Kg/. Norske Vid. Selsk Shr No 3 (1958).
'* A. Langseth and B. P Stoichefl. Canad J. Phyvs 34, 350 (19%6).
S R. A Bonham and I S Bartcll, J Amer Chem Soc 81, 3491 (19%9).
K Kuchitsu, Bull. Chemn Soc Japan 32, 74% (19%9)
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TastE3 A stumary of CC BOND LENGTHS IN OPEN CHAIN MOLFCULES
Bond type | ength* Molecule I Reference®
—_— = o= em — — = - — - T
o] 1543 ethane C,H, 1, 40
- C-- 1538 ethane C,H, R, 42
L ) 1534 ethane C,H, 1,41
IERRR} cthyl fluoride CH,CH,F M, 52
| 1 826 propanc CH,CH,CH, I M, $3
| 1528 isobutane (CH,),CH ' M, 54
! 1540 n-butane CH,, ! LD, 51
1536 ethane C\H, ED, 39
' 153 n-heptane C,H,, LD, 5§
153 n-hexane C,H,, ED, 33
| 154} n-butane C H,, LD, 50
1831 n-pentane CyH,, [ kD, ss
N 1503 acetyl fluonde CH,CFO M. 36
—-C <€ | 1 501 propylene CH,CHCH, . M, $7
7 1501 acetaldehyde CH,CHO i M, S8
i 1 50S isobutylenc (CH,),CCH, ED, 59
e i 141 o0r butadicne CH,(CH),CH, R. 1, 60
N 1472 acrolein CH,CHCHO M. 61
A
| 1483 - 001 butadiene [ ED, 62
AN 1489 methylacetylene CH,CCH | M. 10
-C-C 1 458 methylbromoacetytene CH,CCBr M, 63
’ 1 458 methyl cyamde CH,CCN . M. 10
1 43K methylchloroacetylene CH,CCCI M, 64
1454 mcthylcyanoacetylene CH,CCCN ' M, 65
Cc ¢ 1448 propynral CHCCHO M. 12
b 1326 vinyl cyanide CH,CHCN l M. S
Cc. C 1378 cyanoacetylene HCCCN M. 10
[IRYL methylcyanoacetylene CH,CCCON } M, 63
N / 1344 acrolein CH,CHCHO M, 61
C¢ C , 13w cthylene C,H, | R. V7
s S 1339 vinyl cyamde CH,CHON M. S
1337 cthylene C,H, 1. 36
[ERRT propylene CH,CHCH, M, §7
| 1332 vinyl chlonide CH,CHClI M. 66
137 butadicne CH(CH),CH, D, 62
! 139 cthylene C,H, ! kD, 3S
N 13 sobutylene (CH,),CCH, [ ED, $9
c ¢ | 14 ketene CH,CO M. 67
7 1 09 allene CHCCH, I R, &4
, 12 allene CH,CCH, : kD, 43
c C ! 1284 butatriene CH,CCCH, R, 6%
’ 1280 - 001 carbon suboxide C',0, LD, 69, 70
c 1209 propvnal CHCCHO P
' 1 207 acetylene C,H, | 1.R. 28,29
1208 methylacetylene CH,CCH M 10
1 203 cyanoacetylene HCCCN l M. 10
1209 mcthylcyanoacetylene CH,CCCN M, 65
1204 chloroacetylene CHCCI ’ I M, 63
1201 methylbromoacetylene CH,CCBr M. 63
1198 fluoroacetslene CHCF ! M. N
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Tasit 4 A stMMary OF CC BOND 1 ENGIEHS IN CYCLIC MOLECULES

Bond type Lengthe Molecule Reference*
— e —_ e e - — ‘ — —
¢ C 1 549 tnmethylene oxide C,H,0 M. 72
1598 cyclobutane C H, R.7}
C C 1518 cyclopropene CH(CH), M, 74
N Y 1423 thiophene C,H M, 76
¢ -C 1 462 cyclooctatetraene C,H, : ED. 75
C C 1397 benzene C H, R. 49
, ) 1394 pyndine C,H,N M, 77
—C 1397 benzene C,H, ED, 48
I 1393 | beneene C H, LD, 46
AN
C C 1370 thiophene C,H,S M, 76
,/
C ( 1 300 cyclopropene CHy(CH), : M. 74

Footnotes for Table ) and 4

* All bond lengths arc in A units (1¢ 10 *cm)
*M . mictowave, R - Raman.l nfra-red. FD  clectron diffraction.
¢ In order to obtain these values some of the structural parameters were assumed.
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