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DEWAR and Schmeising,’ Brown2 and the author,8 each independently have advanced 
the theory that the properties of molecules with multiple bonds are determined 
by hybridization of the carbon atoms rather than by the resonance effect. According 
to this concept the length and other physical parameters of the C-C a-bond are a 
function of the valence states of the carbon atoms and vary widely depending upon 
whether this bond is adjacent to single or multiple bonds. 

Subsequently, this highly important problem of the effect of hybridization and 
resonance on the properties of the chemical bond became the subject matter of 
discussion. 

Mulliken” assumes that the length of the a-bond is determined to the extent of 
60% by hybridization of the carbon atom and 40% by delocalization of electrons. 
Samayajulu ,s Lide* and Bastiansen and Trettenberg’ expressed the opinion that 
hybridization is the principal factor determining the bond length resonance playing 
a minor role. Wilson8 stated that hybridization theory explains the observed facts 
only qualitatively, but not quantitatively. 

Evaluation of the relative roles played by hybridization and resonance is based 
mainly on a comparison of the experimental lengths of single bonds and the sum of the 
covalent radii, characteristic of a given valence state of the carbon atom. Naturally 
the covalent radii of carbon in the sps, spa and sp states should be determined from 
data on the interatomic distances in molecules containing the carbon atom in the 
respective state. However; many authors utilize for this purpose molecules with 
bonds formed by carbon atoms in a non-integral hybridization state or, according 
to MoffiP in a state of second order hybridization. 

For example, Lid8 and Bastiansen and Trattenberg’ take for the covalent radius 

l M. Dewar and H. Schmeising, Tetrahedron 5, I66 (1959). 
’ M. Brown, Trans. Farad. Sot. 55, 694 (1959). 
* B. M. Mikhailov, Izo. Acad. Nauk. USSR, Otdef. K&t. Nauk 1379 (1960). 
4 B. Mulliken, Tetrahedron 6,68 (1959). 
5 G. Somayajulu, J. Gem. Phys. 31, 919 (1959). 
a D. Lide, Tetrahedron 17, 125 (1962). 
7 0. Bastiansen and M. Trettenberg, Tetrahedron 17, 147 (1962). 
6 E. Wilson, Tetrahedron 17, 191 (1962). 
’ W. Moffit, froc. Roy. Soe. A, 202, 534 (1950). 
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of the sp3 carbon half the interatomic distance in ethane (O-763 A or O-767 A), 
although in this molecule the carbon atom is in a state intermediate between spa 
and sp*, the methyl HCH angle being less than 109” 28”. 

Clearly one should take as covalent radius of sp3 carbon half the interatomic 
distance in diamond, i.e. O-772 A. For the covalent radius of the sp* carbon could 
be taken the half length of the a-bond in diphenyll* (I*489 & 0*0075 A), i.e. 09745 A, 
since the phenyl rings in this molecule are little distorted and are at an angle of 60” 
to each other, so that they are linked by an almost pure spe-sp& bond. Lidd dete~i~es 
the radius of the spe carbon (O-738 A) by subtracting the radius of the spS carbon from 
the length of the o-bond in propylene. Dewar and Schmeising” calculate the radius 
of the sp2 carbon from the mean length of the a-bond in butadiene, diphenyi and 
4,4’-dipyridyl. It should be noted that the interatomic distances in propylene and 
butadiene cannot serve as the basis for determining the sp2 radius since the carbon 
atoms in these molecules are not in a state of integral hybridization. 

Experimental values for the length of the spsp bond in various compounds vary 
from 1.378 & to 1,380 AZ1 (~yanoa~etylene, l-378 A:% dia~tylene l-379 A,” dicyan 
l-380 @). 

The system of covalent radii, selected on the basis of experimental data on the 
interatomic distances, is linearly related to the s-character of the carbon orbital, as 
expressed by the equation: 

$-“’ = (0.854 - 0-328s) A (1) 

It follows from Eq. I, that the covalent radius of the p orbital of carbon is 0.854 A 
and of the s orbital O-526 A. 

An apparently strong argument against a system of covalent ra$i for carbon in 
the various valence states and against the theory of hybridi~tion as a whole is the 
fact that the length of the C-H bond diminishes only by 0*031 A on passing from 
methane to acetylene, whereas it is shorter by 007 A in methylacetylene than in 
propane. The reduction in the length of the a-bond in methylacetylene by more 
than 0*03 A is regarded by some authors as the result of shift of the w electrons towards 
the single bond. Assuming a constant radius for hydrogen (0.323 A) CoulsorP 
finds the length of the sp carbon radius in acetylene from the length of the C-H bond 
to equal o-735 A. 

The difference between the sum of the covalent radii of sp”- and sp-carbon and 
the experimental values for the length of the single bond in methylacetylene (O-048 A) 
is ascribed to resonance shortening of the bond. 

Such evaluation of the covalent radii of carbon and of the effect of resonance 
(conjugation) and hybridization on the bond lengths is based on the assumption that 
the hydrogen radius is of a constant vaIue whatever the type of C-H bond. However, 
this assumption is not justified. The orbitaIs of carbon of different hybridization 
differ in el~tronegativity; hence, depending on the valence state of carbon the 

lo A. Almenin~~ and 0. ~ti&~~n, K#. Norck ~~e~sku~. Selskabs. ~kr~~gr N4, I (1958). 
l1 M. Dewar and H. Schmeising, ~~f~u~e~~~~ 11, 96 (1960). 
l* C. Costain, J. Chem. Phys. 29,864 (1958). 
la G. Graine and H. Thompson, Trans. Fkad. Sot. 49, 1273 (1953). 
I4 C. Moller and B. Stoicheff, Cunad. J. Whys. 82,635 (1954). 
I5 C. Coulson, Victor Henri Memorial hwer Liege, 15 (1948). 
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C-H bonds contain a 
affects the atomic radii. 

greater or less amount of ionic character, which naturally 

Let us consider this question in somewhat more detail. From spectroscopic data 
on the lengths of the C-H bonds methaneI (I-094 A), ethylenel’ (l-086 A) and 
acetylenelB (l-061 A) it follows that a linear relation given by Eq. 2 exists between 
the lengths of the C-H bonds and the s-character of the carbon orbital: 

d(C-H) = (l-127 - 0,132~) A (2) 
In a comparison of the lengths of the C-H bonds and valence states of carbon 

the fact that the HCH valence angle in ethylene is 117” 22’ has been taken into account, 
so that the s-character of the carbon orbital in the direction of the hydrogen atom 
is 0*315 rather than 0,333. To determine the s-character of the carbon orbitals in 
the case of non-integral hybridization use was made of the relations derived by 
Coulson.15 

Hinze and JaffelB have recently shown that there is also a linear relation between 
the s-character of the carbon orbitals and their electronegativity. The equation being: 

;IC~ = (580 $ 9-l 5s) eV (3) 

(The electronegativity equals the half sum of the ionization potential and the 
affinity of a carbon orbital for an electron, x = i(I, + &.-). The points for s = O-25 
and s = 0*33 lie on a straight line at x = 8-09 eV and 31 = 8-85 eV respectively.) 

In order to ascertain the effect of polarity of the C-H bond on its length it is 
necessary to first determine the covalent radius of hydrogen from Eqs. l-3. For 
this purpose we assume the electronegativity of the carbon orbital to equal that 
of the hydrogen orbital (7-17 eV) and from Eq. 3 we find that the s-character of the 
carbon orbital in a non-polarized C-H bond equals O-15. Then by means of Eq. 1 
we find that for the given hybridization the radius of the carbon orbital is O-805 A, 
whereas the covalent hydrogen radius (from Eq. 2 ) is O-302 A. 

For further treatment of this question we now turn to the orbital electronegativity 
concept as developed by Hinze ef UP which makes it possible to evaluate the 
influence of the polar factor on the length of the C-H bond. According to this 
concept when a bond is formed by atoms A and B differing in electronegativity, charge 
transfer occurs from the orbital of the less electronegative atom to that of the more 
electronegative atom. At equilibrium the orbitals of atoms A and B are of equal 
electronegativity (called by the authors bond electronegativity) localized on the 
orbitals with qA and qB electrons respectively (qA + qa = 2). The ionic character 
of the bond, i, is determined by the Eq. 4: 

where qA is the number of electrons on the j orbital of atom A, Ax the difference in 
electronegativity between atoms A and B and CA and CR the half differences between 

I* M. Thomas and H. Welsh, C-d. J. Pkys. 38, 1291 (1960). 
l7 H. Allen and E. Plyler, J. Amer. Chem. Sue. 80,2673 (1958). 
I8 M. Christensen, D. Eaton, B. Green and H. Thompson, Proc. Roy. Sot. 238, 15 (1956). 
lo J. Hinze and H. Jaffe, J. Amer. Chem. Sot. 84, 540 (1962). 
a” J. Hinze, M. Whitehead and H. Jaffe, J. Amer. Chem. Sot. 85, 148 (1963). 
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the ionization potentials and the electron affinities for the orbitals*of A and B, 
respectively [C = i(I, - &)I. 

By means of Eq. 4 and data on the ionization potential and electron affinity of 
carbon in the sp9, sp” and sp valence stateslB we obtain the values of r), and v,, for 
the orbitals of carbon and hydrogen in methane and acetylene. 

To find the number of localized electrons on the carbon and hydrogen orbitals 
in ethylene (s = O-3 15) we make use of the curves depicting IV and EV as function of 
the s-character of the carbon orbital .IQ The values of qc are presented in the fourth 
column of Table I. 

TABLE 1 

1 2 3 4 5 6 7 8 9 10 

s Xev xc - xH rjc - I COV 
rc r," red - fFv rHd rHd - r?" &C-H) 

0 580 - 1.37 -0.05 I 0.854 0.8 10 -0G44 0.317 +0*015 1.127 
o-15 7.17 0 0 0.805 0.805 0 0.302 0 1.107 
0.25 8.09 0.92 0.034 0.772 0.802 O-030 O-292 -O*OlO I.094 
0,315 8-68 1.51 O-056 0,751 0.800 o*O49 0.286 -0.016 l-086 
o-333 8.85 1.68 0,063 0,745 0.800 0.055 0.283 -0-019 l-083 
0.5 IO.38 3-21 0.119 0.690 0.795 0.015 0.266 - 0.036 1.061 

As can be seen from Fig. 1, the number of electrons (n) localized on the carbon 
orbital in the C-H bond is linearly related to the s-character of the latter (Eq. 5): 

n, = (09949 + O-3&) e (5) 

In order to correlate n, with the orbital radii in the C-H bond, the bond con- 
sidered should have the covalent radius of hydrogen known, while the radius of the 
proton naturally can be taken as zero. If one now varies the radius of the hydride 
ion (H-) within wide limits (from 05 A to O-8 A), it follows from the smooth curves 
plotted by means of the three points (r,+ = 0, r”F = O-302 A and rH- = 0% 
O-8 A) that for nn values approaching unity (O-90-l-05) the hydrogen orbital radii 
will differ by only &-0~003~GO4 A from the values given by a linear dependence. 
Assuming a linear dependence to exist between nli and the hydrogen orbital radii 
we obtain their values (to the above-mentioned accuracy) for different types of 
C-H bonds (column 8, Table 1.) Subtracting these values from the bond lengths in 
methane, ethylene and acetylene, the radii for the carbon orbitals in these molecules 
are found (column 6, Table 1). As can be seen from the Table (column 7) the covalent 
radius of carbon (0~772 A) is increased by O-03 A in methane, whereas the radius for 
hydrogen diminishes by only O-01 A. If the atomic, radii in the C-H bonds would 
not have contracted, the bond length in methane would have been I.074 A. In 
acetylene the orbital radius of carbon is greater by O-105 A, whereas the hydrogen 
radius is less by O-036 A, i.e. the bond length is augmented by O-069 A as compared 
with the sum of the covalent radii (O-992 A). 

The change in the orbital radii of carbon and hydrogen in the C-H bond is 





Utilizing the data on the electronegativity of the carbon orbitals in various valence 
states as well as Eq. 4, the degree of ionic character of the C-C bonds, n(. - 1, can 
be obtained. It follows from a consideration of the C-C bonds formed by’ip-carbon 
and carbon atoms with other s characters of the orbital (0*15,0=25,0.315,0*333) that 
nc, is linearly related to the electronegativity differences of the carbon atoms forming 
the bond. 

The difference between the orbital radii of carbon in different valence states is 
comparatively small. One could therefore expect that in C-C bonds, when the 
values of Q, differ little from unity the len~hcning of the radius of the more electro- 
negative carbon orbital will differ very little from its shortening in the other carbon 
atom with the lower electronegativity, i.e. the length of the C-C bond should practi- 
cally equal the sum of the covalent radii of the carbon atoms forming the bond. 
As will be seen in the following this holds for various types of hydrocarbons, including 
even methylacetylene in which the electronegativity of the carbon atoms is maximum. 

In considering the structures of the various classes of aliphatic hydrocarbons in 
which the carbon atoms are in a state of non-integ~l hybridi~tion, we use the 
relation between the covalent radii of the carbon orbitals and their s-character (Eq. 1). 

Different values have been suggested for the length of the C-C bonds in ethane 
(I-534 A,29 1.536 AM and l-5376 & WO3 AS) and for the HCH angle (109” I l’, 
109” 24”, 108” 48’ & O-5”, respectively). If the mean value (1.536 A) is taken for the 
C-C bond length, then from Eq. 1 and the dependence of the s-character on the bond 
angles, ls we find that for rc = 0*768 A the s-character of the carbon orbitals in their 
mutual direction is O-262, and 0.246 in the direction of the hydrogen atoms; the HCH 
angle is then 109” 3’ (Table 2). In propane the HCH angle of the CH, group is 
106-l” & 0=02*, the HCH angle of the methane group which is determine with an 
accuracy to only & 1” is 107” 42’ & I*. From these values we obtain the covalent 
radius in CH, as O-755 A and in CHs as O-764 A, which together give 1-519 A, differ- 
ing from the experimental value of the C-C bond length by OQO7 A (Table 2). The 
difference is due to insufficiently accurate determination of the bond angles. From ex- 
perimental data on the geometry of the isobutane molecule,27 assuming the HCH 
angle in CHs to be 107” 52’ we find that the C-C bond length practically coincides 
with the experimental value of f-525 -t- 0*001 A. From data on the molecular structure 
of propylene~B (for axial symmet~ of the CH, group the HCH angle is 107” 42’) we 
find the length of the C-C bond to be l-497 A (Table 2), whereas the ex~rimental 
value is 1*5Ol & 0=004 A. Awording to Bartell and Bonham,w the CCH,, angle in 
isobutylene is 11094” * O-8”, the bond between the carbon atoms of the methyl group 
and the double bond is I-505 If 0~003 A and the angle between the methyl groups is 
about 112’ with the deviation from this value amounting to not more than 3-4’. 
From these data wz find that d&I?-C?) = l-527 A, i.e. exceeds the experimental value 
by 0.022 A. 

Such large divergence between the experimental and calculated results is due to 
D H. Allen and E. P&r, J. Ckm. I%y& 31,1062 (1959). 
*a A. Al~enin~~n and 0. ~~t~n~~, Acftz Ckm. Srand. 9,315 (1955). 
t6 l3. Stoicheff, Cum&. J. F%ys. 40,358 (1962). 
*I D. Lidc, jr. Chtm. Whys. 33, 1515 (1960). 
t7 D. Lide, J. Chem. Phys. 33,1519 (1960). 
,a D. Lidc and D. Christensen, J. Chenz. P&v& 35, 1374 (1961). 
LD L. Bartell and R. Bonham, 3. C’hcm. #%y& 32,824 (1960). 
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the fact that the angle between the methyl groups of isobutylene differs considerably 
from 112”. For d(Cl-Cs) = I-505 A and the HCH angle in the methyl group equal 
107” 42’ (as in propylene) the angle between the methyl groups should be 117” 40’. 
One may expect that on subsequent, more accurate determinations of the isobutylene 
structure the angle between the methyl groups will be found to be much closer to this 
value. 

From the value of 108” 42’ for the HCH angle in methy1acetylene12 we find the 
length of the C-C bond to be l-456 A, which differs by 0*004 A from the experimental 

TABLE 2+ 

Compound sc’ $4 
d(C’-c*) d(C’- cy 

“cn calcul. exper. Remarks 

Ethane 0262 0.768 0.262 0,768 1536 1536 HCH = 109” 3’ 
Propane 0.301 0.755 0.276 O-764 1519 1,526 & OIW2 
Isobutane 0.295 0.757 0.265 0.767 1.524 l-525 * OGOl 
Propylene 0301 0.755 0.343 0.742 1.497 l-501 i O-004 
Tsobutylene 00301 0.755 0.317 O-750 1.505 1 a505 f 0.003 C’C’C’ .y 117” 40’ 
Methylacetylene 0.272 O-766 0.500 0.690 1.456 1 a459 
Butadiene 0336 0.744 0.336 0.744 1.488 1.484 + 0.01 

* sc, is the s-character of the carbon orbital of the CHI group in the direction of the adjacent 
carbon atom, so* is the scharacter of the carbon orbital forming the bond with the methyl group; 
rcr, and rcz are the radii of the corresponding carbon orbitals; in butadiene scl, and sea are the s- 
characters of the carbon orbit&. 

value. In methylchloroacetylene,50 acetonitrilell and methyIcyanoacetylenSr the 
C-C bond length is I.458 A, but the HCH angles between the methyl groups differ 
appreciably (108’ 8’, 109” 30’ and 108” 30’, respectively). In such compounds the 
methyl group is bound to carbons of the same hybridization so that the HCH angles 
should not differ appreciably from each other. If the angle in methylacetylene is 
taken to be 108” 56’, the length of the C-C bond is I-457 A. 

From the experimental data on the bond angles in butadieneSB it follows that the 
length of the a-bond in this compound should be l-488 A (Table 2), whereas the 
experimental value is l-4830 l O-01 A. 

In cyclotetraenea3 the single bond is O-021 A shorter than in butadiene. To explain 
this difference it is assumed that the cyclic structure of this compound favours de- 
localization of the rr-electrons .’ Unfortunately the C----C-H angle in cycloocta- 
tetraene was determined not very accurately (118-3 & 5.9”) and one cannot say on 
the basis of the experimental data to what extent the length of the single bond (l-462 * 
OWl A) is in accord with the geometry of the molecule as a whole. If, however, the 
C&Z-H angle be varied within the limits of error of the determination, then at a 
value of 116” 40’ the amount of s-character of the carbon single bond orbitals 
is 0*374 and the length of the C-C bond is l-462 A. Probably in subsequent, more 
accurate structural determinations of cyclotetraene the C=C-H angle will be found 
to be close to 117’. 

83 C. Costain, J. C&m. P+. 2037 (1955). 
a1 1. Sheridan and L. Thomas, Nature, Lo&. 174,798 (1954). 
** A. Almeningen, 0. Bastiansen and M. Trettenberg, Acru Ckem. Scud. 12,122l (1958). 
ss 0. Bastiansen, L. Hedberg and K. Hedberg. J. Chem. Phys. 27, 1311 (1957). 
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It thus follows that the interatomic distances in saturated and unsaturated hydro- 
carbons are in good agreement with the hydridization theory. The observed depend- 
ence between the s-character of the carbon orbitals and their radii holds also for 
unsaturated hydrocarbons. If the resonance effect (conjugation) had a bearing on the 
interatomic distances in such molecules, then they would not have obeyed Eq. I. 
Delocalization of the n-electrons would have led to a noticeable shortening of the 
o-bonds, adjoining the multiple bonds, as compared with o-bonds in saturated 
hydrocarbons. 

From the experimental data on the bond lengths in ethylene, alleneM (l-309 A) 
and butatriene U (l-284 & 0*005 A) it follows that the shortening of the u-bond 

Ad 
FIG. 2 

Ad 

FIG. 3 

(Ad) under the influence of the v-bond is linearly related to the s-character of the 
carbon orbital (Fig. 2). In plotting the curve in Fig. 2, the s-character of the carbon 
orbital in ethylene and the end carbon atoms in allene being O-37, was taken into 
account so that the sum of the s-character of the carbon orbital in ethylene is O-74 and 
in allene is O-87. The shortening of the a-bond (Ad) by one n-bond is given by Eq. 13. 

Ad = (0.223 - 00 127(s, + &/A (13) 

The shortening of the a-bond relevant to the number of rr-electrons localized on 
the bond is also a function of the s-character of the carbon orbitals. For spsp bonds 
this dependence can be derived from data on the interatomic distances in acetylenp 

(ro = 1*207A, r, = I-205 A) and butatriene. It can be seen from Fig. 3 (in acetylene 
hd = O-174 A) in butatriene (Ad = O-096 A for the central bond) that on delocaliza- 
tion of only O*l of a Ir-electron (205% of the total number of n-electrons) the triple 
bond should become longer by O-004 A. However, it is known from experiment that 
the length of the triple bond in acetylene derivatives practically does not differ from 
that in acetylene itself. In methylacetylenel* it is 1 a208 A (I -205 A), in cyanoacetylenelS 
I-205 A, in methylcyanoacetylene l-205 A87 and in dimethyldiaceylene l-207 A.’ 

*I B. Stoicheff, Cu&. 1. Phys. 33, 811 (1955). 
ah B. Stoicheff, Cunud. J. Phys. 35, 837 (1957). 
I0 J. Collomon and B. Stoicheff, Cawi. J. Whys. 35, 373 (1957). 
If L. Thomas, J. Heeks and J. Sheridan, Arch. Sci. Geneuu 10, 18 (1957). 
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Hence one may conclude that within the limits of error of interatomic distance 
determinations (04IO2 A) hyperconjugation (static effect of the Q, T conjugation) and 
conjugation (static effect of T, 7r conjugation) have no experimental backing. Even a 
very small shift of the +electrons of the multiple bond onto the adjacent single bond 
would have been revealed by modern methods of measuring interatomic distances. 

CONCLUSIONS 

Data on interatomic distances confirm the theory of hybridization according to 
which the bond lengths of non-aromatic hydrocarbons are determined by the valence 
states of the carbon atoms. 

No resonance effect [hyperconjugation (a, 7~ conjugation) in the case of olefinic 
hydrocarbons and conjugation (w, n conjugation) in hydrocarbons with alternating 
single and multiple bonds] has been detected experimentally (from data on molecular 
geometry). 


