
THE CARBON-CARBON TRIPLE BOND AND 
THE NITROGEN-NITROGEN TRIPLE BOND’ 

AbUnct-The un\hard-paw orbd of J nllrogcn atom m X. K II esllmJlcd IO h;r\c ?I pr ccntp 
CharJclcr and 79 per cenl I chxwcr The nJturc of tha\ orbllal IS such th.lr lhc energy of rcpulrwI 

hcwccn un\h;lrcd pan for the nltrogcn nllrogcn trlplc bond I\CX~IC~ IO hc \cry sm~ll.uhcre.a~ 11h 

IJrSc. about 00 kcrl mole. for N-. 41 and N S. In consequence the trlplc bond 1s apec~rlly strbk. 
I:orX C--. on the other hand. thcrc I\ slgnlfiunt rcpulwon energy of the clcxlronr mwlvcd cn the 
dycn1 wngk bonds. wuwng In%ldblllI)/ of rhc rrq’dc bond. 

T,cl c;lrbc)n xarhon triple bond may bc dcsrlbcd as rnvol\lng three bent bonds. wrth 

Ihc bond orhitals for the three bent bonds as well as the fourth (outer) bond approxi- 

matcly tetrahedral orbItal>, with 25 per cent 3 character. about 44 per ccnl p character. 

4 per cent d characrcr. and 2 per cent f characrcr. I This dc=ripIion and also Ihc 
corrc\ponding description of the carbonxarbon double bond are compatlblc with 

Ihs ohscrvcd values of bond lengths and bond angles and of some other propcrtics of 

\uh\Ianccs containing thc\c bonds. 
Thcrc is. howcvcr. an intcrcstmg irregularity’ in Ihc values of the bond cncrm for 

the scqucncc C-C. C C. C-.-C In comparison with the scqucncc N--N, N N. 
N K. An explanation of Ihc irrcgularlty is proposed in the following paragraphs. 

II is seen from Fig. I Ihat the C C bond and the N N bond have bond cncrgics 
grcaIcr than those of the corresponding single bond\ by the same amount, 63 I I 
kcal/mole. If the same dlflcrcncc In cncrgy held also for the additional bond in the 

triple bonds, their bond cncrglcs would bc 310 kcal/mole for C -C and I63 kcaljmolc 

for l%._N. The obscrvcd values arc 194 kcaljmolc and 226 kcal!molc. rcspcctivcly; 
the mtrogen-mtrogcn triplc-bond cnerey IS 32 kcaljmolc leer than the carbonxarbon 

triple-bond cncrgy. rather than 47 kcal/molc greater. as might bc c~pcctcd from the 

values for the douhlc bonds and single bonds. The anomaly to be accounted for IS 

thus 79 kcal,‘molc. 
This anomaly is rclatcd to an anomaly m scquenccs of values of single-bond 

cncrglcs that has been discussed by Pitzcr’. For C- C. Si-Si. Ge, Gc. Sn -Sn the 

~31~5 of the single-bond cnergics. 83. 42. 38. and 34 kcal/mole, rcspcctivcly, dccrcasc 
in a rcasonablc way with incrcasc in period number. For each of the other sequcnccs 
the v3luc for the first-row clcmcnt IS very small. smaller than for IIS second-row 

congcncr: 38, 51.32, 30 for N-..N: P -P, As-As. Sb- Sb; 33. 51,44. 33 for 0 0. 
S-S. SC-SC. Tc-Tc; and 37. 58. 46. 36 for F- F. Cl-Cl. Br-Br. I -I. PrIzcr 
pointed out that the diffcrcncc bctwccn C-C on the one hand and N-N, O-O, and 
F F on the other i\ that the atoms N. 0, and F have one or more unshared electron 
pairs. whcrcac carbon has only shared clcctron pairs in its valcncc \hcll. and that the 

l Contrlbutlon So 2677 of Ihe Grlcr and Crcllln Laboratone, ol ChemWry. 
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repulsion of the unshared pairs causes the bond encru to bc abnormally small for 

N - N. 0 0. and F - F. Hc attrtbutcd the abscncc of a similar strong repulsion of 

unshared pairs m I’- P. CIC.. to large values of the interatomic distance caused by 
repulsion of inner shells. Pitrcr drd not discuss the trtplc-bond anomaly described 

above. 

This anomaly cannot bc attrtbutcd to 3 diffcrcncc in the bond orhttals of the hcnt 

bonds that constttutc the trrplc bonds. II is true that the orbital\ arc somewhat 

I 
N N 
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FIG. I. txyrlmcntrl vhcr or h-d cncrgws for rmglc. double. and triple bonds bet- 
carbon atoms and bctuwn mrtofn Moms. For traplc bonds the values obtalnd by Itnmr 

ctctrplrt~on from the wnglc.hond and doublc.bond values l rc also shown 

drffcrcnt: for carbon they arc tetrahsdral bond orbrtals and for nitrogen they are p 
orhitals with only 3 small amount of J character. about 7 per cent as estimated by a 

rough calculatton’ and dctailcd quantum-mcchantcal trcatmcrw6 (The d character 
andjcharactcr arc rgnorcd in ths following dtxussron. whtch would not bc changed 

much by thcrr rnclusron.) The maxrrnum sfrcngth of thus sp hybrid bond orbital for 
nitrogen. 1.93. is a littlc less than that of the rp’ tctrahcdral orbrtal for carbon, 240. 
and rhc nodal angle. 99’. is alw Icss than the tctrahsdral anplc. 109.5’. Thcsc differ- 
enccs should not 3ticc1 the bond cncrgy grctitly. and rn pdrrrcular should not affcccct 
the triple bond in 3 strikmgly drffcrcnt way from the double bond. 

‘I’hcrc IS. howcvcr. a signrficant drtkrcncc in nalurc bctwccn acctylcnc and the 
mtrogcn molecule: the fourth orbital of cuch of the carbon atoms in acclylcnc is a 
bond orhrtal. utcd rn the C-H bond. whcrcas the fourth orbrtal of each nitrogen 
atom rn N, I< occupied by an un\h;rrcJ pan of electrons. and this fourth orbttal 

differs greatly from the bond orhrtals m such a uay 3s IO 3fTcct the N--k and N .N 
bond\ drfferently from the S S bcmd. 

’ Rcf 2. p. 120. 
a H. S htulllkcn. J Phts Chrm. 56, 295 (19!:1. (’ N’. Slhcrr. J Chrm Phbl U. (09 (1955). 
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The unshared-pair orbital accompanymg three J-P bond orblt3ls with 7 per cent 

s character has 79 per cent J character and 21 per cent p character. II has no nodal 

cone (which appears first at 25 per cent p character). but has a very small value at 

180” from the dlrcction of its maximum (Fig. 2). 
IA us consider the intcractlons of the clcctrons of IWO atoms A and B that arc 

not involved in the A B bond. For ethane. for cxamplc. thcsc arc the three clcctrons 
of carbon 3tom A that 3re in\ol\cd In the C-II bond\ to the three hydropcn 3toms 

0 0 
:N e N: 

FIG.. 2 The uppr part of the dlrgrrm xhowr lhc rngulrr dcpcndcncc of tctrrhcdral bond 
orh~trl* for the wnglc bonds oltvo carbon atom% ronncctcd by a trapk bond The large lobes 
crtcndang outwardr are Involved m overlap wth the hydrogcn.atom orbltxls in rcrtylcnc The 
rmrll Ioh. cxtcndmg mward~. ovcrtrp to produce rcputwon. dccrcxclng the cncrq of the 
carbonurhon trtpk bond. TIK lower part of the dlrgram show the xnylxr dwtnhutlon for 
the mtrogcn orbltrlr occupml by unshared pasrr II-I the nltrogcn molwulc. Thcu orbltals are 
rswmcd IO have 21 per cent p chxrrctcr The angular dlrtnbutlon I* such that there IS 11tt.k 
rcpulwon betwan the two unrhxrcd pan In the nltrogcn molecule. but large rcpulwon 
hctuccn theu pxlrs In mokcuks an uhlch two nltrogcn atoms are connected hy a double hond 

or x smglc bond. 

attached to atom A 3nd the three corresponding electrons for the other carbon 3tom 
B. E3ch of the three electrons of atom A interacts with each of the three electrons of 

atom B in such 3 way as to introduce an exchange integral into the cncrgy expression 
with the co4icicnt Ii2 (m place of L I for two clcctrons involved in the formrltion 
of 3 sharcdtlcctron-pair bond). 

Thcx interaction terms are not large, although they arc presumably Large enough 
to produce the potcnticll maxima of about 3 kcal/molc restricting rotation about the 
C- C bond.’ Their magnitude may be estimated from the strength of the two orbitals 
conccrncd along the bond direction. For a tetrahedral orbital the nodal angle is the 
tetrahedral angle. and hence the strength of the orbital is zero m this direction. and 
the cxch3nge integral and the intcr3ction energy 3rc expcctcd to bc small. For 
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ethylene. too, the directron of the double bond hcs close to the nodal cone for the two 

carbon orbitals involved in C- H bonds and the strength of these orbrtals in the 
double-bond direction (122’ from the C-H dircctton) is small. so that the intcractron 

energy of thcsc clcctrons should not change the energy of the C C bond very much. 

In acetylcnc. howcvcr. the two arbon orbitals involved in the C- H bonds have 
their rather large negatrve lobes pomtcd directly toward one another. as shown In 

Frg. 2. and hcncc their intcractron should decrease the C C bond cncrgy concidsr- 
ably. 

Wrth the cxchangc integral taken as roughly proportronal to the product of the 

strengths of the orbrtalc along the intcrnuclcar dircctton. IIS value IS seen to bc i of 
the value of the integral with overlapping of the large lobes (urth S - 2. compared 
with I for the small lobes). With the factor - 4 in the quantum mechanrcal cnsrgy 

expression. the interaction energy of repulsion of these clcctrons becomes one erghth 
of that corresponding to maximum overlap. For the drstancc I.54 A the exchange 
integral may be roughly approxrmatcd at 83 kcal:‘molc. the cncrgy of the srnglc bond. 

Howcvcr. a larger value of the cxchangc Integral should probably bc used. corrc- 

spending to the smaller carbonarbon distance. I.20 A. It is drfKcult to make a 

thoroughly reliahlc estimate of the factor to bc used for this correction. but the rclatton 
bctuccn bond encrey. bond number, and bond length for fractional bonds (,I I) 

indicates that the factor 3 should bc used.” This leads to 31 kcal!molc for the rc- 

pulsion energy of ths two electrons occupying the outer orbitals of the two carbon 

atoms m acctylcne. The umc calculation wrth orbitals wrth 2S per cent S, 69 per cent 
p, 4 per cent J. and 2 per cent/character (strength 2.76 for posrtivs lobe. -0.86 for 

negative lobe) leads to IS kcalimole. Thrs effect may accordmgly cxplam the drffcr- 

cnce I6 kcal/molc bctwccn the value 194 kcal!molc for the C.lC bond cncrgy and 
the value 210 kcal’molc obtamcd by extrapolation of C--c‘ and C C. 

For nitrogen-nitrogen bonds the princrpal repulston is that bctwccn the unshared 

pairs of clcctrons of the two mtrogen atoms, for whrch the exchange integral has the 
coeficicnt -2. The ratio of ths square of the strength of the unshared-pair orbrtal 

(Frg. 2) in the triple-bond direction to the square of the strength of the nitrogen bond 

orbital is 0X)012, and the cncrgy of rcpulcion of the unshared pairs in the N, molcculc 
is hcncc calculated to bc 0.5 kc;ll/mole. The correction is accordingly very small. 

For N -N and K N the cncrgy of repulsion is much larger. in agrccmcnt with 
the argument advanced by PitzcrJ. It IS difficult to make reliable calculations because 

of the rapid change of orbit;ll strength with angle and uncertainty about the angle 

bctwccn the orbital axis and the bond direction. A rough calculatron gives about 
40 kcalimolc for both N--T and N N (mcluding both unshared paus and outer 
bond orbitals). in approximate agrccmcnt with indrc;ition from the congcncr ssqucncec. 

Although this simple treatment dots not permit a rchablc quantitative calculation 
to bc made. it seems justified to conclude that the bond cncrgics for K.--N and N N 
arc low bccclusr of I.rrgc repulsion-cncrgy terms involving the unshared clcctron paus. 
and that the relative stabihty of the :N K. triple bond IS to bc attrrbutcd to the 
smallness of the rcpulcion bctwccn the unshared parrs. 

The suggcstron made by Pitzc? that an incrcascd rntcratomic distance caurd by 
repulsion of inner shells is the cxplanatron of the apparent abscncc of unshared-pan 
rcpulsron for P -P and similar bonds is. I think. to be rcjcctcd. For the same kinds 

’ Rd. 2. pp ?)I. 100 
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of hybrid bond orbital and hybrtd unshared-pair orbital for phosphorus as for 

nitrogen, the ratio of unshared-pair repulsion energy to bond cncrgy should bc the 

same for P-P as for N-N. If. however. the hybrtd character of the phosphorus 

orbnals were diffcrcnt from that of the nitrogen orhnals in such a way as to pcrmt 

the unshared pair IO swing farther away from the adjacent bonded atoms, the repulsion 

cncrgy would bc greatly dccrcaxd. This diffcrcncc in hybrid character could involve 
;L larger contribution of the J orbital for phosphorus than for nitrogen; and. indeed. 

a much larger contribution of 3d to the 353~ hybrid orbitals for phosphorus is IO bc 

expcctcd than of 3d IO 2~2~ for nifrogcn. bccaux of the far smaller promotion energy 

involved I doubt that rcpulston of mncr thclls 1s of much stgnificance in bonds such 
a5P ,P 


