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l Part I: G. B. Soma;yajW.u, J. Chem. Phys. Jh 919 (1959). 

2 Part II: G. :a. ~jul.\11 submitte4 tor publication. 

I . r • .~ ' 

In order to ew.lua.te ~ effects of resonanco (both •~l.ectron acd 

ionic-aova.J.ent) on the heats ot e:tomiation ot molecUles, boud energ1e& 

have been esttme.ted on the buis ot the relation: kere 2/t • const. 

applicable tor bonds of any type and of &tXT order between two liven atoms, 

and on the basis of the valence state energie-G ot the atome. The valence 

state energy of an atom is defined ae that part ot the heat of atomi=ation 

of too molecule that can be attrl'butea. to the atom in a. state corre~ndina 

to tile state of bybridi.£ation in the molecule. For the formation of t.be 

molecule :from the atoms j.n their valeace states (not n,ecessarlli( f19$Ctro

scop1o states) the ener{JY Siven off is the at.:lW. of the 'Valence state 

energies, which iG ecr.tal to the total beat of a't.omi~ation. An asswnpt:ion 

is made that t.n.a wlenQe state energy of ~sen in bomol.o$0us eo~\Ul4s 

is constan.t, beinS equal to its st.andard heat of formation; thia has 

fae1Ute.ted the derivation of t.he valence state energies of' the o~r 
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atolls in the b.omo-logcus COHij?OUDds. 01'4 tl1e 'ba&is of tho val.enee state 

energiea ot certains~ atoms, rtc., p~, seooltlds.ry, tertitU71 

~temaq1 trl$0ml1 4\lld 4iSQnal ca:ltbo%1 a~, ~~ .-tc. 1 tlle 

expected heats of a~zat1on of several eoaj~te4 and eypereon.Juge.ted 

molect.lles havt!t 'been dew~d.. If retWnrmce \tere to be important., the 

observed heat ot atombat1on ct a molecule wu.lJi be ~r than its 

eQeote4 va.lue by an amount .Ued tbe stabilizat.ion eaergy. Thus \he 

stabilization ~=rmt ot benzene is 19.56 ltcal/mole at 0~. Rowetter, for 

a number of owaical · h:ydroc!Uboll moleeul.¢s, the stabilim'tion ~ra;tee 

eaoe all mptive tndicattna no re,~oe.. Alkylation has been founet to 

lower tbe stabillzatiOt& ~s ot etb;yl.eJle; benzene, &D4 aeetyl..ene 

but ~s tnose of to~ldfdqde, f\)nd.c ac141 formamide, etc. fhus 

b1 cl.asoieal hydroee..rbon moJ.ecu.len eonta.1zl1:ng noo-lcytlrocar'bon groups, 

there seems to '0¢ evidence in f'avar of :1.'"E1So'Mnee ~ 

It b.aG been $~S'ted. that the atrengtbs of hcteropolar bonds 1 

e:xplatned by Pe.alillS on the basis ot 10n1e-c:o-valent resoD&nee 1 •Y " 

explained in W:t"J''S e>:f the strenstbs of the hybrid orbitt.\ls. 
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3 G. w. Wheland., iles~ 1:! Orp~ie ~l\~ (John Wil.ey & Sa!:l$1 he., 

New York, 1955). 
4 

J. w. Ba.l!"..er, :i:In.!r~t~ (CJ.i!.relldou Presn, Oxior¢1 b&land., 1952). 

5 R. S. Mulliken, C. A. Rieke, and W. 0 .. Brown, J. Am. (Jhem. Soc. §j, 41(1939). 
6 

R. s. MUll.iken, ~t~n 2, 253 (1959); ~ 68 (1959). 

7 t.. PBul.iq, ~ Wa.~ _2! !!'!! Chemical $on¢, 3rd ed. ( CGmell Utiiver.sitJ 

Press, Ithaca, New York, 1960). 

8 
M. J. S. Dewar and H. N. SehmreisinS. Te'tnbe<lrol& ;2, 168 (1959 ). 

9 M. a. Brown, !rans. Ftll"ada;r ~· .a, 694 (1959 ). 

of the lengths of the c .. c bonds :1n terma of orb :t tal radii has not revealed 

any effects ot ~l.eetron resoae.a:ce in the ground st.atee of cla&sical10 

molecules such as 1, 3-butadiene 1 methyl acetylene, etc. Even in a non-classical 

10 Follc.ltlins ·»ewar. and Sohmeis1D8, we define a elaasieal molecule as oae 

for wh14h only a single ele.ssieal (Ul'll!tXOite4) s~cture can blil written. 

l:t ·tl:le molee:ula cannot be represented by one cla.sat.eal. stru.ctw:e, we call 

such molecule non .. eJ.a$eical. 
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O.OJ.6 A. An ~i& of the lengths in ben._ der1vattone llas also sboVJ'.£. 

the et.teets of reso~ to be aelligi'blc tor $0l'lle derivat1wall. It bs.e 

:La terms of the atre~ ot the hYbrid o.r'b.l tau. It the lengths and. force 

cout&Dts of the c ... e l'Wnda vaey witb ~141zat:J.Ol.l>, so al.eo :anut tb.eil" bond 

eaera1es. It na~ is not im.portant in ~Jical moleC1Ales, the beat ot 

atomization of a elasaical. molecule mwrt. be &i'V'e~ by the sum ot either tl'.\e 

energt-es ot the bonds or the eoatributiona of the atoms preeent in it. To 

test "this tbeoq, we have eatim't$4 the eont:t:l.b'':'t1-asot &O'l'DO standard carbon 

atomsJ vi$., pri.mary, secoodal-y, terts..ary, q;\:tfikte:r.~, "tr;110J1$l, aud diSQ.al. 
!' 

curbor.t atou. ibl eontr1'btrtioD ot ~n liQs beet~. asa_,d to be oonstant 

in various hori!Qlogoua ~Wlds, beiDa &tven \:>f oue .. balt ot the dif.U.JOC1$tion 

enerQ" of H~t· We boive .Bl.Bo estinate4 ~ OO:Atri.but1<»Uo:f' ~ s~rd -, 

o,. and s atou. ~ ou these ~uea, we Mr.ve .eetimated the heat& ot 

atomieation ot ~evere.l con.jupted and b;vperconJ~ted moletcul..e-$1 au.d t'ol$4 

little eVidence in favor .of reSQl'1UCe 1n elas·eice.l tqd.r(,')earboaa such as 

l,3 ... buta.diene, pro~, ete., but t.be mlecules sUCh as aceti.o acid, 

acetaUt.e~, aoe~, acetaW.de• et.o~., ab.Ow eV'idenoe of stabill:.atiQn due 

·; 
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l3 While tbis P*l' we;s about to be eubnlitted .for pttbliea.tian, ve saw .a; 

pa.per by M. J. S. »evar and H. N. Sehnleising, 1\rltre.b~n 1:!t 9() (l9t)O) 

in vbich tbsy haw also est:tmated the eurgtea of vviollS tnes o£ CC 
,l' 

and Cli bo.Qds. &wever, while we tlse4 a relat.:tonsbip between toree 

constant, boo4 lerJEfht and bond energy, hwar .$1ld rk!biue1s1Dg used e. 

relation&hip betveen bond ieqth tmd bo.tiC1 ~· The results obtained 

tbl'ougb these w-o met.hods bave been toutld to be dittereat. In Seetion 3 

we have preaented araumeat.s to shaw that bond: energies based eol.ely an 

6»1' ~l&t:toraship between. bond J.ength end bond ener&r are not. expeetad 

to be reliable • 

Cli, CO and CS beads. Some ot these nave 'been estimated oa the bASi$ of & 

relationehip between forae constant, bond length and bond ~nergy. 
'• 

As a first approlt.im&tion, we have e..ssll'lWd. the en.ergi&a ot the c-c 
bonds formed thr.o~ the pairing of nou-iclen:t~l atomio orbital$ to be 

·~ . ~ &•-• a-sums o.a. wuo:: orbital. atrengtb.G • Bcweve:r, e1l:!Oe the orui-...s which ·· :t.~. ... er 

14 one .. half of the erergy of an sp3 -sp3 bond ~s taken as e. ~u..~ ot tbe 

st~ of the sp3 orbital; s1milar:cy for sp2 tm4 sp orbitals. Alter• 

1l6tively, we 1'ia¥ assume the strength of a bond to be e1wn by tbe product 

of t.ha orbital s-trengths. Such au usumption S$lmG w be 4e$ift\ble for 

treatina tbe strengths ot the al&U hfdr:idaa and e. number ot other 

molecUles. 
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to the concept of ionic-eovalent reao-.noe, a bond suab as sp2 
... r;lp3 ~ 

ex;pecte4 to 'be st~1~ than indicated by the stnaeths of tb.e sp2 a.n<1. ap3 

orbitals. '!'hat such is »et the case bas been veri.fied 'by USJ 'Ole bond 

er.eerpes of such bonds ifl v~ious molecules being ett}ler eqt1al to or leas 

than the ealou.l.arte4 values. We l:lave previousl.y2 pointe4 out ~t w~ one 
' .. 

~s c~s in the boz.ldin& orbitals tbl'oush hy'br1dimtion into account, 

it is illogical to e:c;pect a. hetel;'opola:r bond w be st~r than indicated 

by tlw str~s ot the appropriate or'bitols \Wed in the bond torst1ou. 

This my be Wl.de~stood more -clearly from the following: 

16 A There are sev~ral hiutB in the litera~ that tbe en.hance~ stre~ 

cited therein. , 

o'f a. heteropGl.ar 41&1iom such as BJ', when ~ w1 th the stre~ -of the 

homopole.r H2 atld F2, is due to the reorpni¥4t1oB ot the ve.lence state o:t 

the tluor111e atom.. lt is equinlent to saying that the diaeoaution ener&r 

of 1IF is g!Yen by the sum of trw valence s~te ene-rsies of R and F (reorsanit:e4). 

WhJ the ve.lenee s~te ot tm f'luo:riAe atom Ul»iergoee reorguization mAY be 

understood from ~ standpoint of the repulsive forces opemt.1DS 1n iiF and 

P2 • If the matu.ral tencleney of an atom is to use its strongest ~tal 
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tor bondinS, tnu, ten&ency ie opposed by t~ mpulr.:tve forces of the t.:roe 

postUlated by Pitzer17. The 'Valenoe shell -. ~- ebell rep1llsion 

l71t. s. Pitzer, J. A.m. Chela. Soc. 48, 214o (1948). -
J 

presUUli!Lbly tloes not a.l.l.aw tluGrine to use an orbital stronger thtm p in 

r2# vhe~s 'tM absence ot sueh rE~pulsioo in !iF, allows nuori»$ t.o .UGf;t 

8.11 orbita.l consid-.er$bl.y strouger than pl.B. Sinee the el.ectro.ne~&t.irlty 

1.~ . 
Absence of such valenC(l! sht:ell- ... w:.lence;:Ghell repulsion in Cl

2 

similarly permit.o chlorine to une an orbital oouidera.bly stronger 

than p tor bonding; t.his ney explain why the difosoeiatiott energy ot 

c~ is gl"e~te::r ·thrul that ot "a· 

----
l9 R. S. V1U.Ullten, J. Chem. Pbys. g, 78f1 (1933h J, 573 (1935). 

---·-··-
orbital, fluoril.1e vill be more electrone~ti-re in n:t t.."lan in F2• If 'i'1e 

a.ssume the orbita.l et1~ itGelt to be a ~tu;~ure of t..b.e or'bite.l ele-ct;ro .. 

n.e:gativit:y, t'h.en the energy necessa...-y i'or the .reo.:rgam.za.t1on ot t~:: VG.lonee 

state of. the fluorine atom will be equel to the difference in the en~rgies 
' 

of the tl.uo:;ine atomD in the two valence st&tes. Pa.u.liJ:181, on the other 

t:uma, treats tiw eleetronegativity of fluorine to be constant in both F2 

end liP lUlA asB~s tb.&t the difference :in the electronegrs.tivi t1es of H 



\r 

.... . 

·t 

- 8 ... 

and F atre~:Q.i:j the bonding in HF. Since Pauling's e.ppraaoh is eo~letel.y' 

ditf'eN:nt tmm ou:rs 1 t.he.se two approacheu should not b~ mixed, 

t~f = heat of :fon.n9/\>i.on ot a ~ com.PO'Und tram ito constitu.:-en.:t atoms 

in their standard ata.tes. 

MA co heat o£ ~tom:ie.tion of a gaseous compo\.U!ld into ito eonst:t.tu;.e:n.-t. atoms 

in the gaseous s'tate. 

D =' dissociation energy ot a 'dl.stomie moleeule or ot a. bonA in a pol~tQDiie 

molecule. 

gives its beat of atomit;ation. 

V = val.GJtce sta-te energy of an atem.J ~ aura o-t ~ va.leMe state energies 

k. e = bond stretching torce constant from the zeroth o~r frequencies. 

k 
0 

re = equilibrium int.ernuelear oistance. 

r 
0 

= internuclear distance in the vibratio.zm.l ground state or a molecu,le. 

If not mentioned oth.erw1se, ·tn.e h~ats of for<£t1on o:t the compounds 

treated in this pa.per e.re i'l"'r1 Rossini et a1. 20' 21, the bond lcnsthe f".ro:m 

·20 F. D. Rossini et al., A.lnerican Petroleum Institute Research Project 44 

(Cal"D.egie ~s, PitteburS}l, Pelll'lSylve.nia1 19'.)3). 
21 F. Do Rosaini et al., National Bureau of S~s Cire. No. 500 (1952). 



2tl L. B. Satton,. fables of Interatomic: Dtstarlces sad Coat:lau:r&.tion 1n 

Molecules and lou ('l'he Chemcal Soc:J.etr, ton®n, lalleDd, 19;8 ) .. 

23m · · (. 
~. L. COttrell, 'X'he Stf!!iths !_! LIS ~cal h!!•• 2Di eel. Butter-

' 

AHA, D, E and S are ill kec.l/DJOle, ke and. k
0 

in md/A. ancl re ud r
0 

in A. 

If not uentioned otherwise, all tbe thermoiygwnie qua.llti ties quoted in tAe 

text refer to o<lg and are without t.he inclusion of' the ·cero poa\ emr;.y. 

For ready reference; the heats ot fbrmat.ion of soma pseou.s atm:slD trom 

their reference &t&tes bs.w been gi ve.n in !ablA X. 

heepttng i.n a few simple cases, there are no w:umtb1pou methods tor 

the estimation ot t11.e enerpes ot b0nda in polptcmic moleew.es. S:Laoe the 

torce conetwrt; and bond len~h are &lso meas\#ea of bond strensthl2"l5,23,24 

25 J. J. Fox &a4 A. 1,. Martin; J. Cbem. Soe. 884 (1939 ). 

26 H. A. Skin.ner, T'rans .. faraday Soe. !h 645 (1945 ). 

21 E. c. h'llhan, Trans. Para.d.q Soe. ~, 845 ( 1948). 
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a8 A. D. Walath, J. ~. Soc. 331 (191£). 

29 G.GlocklAr. J. Cl:tem,.. Phya. _!2, 124 (195lh J,i ~. Chem • .§!, 31 (1957); 

§g, ·1049 ( 1958). 

30 1. R. Lippinectt an4 R. Sebroede:r, ·J. Cb.em. Pbys • .?.J1 U3l (l955h J. Am.. 

Cham. Soc. .!@., 517 ( 1956 ) • 

31 B. i'iilchenteld., J. Pbys. O.m. 61, ll33 (1957 ). -
32 G. R. ~j'l1lu.1 J. ~~~ Phys. Jl1 1541 {1960); l!!' 
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A tor~ ~(oG.g) ABt(298.15~) 

H 51.62 52.09 

c 170.00 l71.30 

li l,l2. 55 U).OO 

0 58.98 59·55 

s 66.13 66.42 
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equilibrium internuclear distance and diasoeiation energy iJ'l a. G1ilqtte!i¢e ot 

similar d:iatams wi tb eo:natant bond t.)'Pe are related by the expressio;n: 

(l) 

The awlicabil:t ty of this rel.ati~.hip is limited to sim.U.ar (!~toms 

s.t.tch as C~, Br 21 I 2, etc.; with same bGnd order and ~ type of bonds. 

However 1 tor bon&:3 of d.1tfereut type and o:t di:f'ferent order be'Ween two 

c1ven atoms, v.e wxg use, a.s a~sted by Fox .·W:ld -.rtin25, a relatJ.Qnab.1.p 

ot tm type deduced 'by Su.tlw:rland33. ~essws the potential ener&r ot 

33 G. B .. n. M. Sut~r~, Proc. Indian Acad. Sei. !!, 341 (1938}; J. Ohem. 

PbJs6 !!, 161 (1941). 

u (2) 

and by ditterentia;t1on and putting (u"')eq "" 0 and (u-1' >eq # k.e, it can 

be sbowu tbn't 

(3) 

been found 'that 13 is a constant tar bonds of arzy ·type e.r.td of aar order 

between tvo given atGml:l :Ul their normal wlfitnee st.e.tes.. The val.idit¥ 

'.• 



o1 Eq. (3) J:as ~?~~nl illu.atrate4 tor e. Jew Qonds. The. results for$. 

awsiber ot bonds bav~ beeu presented in ~le n.. Some of them e.~ ~ 

on estiml.ted. torde OQ~ts and $t'e not a~te. 

'fhe:re is ~idar.able con~r&J I)Ve';r ._ enersr ot the o.-o 'boad 

~ n2o2• P.aullni 1 takes thi& to be e~ to tb! ditte~ in ~ })eb.\$ 

ot a~rati<m Qf· Reo2 $84 Rg01 •hich ia ]2.~ keal. On 'the othe:t ~~ 

tt we t$k& this • equal to "tho d.itff;retsee .in ~· beata ot tt.~,_.-.,icm or 
~ . 0 

dietlql pe~ And die1flif'l ether 1 I( 0...0) "'* 46 kcal at 296.15 K. 

From Eq. { 3) the ~rw of the o-o b0%14 of n2o2 1s 52 keal.. Both Bkil:la3$1"a6 

e.m1 Walsb.aB have p:tesente4 arpl'IIU:lts to shoW that the OH bonds elf 112oa ~ 
not u f;ftron& ~ t-hose of u

2
o. If we take E(O..H) to be equsl to the 

cttssociatiou ert.e%'Q (l0l.3 ltoal.) ot the OR l'&U.cal1 then ·from Ute beat of 

atomimtion (a)l..S" keel) of ~02, we obtain E(O..O) • 48.9 keaJ.. We cronsi4e;

a 'lfl\lue around 50 kce.l to 'be h.igl1l.y probab~·. 

Prom_ the heat& of ettJmimtion35 of the n2~11 t~ mlequ.afl a.nd trom 

the heat Of atomir.a.t1on3f5 (503.66 keal) Of the gaseoUS fle• a~~ 

3$ F. Feber and c;. Winkbaw3, z. a.wrs. u.. ~· ·Cbem. • .§g, 210 (1951). 

36 G. B. Gt.lthne, D. W. ScG-tt &114 G. W~n~ J. Am.. a... SQe .. J!, 1488(1954 ). 
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~ ~ ~~ 'btHd ~ and~ ener(lies 

ot 00 aD4 D tJpe bods4 

had MolzcW.e k • I" e E ' 
0.0 02 11.765 1.2074 U7.95 0.1454 

0...0 llaoa. ).5 l.4T r;e.o 
Ss.S sa 4.959 1.889 l0l.5 0.1..744 
s..s Ba.S2 a.6 a.o; 6a.7 
Se.&e Se2 ).612 2.1;a 81.9 G.B043 
Sa·Be 1.91. 2.34 51.2 
Te:J.re Te2 2.31 2.59 n.; .-: 

o.~ :• 

Te·Te 1.25 2.1'14. 42.2 

N4 • 22.962 1.0976 22;.1 0.1229 2 
w 7·79b 1.2) 99-0 
11-N N2l\ 3·7 1.47 65.0 
p~ p2 5·556 1 .. 8943 U6.(J 0.1718 
p.., 3·704 2.0 86.2 
p.p 1.8)2 2.2 52.a 

·~ As a 4.o69 e.os 91.3 0.19~ 

As=A& a.na e.e2 69·3 
£.G...As l.l56 2.42 lJ-1.2 

Sbi;Sb Sb2 2.6ll. g •. lte 69·2 0.23!1 
Sb.sb 1.7"- s.6e Sl.5 
Sb·Sb o.87 2.82 29·8 

~ B1;;a;1 li 
2 

1.8]6 2.68 50·'7 0.2599 
Bi=iSi 1&224 a.a2 37·5 
:Si-131 o.6l.2 3·00 21. .. ) 

(a) 'the~ e @d B . (»~• ot tbe .~t0mtc molecUles &t"e ft'Oa tootuote 
rett · . .3.2· The . · constants ot tbe o-a, s-s amt !f .. !f bond.s a1"e f.roJI 
tootaote referenef: 37 ~ aDd those ot tbe otl'Jer bond& an eat!mted {•e 
:tootnote refer&Me le • 

(b) &itilllated va.\.ue. u.airlS bond e:nersv of t.De W \'Xm4 t.rom aGQitJQPWI*ntt. 



63 ~1 'fPAY b& obtained tor the energy f):l the s-s bond. On tM basis of 

the J3-Value Of SQI and the force CO'n&tant37 and lenstJ.l Of the S...S 'bond Of 

37 E. B. W~ Jr.; J. C. Deciu $l4 P. C. Cro$'81 Molecu.iAr ~1~t!BM 

(MeGrav•Rill Book ~~ Inc., New York, l95Q ), P• 175. 

of H/'~ lq. ( 3 ) gi ws 62.7 kcal tor .E( s-.s ) • This is in good 8.i1'Qen.y;nt 

v1th tl:l.e observed value. 

The en&r~ ot the se-Se bon4 mq be deduced as ahown below: 

From footnote reference 32 

Se2{g) -/ SSe(g) .. 81..9 k~ 

.Prom Stull a1l4 Sinlte38 

ae6(g) -> 3Be2(a) - 65.4 kcal 

Tbe t():toe constant of' the Se-Se bond is .120t ~; hoWeVer, we ha-ve 

eatimatett12 its value from t11e force constant of the SeH ~to be 1.91 m/A. 

Using this vaJ..ue, the energ- of the Se-Se bQ%l4 (as ttbt.M1 1n MJ.e n ) iS 

51.2 k~ in good ~at with the the~bemical ftlue .. 
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.Prom tbe ke' r e and » 
0 

values ot P 2-' ts(W) • o .1718.. ..sum.tna12 the 

torce oontatants of the single, do\lble ar..d triple ~ are 1n the ratio, 

1:2:3~ ve have ®te.Ued the to:rce ~ate ot the aiqlb ad doUble bon48 

from that at the triple bond. On the bui.s ot Eq. ( 3) the eneriJies of 

the p .. p a.nd P=P l:kmt1s ti.l'e 52.2 a.M 86.2 kcaJ./mol.e re-spe~ive]¥. ~ ~ ... 

ohe~Ucal vall.W of I(P .. P) from the beat o~ atomiza~pn ot f'p.SeOU$ P4- 1s 

48 kct.l/mle39. When corrected tol" strain, E(P~l?) is 51 k~l$ aooo-n\!.N 

4() L. P&U]J.Qs awl M. Si.tamrmetta .. Proo. Bat'l. -Ac&d. SCi. (11~1 D.C.) 

!Q, 29 (1952)~ 

red phosphorus, the eae:ll'§ ot the p .. p 'bGD4 e.~rdin& to Pitser11 :ta 

53 koal.,/mole. 0\U' WlJ.ue tor I(P ... P) 1& 5-2.2 k-.1./mol.e &ad is 1D ~ 

~nt with \be valU!es augge&teii 1:>7 others. 

I(As-As) may be taken as one-sixth ot tbet heat ot •tomita't:l.on ot 

gaseous ~.a4• ~ »(1s2;a) • 91.3 tca.l/mole ~ D(As2-As2 ) • 6o .. 5 Jtqal/mole,38 
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AHA (As4u~) • 243.1 kcal./mole. Wheuee I(Aa-Ae) IIi· llo. 5 k.c&ljmoJ.e. Uatnc 

»rowart and Oohttinge-r's42 recent 'f.&lue ot 10.8 kcal/mole tor &(As
2 

.. As
2

), 

.~: ·. 

1la.1Aton39 eonstdera the va.lue ot E( Sb-Sb) to be J:.)tin8 in be~ 27 an4 

35 kcal.,/mole. Pa\111ag7 gives 30.2 kcal/mol.e. ·our Wllu.e u.s1ng an approximate 

value tor its toree eoustant is 29.8 ltcal/molta. tmi.Q& the value ot 62.4 kcal/mole 

tor D(m>2 .. Sb2 ) and tb.e vnla& of 69.2 k.eal/roole for ]i){Sb
2

), t.~ beet ot a.tomi .. 

zation of aaseous Sb4 is 200.8 tcaljmle. ThiS leadS to 33·5 teal./mole tor 

E(Bb•Sb). 

~ tbe &bow results indicate the validity of It• (3). 'We Will show 

the valW ty ot Eq,. { 3) with respect to CC 1 CO 1 and D bonds in sliWseqwant 

sect1oas. 

Laek of reliable de.ta on force coutants of bonds in pol.)latomic !liOlecules 

pr:-evetlt$ us from mald.n& use of EQ. ( 3 ) • Also there is a quest101l about the 

detudtion of the torqe coastant. Aa· 1'0~ out by Wils<m., Dca1w; and Croae37 1 

a terce CC?»stant is detiaed only in tel'lnS of the ~lete poteut.ial t\metion 

ot whiCh it is a. 'Ql@mber. As aware e.a4 1m.ms
24 have po1nte4 out~ there 4oee 

ut seeua to be an.y logical Justifioaticm Ui. using torce COMtaatG derived 

f%'Om complicated potential f\lnet1ou. Str1¢kl¥ speak1Dg, the torQS OOJ1$tarlts 

calc\\la ted on the basis ot a aimp.le val.eace toNe ~t10D are tllG correet 



(!)nee to use. bevel", 1n ~ oe.see, suoh a-s co21 where twb force cmu,lta;nte 

are obtained, on.e from tbe spm!trtc mode aJld ~r from the ant1s~trle 

mode, .a mo41t1•tion of ·th$ simple ve.lenee tor~ ft.mct1oa bJ way of intro

ducing an in~raction constant so as . to fJ1. ve one :f'ol'ee con.stan't 1.& neeessary. 

In pnel'$1, we would ue toree conlltlmta obtained on the baaU of some EK)rt 

of a m.odified val.en~ for~ tur:u::tion. 'lb.e e~rQ values obtaU-ed ~e:mby 

mar JaOt be ver,y accurate but tbef wo\114 be tar mre eupenor to those obtained 

tllrotash speculative mtb.ods. 

lt is pro'babll wortmthile to 4evote some space to inclwie o-ur commEmts 

ke~e 
p+Q 

= const. (4) 

e.n4 

~ a con.st. (5) 

that follow trom Eq. (3). Previoasly Pox and Ma.rt.in25 ·aM vert recently 

~11chenteld26 have ~eOBmll*nded the ~e of Eq. ( 5) tor the derivation of tbe 

CC bond enorgies. For a. llWI'ber of reasc:ms we d.o not consider Eqs. ( 4) $ad (;) 

to be reliable •. For e~le, on the basis of the lengthS of 1.337 A, .1.376 A 

aDd 1.397 A tor the CC 'bonda of etJaV.leae, c~~ and b&nsel!e reapeati~l.¥', 

&ad em the 'baeis o£ Eq. ( 5), one would expect the enerQt ot the CC bonA ot 

cyeuopn to be intenasd:iate tQ the values tor tl.'le ~ bonds ot e~lene ~ 

bentene t SimilArly, OM would expect the force constant ot the CC bond of 

~pn to be intel'ID£id1.ate to t.be force constants of the ec bcmds o-t ethylene 
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and be~u:ene. Unfortunately, the fo);"Ce constant ot the C(fbotJ4 ot c~~n 

a about 6. 7 1!iJ/A, While the f'oroe constants o.t the 00 bonds ot atb1lttne 

and beucne are 9.6 and 7.6 md/A raspect1vea.;3• Xt ve ·use Bq. (5) tor the 

prediction of too ~nergy of the 00 bond of ~n, we woul.A end. VJ:l ~itb 

a vaJ..ue far higber tba.n 1 t shoUld be. Simila:r oans1G.erat1on$ also invalldate 

tl-£ bond anergies ob~inod. by lleTla.r and Sahmeisin313 usillg e. rel.Qti-Gnsld.p 

betweeu b.;>lld length and bollli emwar.. As eX,PEHlted, their value for the ~ap 

ce bond is UDUS~l.f hiah· Our value tor tbe ~ru- ot this bond is 106 kcal.' 

wb1,le Dewar and Schme1aing•s valUe u ll9. 75 ltcal. 

From the f'orosoins discussion, it is qW.w alear that we aN left vitlt. 

no other s!JQl.er al.te:rl'.le"tive than to use Eq. { 3) iJl the prediction of the 

ezaergies ot the ·CC bow. However, given tbe energies ot a tev CC b~ 

eaeh u 7C·C~, )C=C< , ana. ... ();C., we nm.y estima-te the emrpes of 

several other bonds in u ~ipous ~r, without lUI¥ recourse to Bt· (3). 

This baa been onow in the f'ol.l.owtaa section. 

-4. l~W OF ESTIMATION OF fBi IIA4fS OF AmMIZATION 

07 JIDMOLOOOUS OJMPOtml)S 

bum of contl'ibutions of atoms, groapa of atorrl$1 or bonds pr~s~nt in the 

moleeul.e 43. In 't.l1e <',.ase of licimioloaous COllfPO~, t~ contributions of the 

43 see G. J. Janz, Eatil!latton g.£ Tbe~e P2i'Ol!!rtief3 g!. O:re_~e ~~ 
{Aea.tienlio l'l>¢~s In.c.; lew Yol"k, 1958) tor $ t.l~ry ot &u.ch ~. 
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groups riiB::f be obtained iu e. straighttorwa:rd &M;~r. However, no unambig\ieus 

ve.lues for the atoms or bonds ha;;re been found s-o far. This intricate situation 

bas recently pro~ted BensoA and Buse 44 to oonclude that &mons the lawn at 

44 
S. W. BeASetn ~ J. H. 1\ue.s 1 J. Cllem. ?b.ys. ~ 546 ( 1958). 

additivity, ~ law of Q.dd.itivity ot atomic p~a,Pertie$ a-tfol"ds the terot.a 

ol"der ot approltiU1f!l.tion, the law of additivity o·f bond properties tl.le rust 

o:rder ot a.pproxima/Gion, the law of e.d4..1.tivity of grou.p propertiss the seeond 

oTder or e.pprox;;LTJl1t:ton, and so on. \<Jhile we underatmld ~ o-:U4 cum.ste.ncee that 

their conclusion. lt e.e.n be smwn that u.nd.el'" e.qu,ivalent as.sttmptiQns; .all the 

~e taetboda of es'ti.mat:ton vo\Uci ~ equiva:lent and y:teld e$.eenti&l~ the 

same re:J\Ut, wlw:ts~r 1t •v be. l't is U1 this :result we are intere·sted. 

iowewr, 1 t ahould be pointed out that the reaul.- obtAined tbtough all these 

three methods may be ~ id.entieal v:Lthout neeeasari~ '.I'Zkins equiva.lent 

a.ssump·tiou. Th.e tollowina diacuasion me.kea our points clear. 

Fo1• ~le 1 the heats ot atomzatioo of n--e.lltanee may be estimated :trom 

the eontributio:m:~ of tJ:l.e mt;;thyl N1d ~thylere groups. The contril'>utiou of 

the methyl group r1ny be taken as one-half o£ the heat ot ato:mirJ.'I.tion af etbane. 

The contribution of the methylene groUJ> my be ~n as e(!ual to the constant 

i.neremeut in the heats or atomiMtion of n ... al.ke.:nes per cn2 fP:'OUi>· 'lhese 

(p."'UP contributions m;r be con\l'eniently split l.l'P into eontributioru:: for the 

45 prinnry and. a.eoondary carbon a:toma, and ~aen by ass~· the aont:oib\ttion 

45 The pl'Oiil)tion energy ot ls too 2p ot H 1s so l'li8h (10.2 ev ) that it 

preauat.hl7 ma.lws s ... p b;ybridimt1on iJI;>oesible tor hyd.ropn. 
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ot lqdrogen to 'b2 e<JUal to om .. bal.f ot the dissoeiat1on ~rgy ot ~· For 

s1mplic1t;r ve ~U eaU tile eaavibutioaa ot an atom, its valenee state 

enerfi¥46 (V). The heat of atomization of a molecule will tl:ien be given by 

46 
A D.\.Uilber ot autbora have discussed t.he valellee states aad the v~ 
ste.te e:ner$1ea ·of so.me atoms. For ~l.e, H. II. Vop, J. Che$.. Phf$-a 

~ 984 ( 194£3} a.nd. J • H. Vt$ Vle~, J. ~m.. Pbus. ]:, 117, 219 { 1933); 

.f., 20 (1934) nave calculated 1;ba.t the tet:l'lll.llcdral valence state of ~0&\ 

Ue-s abou.t 1 titV above the s2p2 3p state. However, as C. A. Coulson, 

V~l.ence {Clarendon PrefJs, Oxford, tngland, l.952) has pouted. out, the 

carbon atom of l!le~ never gets ~iato tbe valence state, aDd 1::.b0 enere.v 

aee4e4 to e-.e1 te to the valence state ne'r¢r needs to be s~lied to the 

&)"stem. We defiDS the valence state enerf/3 as the energy actuell,y supplied 

to the cubon atom in a molecule. 

(6) 

41 S'trietly Gpeaitins, t.hree typee Of C-C bo~ 1 viz • 1 pr~ .... prii,oo.ry 1 

prinsl:'y-seeond.a.ry, and secondary .. secoDdary C-C bonds have to be as.sume4, 

..s has been s~sted by V. M. 'rateviak11 Dokle.ilJ Akad. .• Ba~, s.s.s.R. 1i1 

819 ( 1950 ).. unl.ess ou 1$ interes~d in treatilla the ~ric para..ftiu, 
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jC·C( bond aa etrong as tbat of di!IDIOttd b4 two types ot CH bon4B; vi~., 

Primal7 tUJ4 seoolldary CH boads. Since the energy ot the :,c .. C( bond. of 

41EUiml<l is kflown,. the ener&i(!S ot the prtmar;y and secondary em bondG -.y 

be obtaiAed mm the eontribu'tions ot the methyl u4 mtb7leae 81'0\lPS ustlll 

t.b!! relationships 

'lhu.s under tbe .. ee usU',llq)tifl)ns, Vllich are all equ.i?&lent, tbe heats ot 

atomir&tion et n-e..lkalles .,.., be estimated vith aa a~ deviaticm of 

! 0.02 keal,/mole. 1\\ere ie, hoWever, another taethOd~, vhich is as accl}1'&te 

1r8 G. x. Coates and L. E. sutton, J. Chem. Soe. U87 (1~). 

a.a the above m!thods, but treats the pr1mtu7 an4 seeon.da.l7 CH boada to be 

equal in strength. 'l'hen usina the relationshiP*l (7) a*l (8)_. the· energ;y of 

tbe )C·C~ bond rray be estimated, but thia value 'WrD.a out to be lflUeh lover 

than it 1e 1n diAmOnd. Both Mulliken and Coulson49 have augested that tbroup 

49 c. A. Couls=, Qual"\. Rev. Cheri. Soc. (London.) ! 1 144 (1947). 
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shorter than the ~( bond iA the e.lkalles. !rae bond lengtb:a 4o not s•m 

to support thetr tbeoey. llert!berg And stoiche~ heve 3hown that the ~h 

of the 3C-~ bond 1a a. var!etr of ccmwounds is COll$t&nt and b$$ ~ 'lfSlue 

of 1.543 1 o.ool A. The l.eD,ith ot the 30 ... c~ 'bOl1d ot 4~ is also 1.544 A. 

Conae<~.uent4f, we a..ro: justi:f1e4 in treating these two bonds a.o e(lual in &t:rength. 

Al$o the strength of tha seeondaq ca lxmd ~roe tavorably with that at such 
51 . 

$. bond in cyclot"...eDll6 • Tbie ehows that we a;re Juet1tied in treat$.fl6 tb$ 

5l 'ftd.e is tna a.t 296.1;~ (see i'abl.e v·:) 'bl$ at o"x, the stnnatb ot the: 

CH 'b(md in I)Ja opeu po~.ttqle.ne chain is 4 iabtl7 sreawr tball in ~yclo· 

beane. »ew.r an4 .soh'me!ainl (see footnote reference l3) reJ.a;te thil. 

difterenee at oO.,:, to tbtt CGaformatlone.l ef:te~te. ibe all-~ coutormation 

ot a pol.ymethyleue chain 1& more sta'bl.e tlum the all .... p\1Che c:tmtfona.tioD of 

the CJelobemne; this makes the CB bends ot an open ebata stm•r thEm. 

those of e. closed eh!Un. 1'be confoftat1Gnal i.s.,.rism is p:robabl,f DOt 

iaq)ortaat at 2S)S.l;»~. The .specific heat dUterence also J.1BF pl.AJ' eome 

part 1D this • 

st~s ot the seeo~ and Pr1mliL1"1 CB bonds as different. 

»uri tm $oi.nlUar eons1dera:tiona1 tm ~ral equation tor t.1:te heat ot 

atomization of a ~on mt.1 be written as 

(9) 
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where •;1 is the en.er(Q' ot the 1-t.h type ot' ca.r'bon a tom, Qtlil n
1

, tbe mmiber 

of stu.m catbon atoms, .r4 and V are the correapo~ quantities tor l\YdrOaen. 

The '1/lt.J.ence ctate energies of a ~ dist:!net types ot carbon atoms, vic., 

primary, sec<l~1 tertiary, quate~, tr~:ne.l and ·digorlal ce.1"bon 3Wma 

have been recorded 1m Table m. Tbe standards for the Pt>Uau7 aJ).d ee~ 

C&l:'bon atoms have been a~y e:x&lla1ned. The val.e.nce state enelV ot tbs 

tel"t.ial7 cal'"bon atom has ·oeea obts.Ul,ed from 'the beats of atGm1tat1on of 

2-netl:l¥1 alkanes. The va~uce state eWJrQ of title quateru.ry carbon ata:a 

baa been taken w ~ e~fBl to tne beat of atomization ot dili.t.mG».d. For 

si.mplicity we he.ve assU'Ia!d the earbQn atoms of dialuond; ethylene, .and, 

acetylene to be hybridized 1D the tetrahedral, tnsone.l ud diaonal states 

respectively. 

Us.ing 'bend energies, the heat of .atom:i:r.ation of a h¥droea.rbon may be 

written as 

(lO) 

where E
1 

ia the enerf§Y oZ the CC bond ot the i .. 'tb kind, n1, the number ot 

such CC boad.G, nj e.m'1 EJ are the eorre&~ q,u:.wt1tie6 tor the Cii 'bond.s. 

We have :recorded in 'tabl4 IV, the anerpes Qf ll types of 00 bcmcls and 1n 

Table V, the e11ergiee ot 5 types of OR bonds. T.bey are the )e-c( , }c..,(!" , 

iiiO-Cif, Jc:-o~ , ~c-c• , ~-car, )C...C( , )C.C= , =aC=.C· , -esc- ana. co 'bond 
a.nd.. ~c.H bond~. 

ot benm11e .. and p-CR, s .. CB., t.CH.; ~ bOildsJ/I,fbe eaerSies ot ~ )Ca:C<. 

and .. c.sc .. bonds co~~dble with the enlj;lrg ot the· ;c-c( bond of 6J.arll>D<l 

have been obtained on the basiS ot l!lq. ( 3 )5'<-. W*th the help of the enersies 

52 for eoneisteacy·these values have been given up to the second pla~ after 

the deoiml, o.ltb~ eueh an aceuraey ie not vaX'l"al'.lted by tbe aco.uraq of 

the :torce constewts. 
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'!'able III 

Tne at ~ e.tom Molecule V{ oO.,:.) V(298.l5~) 

PrimUy Etb.ane 178.:36 181.42 

Seco~ n•Alka.Des 173·64 116.23 

Tertiaq 2-MetbJ'la.l kuaes 170.22 172·79 

Qtatermry ~ " l($.4o 170.86 

'friaoaaJ. Etql.eue l.6a.74 165.05 

Di&ODtJ, Aeetyl.Eme 142.81.!. l44.ao 



. . 
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Bond 
_....,.,._.,. ·..-~ ........ ._ oj 

~-C( 

:;J:-~ 

'ile ... C1( 

~-c= 

~ ... a. 

.e .. c;r 

CC (c6~) 

>cac< 
)C=O= 

=C=C= 

..ca:e-

Primary ca 
SeoondaeyClt 

'DlbleiV 

l"() ko 
. \ .... ....... ~~ .. 

'i 544 4-•· 4.)0 

J..;l.6 .4.9!> 

1.486 5-43 

l.~o 5·73 

1.432 6.37 

1.376 1.2.2 

1·397 7·69 
1·337 9.60 

J •• S-12 10.24 

1..288 l0.87 

l .• OOl 15.60 

a-Metbylalkat~es 

i'tlO"leae 

A.oet;rlene 

-·Ill. -;;,o.f ..•. • • ,,...,Poll....,_, ___ 

I (0~) 
-~~~ 

84. 70' 

89.85 

95.00 

96.35 

lQ3..50 

108 .. 00 

U8.50 

135.50 

139.16 

14:2~33 

117.61 

96-09 

95·94 

94.80: 

99·12 

J..05.6a 

I (al6.~~) 

85.~3 

91.08 

96.72 
i 

97·33 

102.97 

1()9.22 

U9.64 

136.66 

ll!o.43 

144.20 

179·19 

91·J+9 

97·48 

96·73 

l()O.~) 

106.70 

-----------------------------------------------
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of tlmse bonds, viz., )C-C( , )C::~C( ond .. c=c- 'bOJids, and the valene$ 

sta.te ener($1ea of the carbon atoms; the energies ot the other CC bonds and 

en bonds bonds M.ve been obtained as shown ~low. 

The valence state euerg of the ji:riaonaJ, ca.rbon atom trom the heat 

of a.tom.iation ot' ethylene itJ 162.74 kee.¥nole. '1'he ~Ml'&Y of the )CoC( 

bond of etb;rleee 1e 135. 50 kcal,/mo:te. If OR$:..-halt ot this amount 

(135.5 ltcal/mole)_ 1e contributed by caeb trigonal catbon atom in etbylene 

tor the fo%'JIII1tion of the double bond, t.nen the r.uainder ot the valence 

ste. te euere;r ot the tr:Lgorm.l eal'"bon atom repl"esents the stre~ of two 
2 2 2 

•P o!'bi te.ls or the strength ot QD.e sp ... sp bo.nd. 'lbQe 

(ll) 

Similar~, the diU-renee between tM V&J.enoo state euerg,y of ~ 

digonal e&rbon atom and ODe•ba.lf ot tbe entereJ:f of the -c=t:- bond., repr'(',tsenta 

the strength ot the sp ortJital. 1bu.s the strength of the sp orbital is 

54 teal/mole e.ud tile strellgth of the sp-sp 'brmd is 1.08 koaJ./mole • 

The strencttb.s of 'c.he remaining bybrid C-C bonds •Y be o'trttd.lled by 

oinqU.e adAi tion. of the orbital strenaths. 'fhua the energies ot )0-C::' , 

;c .. Cia and ~c= bo.ml.G are 89. 85, 96.35 and 101. 50 keal/molo N$l)ec:tive ly .. 

We may now e:frt.11'.1larte tbe es:Lergies ot the )Cu;Ce and ""'CaCa bonds. The 

e-rJ.erQ of 1the Q:C=C=r bond is o'bvioul¥ equal to the valence $tate anergy ot 

the digonal cel'bon atom. The ener17 ot the )C=C. bond 1a equal to the 

arithmetic: mean of the energies of the )C.C( and eC=C=: boads. Thus 

I( )C=Ca) Ql 139 .1.6 kce.l/mole • 
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Prom the heat of ~t.om:tu.tion ot eth:ylene a.nd the energ of the )C.C< 'bond, 

we nay obtain the $nergy ot the ~bond to be 99.12 kcaljmole. ~is wlue 

my also be ob1:.e.it.Led by the addition of tbB strengths of tbe tM.-:igonal orbital 

of carbon and the ve.lence state energy of the ~rdrogen atom~ thua E( ~) 

= 47.50 + 51.62 ;; 99.12 kcal,/mole. Similarly, the energy of the ;en bend is 

equal to tlle sum of the strengths ot the d:l.&onal orbital ot carbon and tbe 

ls orbital of lzydrogen. Thus Ifi( 'SCB:) ... 54 + 51.62 l'iJ 105 • 62 kcal/mole • 

A.ss1.111\1n8 both 'the e'{;)qlenie aad. ~n&enic CH bonds to be equal in atre~, 

we obtain the atren«th of the OC 'bond or benzene t.rom the ~at of atomiza'tiOD 

of 'ben$!ne to be U8. 50 kea.l/mole. 

Bond energies which refer to 298.15G:tt bs.ve been also obtaila.ed by tWi:lla 

~ above proced.tu:"e$. The¥ •lso have been presented ill Tables IV &nil. V. 

We bave also roeorded in Table IV, the lengths and force constants ot 

the CC bonds. Tb.e ,lengths of the c .. c bonds are those obtained b1 a.dditiV'itJ' 

or the orbital re.d1i2• The force constants ere thoue wt.ich $atisty Eq.(5) 

and calculated by using tne energies which refer to oo,;,.. 4fhe torce constants 

tor a few ot these bond~ are know and they compare satisfaewrU.y w-ith 

those calculeted by u.s. For example, the force constant of the CC bond ot 

benhne 1& knovn to b6! aboat 7.6 md./A. The value obtained by us is 7.69 mi/A· 

Similarly, the fo:ree constant of tbe )C-C~ bond of metlcyl acetylene is k:rlown 

to be 5.5 m/A and our va.lu.e is 5. 73 md/A. These results alec prove the 

va.lidit7 of Eq. (3). 

It u also itl:teresting to now that the stretl6th of the hybrid orbital 

when plotted rt.~inst the coett1c1ent ot ~ina, 1\1 in th$ eqQ$tion 

(12) 
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t'alls on 3 straight. line as shown in Fig. l. The va.luea tor ~ ooef;ficiant 

of mixini &re those wh1eh i(D:tia:f'y the orthogone.llty eondition 

(l3) 

where Q is the ®gl.e between tke eba ot two equivaleat c.ro:t., tf,lo ~ ~ va.JJ.wa ,, 
3 2 ' . 

used tor the st:rengths of tha sp , ap e-nd GP orbitals ue 4a •. l51 47.50 aDd 

54 k~l/:mole. 

Molt!icules such as J., 3-bu.ta4iens, vif.l,yl o.ootylJitae, eta. oonte.iuUl8 a 

c .. c bond betve$n two unsaturated OW"bou etoma axe eaid to be coaju,se.ted; 

molecu.les sueh aa propene, propyne, etc. containi»a e C-C bond. betvean a 

saturt.ted t\.nd $n tllleaturated oar~n atom I!J;re Gaid to 'titJ Rmieot.lJupted13. 

Accord.i.Dg to the n ... e:tectroD. tbeot.7, wtb conju.gatton end em.d.conJ'uaation 

inc~ tbe stability of a molecule. trstas either r.:q. (9) or Eq. (lO) 

mt -.y estimate the e~cted ha.ats o~ atomi:rat.ioli ot eemioonJ-.t.ed e.n4 

eocjupte4 hydrocarborut. It :resol'lrlACe vere to be important, the observed. 

beat of a:tol.Jd.zatiott !1lUSt be ~r 'than the 4l!~ted value b;y ~t al!l>tm·t 

'llhiah we call the stabilizatiol3. emerg (SE). 1'he resuli>o, 1th1Ch reter tQ 

298.15° !t, for a few typical fDS.')leC\lles bave been presented ill Table Vl 

UDd are nov 4isou.ssod. 



Obaerted $lid calculated heats ot atomir.atia al14 the stah111~&t1on 

euerg1ea of some ~t~ted ~· (f • 2C)S.l;<>t<) 

Compo\\1\d (gas} 

:Be~• 

'.t'ol.wme 

P-xtlene 
Mesitylene 
.-Blltylbeaseu 
.. Deqlbtmaeue 

D!pherql 

:Diphelqlb\ltadiene 

s~ 

Pl'leqlaoetyleae 

Propene 

l·Pentene 

l•Deeeue 
IeobuteMJ 

t.rabs-2.-.Butene 

c:1s·2·iu:tene 

l,4 .. Fen1841et~e 
Triaeth)tle~l.e:ne 

~tb.rlethylte~ 

Metbylaee'b7lene 

Dim~lacetyleae 

11 3•But&.d.ieue 

AU «me 

(a) See footnote reference 53· 
(b) See tootDOte reterence ~. 

AHA(Obs.) 

132).5.2 

l.6o3.87 
18($7.01 

2170.69 

~5.56 

4J.aS.oo 
8 

2535·30 
b 3406.8 .!. 1 .• a 

1751.90 
l6o7.14b 

821.56 

1382.40 

2784.1JT 
1105.::.6 
1104.33 
U03.33 
1248.02 

1387.57 
1668.79 
677.94 
959.25 
971.41 
676.34 

(c) Oalcul&ted on tbe b&Gis of Xq. (9). 

ABA (Calc. )0 as 

13()2.84 17.68 
1500.~ 15.43 
1874.()1; 12.97 
2159.64 10~95 

e429.67 ... 15.89 
4J.J.a.l3 

~ 

1!).87 

2501.50 n.so 
3370.16 '$6.7 + 1.8 -
1737-l.a 14.78 
l59l.a4 1.5.90 
824.o6 .. 2.50 

1384.88 .. 2.44 

2786·93 .. 2.ij6 

1109.66 .. 4.40 

J.l09.66 .. 5·33 
UQ9.66 "'" 6.:;S 
12;).15 ... 5.13 
1395.26 .... 7 .6<) 
).680.86 .. w.ar 
678.J.8 .. 0.24 

963.78 .. l!. 53 
972.74 ... 1.33 
68a.66 .. 6.32 
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6 ~Oi(lm atoms.. On the ba.eie of Be!· (9), the e:;pected heat ot atomization 

ot ben-.ae 1a l302.84t~mole, wh:U.e i:ts obflerv'ed value is ]J20.)2 ltctlil/.,le. 

Tbe7 le•d to e. ~ o£ 17.68 :kaal/mle tor the stabili-.ticm en&l"':Y ot benzene. 

!he ste:billmt1on ~11' ot be~ flB1 tU.so be e$timate4 tn a ~~ ot other 

W$1S. S:tnce all ottr C$l.t.ru.lat1ons of the valence state e~Jerpes and bonti 

&l:lerlles a.J:'e based on thfr ttmdamen.tlll ~tton that t.he valence st&te ot 

liydrogen iEI il:ivat'iant from molecule to _,leeu.le, the stabtl.i:aUon eneX'fR ot 

bea&eae J%1&7 be c:lJttp;q obtataed trom the heats o.t t'otu:ltton ot ethYlene and 

'bent'.e.rle &0 sll<Ml. below: 

S&(~ne) = 3 llHr(Btbylene) ~ ~(beU$ne) 

o 3(12.50) .. 19.82 = 17.68 koal{mole. 

Aooordia.a to ~ 8llld ~1ein6, the stabiUaattoD. enerew of b~ne 

iS given 'byt 

(14) 

where SR ( .8!)\U"iuwa re~ce ene-rgy), vb!. cb. represeats the d1tte~e 1ti 

the be-.ts ot ~~tion of one nl:)leeul.e ot ben:tene antll three molecules 

ot e~lAilnca, is 
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carbon atoms in tbe lm111Atw:"ated anA sa~ted ~carbona and alao the 

eft~ct of di~rent strengths of the prb8r'y .c.n,d. secondary CH bonds in t¥ 

end products 1 is Siv:en by: 

Ill • 3 [a<~-c'} ... l(~e .. c(> J ... { £(~) ... E(CI., etba.ne)] 

+ 12 (a(CB, ethtw::re) .. B(e:CH, e~lo~)] 

= 3l.li kcal/mole. 

Mowever 1 as pointed ou.t b)' Dewar ~ SC11milf.s:lql3, ~ af thifl 

EmerQ mu.at repl"e{l;~t the o:•boD<l relief e't$.ibl. ecer&Y (stU£). It my be 

noted, tbat in ltleuum there 1e o~ one ele.ctl'Qn available fo.r ¢:.aell n ... botJ!t., 

while in e~JJwe there ere two. A Ctro-el.$ctrQt1 n•bon4 C01D;P1"0~ ~ cr""bo.Dd. 

1!'.10re than a one .. ~J..eetron n .. bond doos. 'J.b.us. ~l'G is eom:e rel.tef of ~ 

ii:l benzene, whiG:h 1a aeea to :Wcreaae the val.e~ state ~of e~ll 

~ ~ atcmf of biaaeae b;y 2.95 kcal. Su:t how much ot tbta stabtli• 

As$\111og tba"t tol~ coasints ot 6 ti'igonal. calfb<m a~, one pritary 

ca&'boa atom ana. a byd:ro&ea a-tolW!, ve have estinated :tts ~t o:t fltomif4tion 

to be 1,&'3.44 k~le. Its obserftd bemt of atGldation its l6o$.871t0al/molel 

whence its stabilisation ei:Jerg,y :la 15.43 koal. I.f h¥gercaxy~t1on lteli'e 1K) be 
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~rtant in toluene; it idwuld be.ve ~ter eta'b1l1a~ion energ tbtm. 

bell.Une.. ~r, replacement of b)rdrogen by. ~1 gro~ ~rn t.11e 

atabili•ttan eurgy o:t b¢;uene b7 2. 25 ual. 
We have p:;-e40nted in 'lll.ble VI the sta\lil1t.at1oa e-Ml"'gies of » .. ~:l.ene 

and mee1~7lel:lt1t. They .show that tb.e l.owerb\3 of t.he atabillB&tiOn energ 

ot beneae 1De~-s. with tbe u~r of lqfJrogen atoms replaced by .the 

uetql groups. ~ higher alJsrl su\lstitutA4 beAfie&eia have a ~vh&t 

higher stabillza"t~n energy t.haD to~.ne. l"rom n-butyl\lenr.ene ont.m.rd$1 

the stabillf'.atton energ;y is constatrt., being e.qual to 15.87 ! 0.02 kca.l. 

l>i.phe'ql. •:v be treated as ~nsistit~& 0t 12 tnsoal catbon a.~ 

~ lO ~n Qt~. Thus 1ts neat ot &tomi$\tion is 2501.5 ~cal/mole, 

w11.e S.te obse~ va1~53 is 2535·30 kce.ljmole. »ecause t>f tb.e pre$en~ 

ot a c ... c bOlld ~n the tw ri.l'ap, 1~s «Jta;bil.i•t.ton ••rg iS e~ 

to be Sl'(tater tb&l twice the stabilization $tl.el~Cf ot 'bemsem: (35·36 k.<lal}. 

1'be valwa totm4 1a only 33. Bo lteal, indicat!ng a slight kel"eaQe in the 

sta.billmtt.on e•r§. 

Propene: e!-a~.-OHl· ". ' 

?.Teattng ~pane u cons1stin6 of two ~ ca;rl)on atoms, one 

pl"iiary carbon a~ and 6 lqdri)SID a~oms, we nave estillated t- atabillatioa 
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enerv to be ... a.;o koa.l.. Since the et.~l.en1o (ta.rbon atoms are tf.llten as 

sta'Q4ard tor tM trigonal carbon a. tom, the stabiliAtion ener&;y' o.f ethylene 

is .aero. '!'he neptive stabilization enerQ fJt pt'OPf'M; theretore1 ~ 

that metl'qlation l.o\ters the· ntabill$t.tion energy of ethylene. t'he stabili• 

:ation. energies ot trans-2 ... bute•, trlrtletlq'~thrl.e:ae and tetr.amethylethy:leue, 

prasentad in '!'able VI, show that tbe law$r1q of tbe ste.biliution energy 

of ethyleae 1aereaees with the ilWJlber ot ~n atou replaced. Th~~ie 

results are tull.y eonsis'te'nt with. our resul:ts tor benzene and ita met.nvl 
. 

d.er1vatives. It is a.J.Bo 1nterest1flS to uote th&t among the 41at&bettttited 

etn,leEs, Ci$·•2•bv.tene baa the l.oftst stabilltat:ton ea.erg ( -6 .. 38 koal) 

followed bf t~-2 .. :bute• ( ·5. 33 keal) and isQbut.elle ( -4. 4o kcal). 

The loweri~ in. the ste.bUiatioa enersv ot et!qlene is eoutew.t 

(2.46 ! o.oa kcal) troa l•pentaue to l-e1coeene. 

'rfts.ting propyne au consisti.ng of two digono.l carbon atoms, one pr.l.ma17 

carbon atom. a»d 4 h)'drosen atoms, we have es~ted ita stabiU-.tion e'I:J/Srltf 

to be -o.24 keel. T'.a.is ind.iett.tes that methylati.Qn slijbtly l.twe:rs the 

stabtliu.t1oa e. ray of e.oetyleae. This loweri.nS 1a not lJlUCh when. one 

h;vdrocen atom :Ls replaced but wbea both the ~n a~u are rep~d 
.. 

as 1n diutbfl acetylene 1 there ie considerable loweri:na in the etabillzatio» 

eJWrQ ot acetylene. 



and 6 hydrogen etoma. On th.Gt ))asia ot .Ett,. (9), its hea~ ot stomis:ation ia 

972.74 keal/moJ..e while its obsen-ed value ·is 971.41 kealfmole. This uhaw'a 

tnat the ste.bil1Mtion ~rgy of l,3 .. bu.tadiene ie -1.33 kcal. fh1s beina 

neaative, we my conelude that 'lt•el.ectroll: :reootl$o!tee is un1urporta.nt in tbe 

{&l'ound state or this _,leollle. 

Treatiq .st;,-re~ 4\8 cona:1etin& ot 8 t~ carbon atoms fm4 6 

~oaen atoma, 11e- hl!.w fou:n.d :f.ts atabi.JJ.ltla~ eners,y to Dla 14."(6 keal. 

1l'l'd.$ is lese ~ that tor bensene and shows that replaoemeut of l~n 

atom even bf vinyl sroup has the sa.me efiect as replacemerit. ot ~n 

atom by ll18tiql.. 

Coate• ali ih.tttoll
48 have determined. the beat of atomizat1on ot 

diPhenTlbtttad.iene ·to be J4o6.8 + 1.8 kcal &t 293CX. ~e:M.Q& this molecule 

as eonsistias of 16 trigonal Carbon atomo aD4. 14 ~n atoms, we have 

estimated its beat of atomi.zation to be 3370.1 tcal/mol.e. ThiS l.e~ to a 

value which is approXimateq equal to w:tee the stabilisation eaerQ of 

benzene. ~quentq, we •1 conelu.de that there is no reooaance in d41t1on 

to that al.re~ prelSent ia the two beuene rtnss. 
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Aesumin& that thi.$ molecule couilts of 'We tr1aODal $nd one .d1gonal 

carl>Gn atmna, and 4 hydrogen atoms, we have calculo.ted its heat o:r atom ... 

mt1on to be 682.66 kcal,Anoa. Its obaervet value 1a 676.34 teal/mole 

l~ to a stab:U.ization enera;r ot ..6.32 kee.l. Althqugh the central. 
!t 

ee.rbon atom ot allene is . proswzbly hfbr1d1aed in the <tlgonal st.?,te, 1-t is 

not bonded in the 6$.m way as the d.igonal CIU'bQn atoll ot acet)"lene. eon

eeqwluitlf, the cent.ra.l carbon atom ot allene mn,y have a 41tfennt valence 

state eller§, 13'7 .88 keal/.,le. This valu.e may 'be ~1\11 1n the eal.au.l.atioa 

of the heats of atomization ot mol.eeulee containing the ll!ICQIII atoms. Thus 

we may estimate the heat of atomization of bute.trie.ne (~~=C-CI~) to be 

814.22 kcal,/mole. 

Thus tl.la results preaented above prov14e no evidence in favor o.t 

;t--eleetl'O.Q resonance in the ll'Ou.t!.d sttl.1:ta6 ot' cla.S$1.cal molecules. I,u the 

case of the non-alaaGieal. benreoe molec·Ule, much of the ste.biUZ~;ttio.n is 

due to the rel.iei' of tl:le 0'-bGnd strain. ·Alkylation hl'.Ul been fc>und to ~1er 

the stabtllati.on energies of etey.lene, benzene and aeetyl.ene. It is alSo 

larowtt54 that alkylation considerabl:y l.owrs t;b.e ionization pot$nti&ls ot 

54 w. C. Priee, €hem. Revs. !g, 257 ( 1947 ) • 

unsaturated aDd aromatic hydroear'bons. We f'eel that there should be so~ 

relationship be·tween the loweriog of the 1on1mtion po't4nti&l aad the 
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lowering of the stabilir.ation eaersr upon elkylatioa. J'or ei'.Wli.PlAil.; the 

io%d&at3.® potential of propene is 0.8 ev lower tbaD that ot ethyl.ene and 

the 41tfel='eaee ill tbe ata.biliu.tion eaergiee. of etb:ylene e.lld propene is 

2 .. 50 keel.. 'fhe iold.!ll$tiu. ... potenti&l of t.Qetlq'la®t)t"lene, oa the othez> he».d., 

1$ Just O.ll ev lower than. that of acetyleae; similar~ we t1D4 tbe 

lcwerir:ta U the ete.bU1r.a;tion energy of aoetyl&•tse by one mth11 group is 

0.24 keel oal.y. The ionir.ation. pt>telltia.le of these c():.q)ouad& have been 

discussed by a number of authore6154-56• Welsb56 has potrlted out tbat 

55 J. Fain G.nd A. L. Matsen, J. Chem. Phye. 26, 376 (1957) • ......... 

5£) A. D .. Walah1 Aml. Rep. Chell. Soc. {L<mdon) 4~, 33 {1947). ·-

the reple.¢etlllim.t oi' hydrQ&en in ethylene by =tlzyl group weaaua the o-bomi 

in C=C with the conseQ.uence that the lt•eleetron is l!IDM easily remved. 

Mul.lHt~n6 as·eri~a thi$ dU'i'~ largely to stabiliza.1iiem of t~ positive 

ion, c
3
H6 + in consequence of mthyla.tion. 

If allqle.tion lowers the ata.bilim.tion energies of' ethylene1 acetylene 

and bencene, it should. aleo l.o'lter the stren«thS of soi!le bonds preaeut in 

those molecules. It 1$1 however, ditfi.ou.lt to ~ wbich particular bond is 

affected b;y ~lation. In prapene, the cllQJl(l.es are t.Mt the )C::C( bond 

may not be as strong as in e~lene.. It is also possible tbat the JC""C" 

bond ..-, aot be as strong aa ir:.dieated by the streqtbs ot the sp2 and. sp3 

orbitals ot carbon. As noted in tlle 1ntroduct1on, an ap2 .. $p3 bond doee 

2 . 
ilQt appear to be stronger thea indicated by the otrengtha of the ep and 

!!IP3 orb1W.l.s. 
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lJ1 th1$ ~ct!GA we ti&w estimated the ~Uiat.ttm er.erpes ot C<nJil!!i 

pouD.d.s containi.ug non-~carboa croups su.ch a.s .. cao, ·COOK, )Cm.O; et~~ 

'rh$ beets Gt atomization ot tbese c~oW'lt'l$ have~ bean e&ttmated. on the 

bests ot the contributions or tbe aroupa ( l.V veJ.ues) vhieh are p%'€CH:a'~ 

in 'fal)le VII. These nlues have. been obtained ·.tram the heats of .atom1u1iion 

the con'tributiG.n of the ~n atou. 

Ma.ld.ns certain s:1m,ple aasllli,P't10l'ls we have also estimated the energies 

ot the houds in these mol.eeules. ~se t'e$\\lt.s are now diseased. All the 

ener{(ies quoted in 'the t'ollow1ns diseuasion refe:r to 298.1;~. 

The iDorement in the heat ot atomi~ation per meti'q'lene grou;p in several 

bomloaous ~wds containing t'J.O non-.by4roearbon groups 1a fairly constat 

being equal to 000.41 kcal. H.ovever, tb.e presence of a. non .. ~rbon poup 

in a 1\ydroee.tbon ~ms to iafl.ueaee the $t:renstns ot CC aad CB bonds. Roeab:l. 57 

----
51 '1. D. RossiU.:t, J. Research, ».B.S. (u.s.) y, 169 (1934). 

baa foun.d that thQ inorement per ~ 1$ sl.1$h~ big!ler ta a-a.lQobol& than 

in parattins. We have ~~ this dift(u:en.ee to be about 0.62 :ttC$1 pel' cn2 

grou;p; this would appear a.e the sta'billration et~l·SY if the heats of formation 

ot n-alcohols were to be treated on the b~ie of the value tor the meteylene 

group or the paraffins. 
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Table m 
·~----... ----·---·"----·--_.....-.~--· ----~--.,..,.,._ 

Group 

Coutrtbu.tions of some groups to tbm be&ts of atomtmtiol1 

(tv values 1i'1 keal/mole) 

)ioleeu.le EV(~.l5"K) 
·--------~------~-----------------·-·--------------

.. Cll3 

>~ 

~ 

-6-
I 

.. tmoen 
2 

.. cue.a 

-c6n5 
.. o ... 

·OH 

-s-

•SH 

)C:sO 

-CliO 

-coo a 

-oo:rma 
... CQSR 

.. Qli 

Et.hei.nea 

n.-~es8 

Pen.Uinsa; 

Diamond a 

Ethylene8 

Acetylene a 

B . b 
~.ze:ne 

Ethers 

Alcohol.a 

!hiMlJcanes 

1\\1ol.s 

~ldehyde: 

J'onualdeb¥4e 

Forll'd9 &01d 

Formam! de 

~lacetic ae14 

Nitrites 

333·12 

221.84 

169.1~ 

Jteo.34 

337·29 

1254.10 

100.52 

152.14 

55.00 

U4.6l. 

255· 78 

307·40 

428.2) 

255·39 

337~69 

28o.4l 

224.81 

rro.86 

li86.37 

34o.50 

la68.43 

101 .• 69 

153.78 

55.44 

ll5.43 

,258.57 

3lQ.66 

4:;2.88 

497.03 

(381.90) 

257.20 

(•) 'fb.e IV ftlwa tor these compounds al'\1! based on the valeace state 
energies of the carbon &toms given 1il 'labl.e In. 

(b) The values in¢lude th0 stabilitation energy of benzene • The stabili• 
r.ation ~rgu or benzene ie 19.56 &cal at OO'".tt an4 l7 .68 kcal at 298.150x. 



... 39 ... 

eaUefactorUy estima~ on the basis ot the r:l value•= 337.69 koal, for the 

CB3; 281.03 keal tor the ~ atl4 1'3· 76 ke&l tnr the OB P"Oup• these reeults 

•~ been ;pe-.ntefl 1n 'lable nn. ~ eal.CUl.$~ values e,aree exeellentl7 

with the oba1:tl"Ve.tt val\1\ta from n-heaaol to n-decu.ol. In the oase ot uathanol, 

the calcul&ted vruue is 4.27 kca.l hiSbe:r tmn ·tJ1e obee~d value. The 

calcu.lated v&l.W!/Js a~ .Slilbtl¥ higb.er ~ tbe obfJerwd valuea tor the other 

alcohols up to ~.orpentlanol. 

P'rom the fi1 value o'f the OR group, the valence etate enerar ot the 

oqpn •tom :ts 101.7 ke&l/mole. This value 1& quite close to tbe valence 

state ener§ ot the ~a atom ill Clialql ether. in 41a~Q'l ether !t Npresenta 

the sum of 'the ,~ at two eqUivalent o2!'bi:tals ot oqpn ( whi<:h are 

probabl.J tetr&hedn\l). Om tbie 'b&s1s tile et.reqth ot the oqsen orbital 1a 

50,.85 kceJ. u4 the. a't~ ot the )C-0 bolil4 by the additton of tbe orb1tal 

st~a, is 9346 kcal.. l~ ve assume tbat the O¥Yaetl orbitale a.l'e •lso 

e.qUivaleJnt 1n al.cohoa; then the enencies of the pc•o ant o .. u: 'boada w~ 

be 93.6 ke&l .aD4 102.9 k<!al nspectivel)'. lfhe 'bOild eDergies wlddl refer 

to ot:;( tor the ~-o .and o-a beAds are 92.6 and 101.9 koal. re~tweJ.y. 

hom the lle&ts ot atom1at1on ot .to~~ and tomic ac14, the %V 

values o~ )C=O, -cao., &134 -COOl! 8X'Ol@S have 'been fouQ4. to b1t 258.57, 310.66 

and 4;2.88 kcal ni$J&ativel.J'. on the basts ot tbese val.U.H, w have esttmate4 

~he st&bilizat1of1 energiee o:t ~ compoW\ds oontaini.ns these ~and 

presented them 1n 1lt.ble n. these results I'U"tl now dtsouesed. 
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Comparison ot the obsuwed &ad eat1lm.L~4 .-.ts of atom.setioa 

ot D•&lcob.ols {T e 29f).l50x) 

Compolald (fJI\S) AI 
A (O'bs. f' AH 

A 
(Calc. )b l'Je:v1$tiotl 

Metbaaol ~7.20 491.47 ... 4.2'( 

ltbuo.l 711.32 m.;o .. l.l8 

n·Pro~l 1052-93 1053·53 .. o.60 
I 

n-Bute.ttol 1334.26 1.,334.,0 ... 0.30 

a-Pea~ 1615-34 1615.59 ... o.es 
o-l!emrml 1896.62 1.896.62 Q 

n ... Heptanol al17.6S 2177.65 () 

a•Oetaol 24;8.68 2458.68 0 

D.·lfo~l 2739.71 2'139·11 0 

n.-IJHaaol 3()20.14 3020.74 0 

(a) '.fakea f'l"oa ~te teteMDce $7 • 

(b) BstJ.matet 0~ the \wd.e ot ~be rv values; '.331·69 teal ~ .3' 
:!11.03 Pal tor Olla1 _. 153.78 kQOJ. toto oo. 
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C!om;pe.rl.eon ot the obmllrft<i Ntd. estimated heats of atomiatioil of .,_ 

compound& containing )oo, .. ego and -COOR e;TQUJil&. ( f • 298.15~) 

c~(ps) .6HA {Obs.) 6RA(Calc.) 

ror.ldelqte 362·'15 362.75 0 

Acetal..de~ 6,0.18 61i8.35 1~s·r 

n•Pl'opional4eb,Jd.e 932-0d~ 928-76 J .. 24 

n-»t.tt~hyde w.~+.w 1.209·11 4.83 

Vitqlaldeb1de 801.818 191·03' 4.78 

~la.ld~ l077.9fl' 1077.44 0.116 

Benu~ l,Sa.4o"' 1561.40 m..oo 
~toprop:loual.aahyde 907,204 906.92 o.a:l 

P.,.cetoJlli} 937 ·1l 933·95 3·76 

Met~l. eteyl ketone l2l9.64a 1214.]6 ;.as 
formic AG1d. ~4-97 1£4.91 0 

Acetic acid 774.59 170.57 4.02 



CoiiiPU'ison of the stabillzation energies ot acetone shot4 that me-tlqlA• 

tion increa•us the sta'b1llt:atian enel"8f ot to:nnaldeb,Jde (which is rtere 

because it ie ~ ·~ tie standard) 'b7 1.9 tea~ per netql go~. For 

each metb;J'le:ne group introduced into e.cetaldell.v<le and acetone the at&'biJ..i ... 

u.t1on e!ll!'r£( ~ars to inc~ase br l.S kcal. This showa thAt we 'flZ..Y treat 

tl1e hee..ts ot a.tomiution of Aldebyd$a and. keto~Wa by u.sing ssmewhat higher 

'IN val.~$ tor ~ •tql and methylene gro~s. 

V'intl.aidelvde ~ benal.deJ::t:yde have hi{lb.e1· stabUiati.on ·energies 

thEw. their pa.rent com.poUJ:I4$ ethylene m.$1 benzene. Thi• lllb.ows that QO:B• 

ju.ption etabillmG tl.leee m.olecul.$-e. On the other bant, allyl.aldehyde ·and 

C•ketoprop!.oul~~ ( mt20JORO) haVCil very snaU eta'b1l1at.i.on e.mrgies. 

A~tic acta hes !\ high sta'ti1llatiQt1 f'.nlE?IrQ' ot 4 kcal. 

The heats of tormt10n of some ot the a.bove compo\Ulde are t~Dt 

accurately kllo'Wlt) this prev~mts us :trom ni1Jt1ng ~assertions about the 

effects of cou.Jugation ~ semeonju.gation. in these eolfq)Ounds. 

Bond ene.~gies in tondc $c14 and for:mal.d.e~ may be o'bta.:il:l.ed !.lS 
,, 

follows: AatU'lli&g that the CB: bonds in t-ormaldle¥-e ~.re u strong e.s 

those in ethylene, -tre have esti:me.ted the euera7 of t• )C.O boDAl to be 

161.9 ltcal. If we a&S.lJlle tbat the dcub~'bound o.lCYPll atoms .and <:arbon 

atoas in both tcn:mal.dithyde Nid torm.ie ao14 are id.entical, th~u-. tb.e 

4i:fferenee 1n the ZV va.J.uee of the ... Q)Olt and ... eJro groups represt!nts the 

valence state em:r$1/ ot tbe sinSl;y ... bOU$1. ~n atom. i"hus ve obtain 

l22,.i koaJ., As$Ulll!ng tllat this value repftaents the .sum ot the strength,a 

o.:t two e(luiftlent orbitals of oqpn (which tu'"e pro'b.e.b)cy tri~l), the 

strength ot neb orb:t:t:AJ.l of OXJ"pn is 61.1 koal. la7 tb$ a4d1 tlon of ~ 
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ori>ita.l strengths; the enersies ot tba ~C-O and o ... a bonete are 109.; ~ 

113.2 k~ respectively. 

Bt:mt enf.ll"~n which refer tQ ob:r. of the~~ ~o al14 o ... a bomls are 

l6o.8, JtJ7 .9 $ld 112.0 keel re.spe¢t1vely. 

In th.e deri"V"~:t1on of these bond ene~4ie'$, ;re have me.4e ~ ra:umber ot 

aes~)tiottS vhi"Jh probably .n~ed some juati.ficetion. Pb~ tlda we: s.haw. ~f. 

the eners;tes cf ~· CO bOnds ~du.ce4 by us l.aa4 to force consten:te 'Ghich 

ccm;psre. $tisf$ctor1ly v1~h t.betz :Utenture VGJ:ue$. i'hil.f haO ~ ·shawn 

tn 'l'e.ble l. 'lhe ~e(]nsta.nt for t1w CO bonds has baen Obtained -u-&~. the 

k
0

, r 
0 
~d B V4l.u.e.$ o.f' the .C=O to® of co2 • ln tlt:t.a es.l.oul.&tion band 

em":~rgi~s vh1ch re1'er to <f'K bf.l.ve been uf.U)d. on ~ 'basis ot Eq. (3 ), we 

have ®l.cru.lstei t~ forae oons~ts o.f tb:i> 7!.,;0., ~..o sn4 )0-o brm4s to 

'b$ s. ~·~ 6.J.:, ~ 12· O· m4/A rEu@eetively" in ti90<l agreement Wi'hh ·tbe 

11 te.rst-u:re "'tdues23 of :5./J, 6. 4 ani l2 .1 !iii/A respectively. 

Wae a~a1~lA1 dELta on tb.e h.ents of atom.i~tton o.t som th1~~$ 

an4 thiola do n~t seetl ~to indiea~ e.:q Gtebili$8tion of' -the mettwlcne ~ 

-~1 S):'Oup:s in the.&e ~ound.e. The:Lr heetu of atl'Dllae;tion ~Vt;! been 

~~litia'ted. on ·the 't>a$1o of !>5. 44 lte&l tor t.he ... e... eM· ll5. 43 kC$1 tJ;>r the 

..SR sro~s. i,brJ s.re ~red with the e~rbtmtal v'alue-8 1u Table n. 
The otU.ou.lAted vnlues e.:re seen to be q~te .~tl.s-fa.etoxy • 

. P:rom the valen.~ state enel"la o:t the e'14Philr atom in 'thiaallranee, the 

$t~h of the su.lphur orbital has batm found to b~ 2]. 7 kce.l. Tins leads 

to 70.4 kcal tor the energ of the 3e ... s bond. 



Table X 

The force COMtem.ts, length& and eneraies of co bo»ds (t; .. O.lCY)2) 
. _...__ ..... 

Bond Molttcul.e E (0°K) r 
0 

k
0
(Calc.) 

;t: .. o- r:a,ca 92.6 l.423b 5-0 

~..() .. HCOOB l07.9 1.36-,b 6.3 

)C....O neao 16o.8 1.21 12.0 

r:=e~ C02 191.0 1.16 15-5° 

(e.) Collecte4 .t.r.Gm toomote reference 23· 

(b) Taken from :to.otmote reference 2. 

__ uwl ... . ....... 

k
0
(Lit. )a B(Q98.l5~) 

5.0 93.6 

6.4 109·5 

12.1 161.9 

15.5 192.2 

(c) Tbe ll teratt.u-e value bas been a-ssumed to obteU.n the ~constant for the 

co 'bon.d:$ • 
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~iJsO~ ot the obh.rvad and C&l.cula.-ted nea.t~~ ot awmim1;1on 

ot ~ thiaallt$nes 8ll4 ~thiols. {298.15~) 

~wd (p.s) Aa
4 

(Obs.) } . ( . }0 LjfiA Calc •. lleviatiQn 

2-rua,propane 730.54a 730.82 ... 0.28 

2-Tlt.ia.butane lOU.lla 10ll.23 ... 0.12 

~-Thia.pentane 
a J.a9l.88 . )291.64 0.24 

3 .. Th1a,penta.ne a 
1292·29 J.29l.64 ().65 

5·Thirmonane 24l4.74b 2413.28 1.46 

'l.'hia~lapents.U$ 1176.44° 1177.08 o.64 

Tbia.eycleh.e.Dlle l458.96'b 1457-39 1·57 

Methanethiol 449.78 453.1.2 ... 3·34 

~thiGl 132.60"' 733.53 .. 0.97 

1-Propanet.hiol 10l3.<i13 1013.94 .. 0.86 

h:Butsnethio1 .129 a 3·39 J..291~.35 • 0.96 

1-Penttwethiol 1574.704 1514.76 ... o.o6 

(a) D. W. Soott, G. B. Guthrie, J. P. McCollough 8ll4 G. We.cld~n, 

J. Cb.em. Eng. Date., ~, 246 ( 1959}. 

(b) a. ~~ Acta. Ch$m. Sce.n4. ,2, 837 (195?). 

{c) Ce.J.eula'ted on the basi$ of the r.v values si V"ell. in '1\t.ble vn. 
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F.rom the U wJ.~ o.t the .. sg pou.p, the -re.l.ence state eer§ ot ·tbe 

su.lp.b\U' atom iil. thio1e bae been fQuml to be 6).44 k.t:al. A w.lue clo" to 

tlda .has beea also :t~ u & a~r ot ~~' Vi$., Y2' aa~ CBa, 
thipotleme; etc. . ~ thiols this va1tie is &utt'ie.tent to :torm ·o.ne ;c-$ 'bQ!l4 

as ~Jtrollg a$ tbat of tllifAa~s I!Llld one S•li ·bond ae strot&~ as that 

{87.7 keal.) at liaS• 
In th1olace.ti~ acid, aulp~ is euppo~d to~ 1n the t~l state 

of b)ibr14iu.tion. i'l"om 1;.00 heat of atond.r.a-tion~ of tllia ~., the 

.....,...,. ·aJit' n. 

w.J.lmoe atate ene:rsr of the sulpblar eot<>m. hae been found too be 71.24 k~p 

a value wbich l!SY be obtaU!ed Also from* beat of a:tomut!on of l~· 

Aaaurtd.q eq;Uiw.Jsnt orb1tal.s, va o.'bte.UJ. 84.0 kQ&.l ~or the energy of the 

dc! .. s bGa4 and 67.7 kcal tor the energy o£ • s ... n; bo~ 1n thiolaeetio acta.. 

J'rQm the llaat or atom.i,mtiOn of es2... the ~ne:rg of the ~ bond 1s 

1)5.4 ~l. 

The ~ ~Vibut1o.n ot the -em sro~· _, be taken as e·qual to 

the fiAi1i ef the V'al.a~ otate energieu ot the <lisonal. earboa atom and the 

triPJ.f•bo\Uld ni~we,en aton'i o:t H2• ~ EV( eli) 1:10 257. a kca.l. :&p eubt:raatins 
L o~ uu t?on 

t!le &treasth of one MgoJl&l Oit"'bital(t·rom th1Bt we obt&tn I(-~) to be 

202.6 kcal.. On too ba.BifS of the group contri'tn~ti.ons, we have eat.bnated the 

laea~ ot c.tomieation ot a few nitriles 8l.ld ~~ them v1th the elqlerillental 
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Co~ison of' 'the ob$erwd ad ~eul.ate4 heats of -e.totaiutum of~ 

ni triles 1 e.nd tlle ent:rgi~s ot the -Cal bo~ in the.ae compounds ( 298 .111t) 

COlupmJ.lld (gas ) bHA(Obs.) .na:A ( Calc • ) E( .. e~)b 
- -

JeMlO!Utr:LJ.e 1524.;~ 1525.63 201.51 

a-'fol~initrile l805.03a 18o6.o4 201.58 

Accylolrl. trilJ.a 739.4-f 743.57 15)8.~ 

Acetoaitrtle 59Q.87 594,89 198.57 

Hydrog-en cya.rd.de 303.86 309·29 197 .l6 

C;vanogen 494.10 514.40 192.44 

(a) T8ltell hom .footnote :reference 53. 

(b) Cal.f$l&te¢ un4er the ass'U,l»ptiGJl that all otMr bonds in these molecules 

are nol"JDt\l. 
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Q$tU.'lied the e.ner(Jies ot the •Ciili bot14s 1a the{3e. ~~Cl.eeules ana presented. 

tht»n in the same Table. It eaa be seen that in 'benzonitrile and a-to4ti• 

nitrile; the ~ bQ.M-6 haft nee:rl1 the no~l. energies. lm &O%"¥lonitr1le1 

ace~i t:dJ.e and. ~n cyanide, 1ille ener&r of the -CaN bond is "-'198 keal.. 

Ita value ( 19e.4 kcal) is ru:msidera'bly lowe:- in cye.no.geJ1. These :resulil~ show 

~· resonance is oot il'!Wo1'tat:lt in nitriles. 

From the heat oo: a~tioa of f'ormandde, we have estimated the 'Ci 

value ot the -cmm2 group to be 497.0 teal. On the basis of 8I"'UP eon

'trtbutiou, the neat of attmli-.tion of acetamide is 834.7 kcal. Its o:bserted 

valwa53 ia 836.5 atoa~ ehowina t.~at it has ~ s~biliMt.ion energy o£ 1.8 }teal. 

Structural da~59 tor fonrald.e~ inclics;t.e that its nitrogen atom is 

59 R. J. Kurland e.00. E. B. Wilson, Jr., J .. Chem. Phys. !]., 585 (1957). 

----
hybrt4imed. in 'the tJ:"1SOntt.i staw. The valeuoe state energy ot this ni~:rogen 

s.tmu is 1)4.4 koal~ This ~be c~d with the wlJ.w 124.0 k~l for the 

ve.let\~ $'taW ••r&r of the A$. tropn atDIB <l:t amntoni~U this is probab:t,r in 

the te~dral state of !cybrld1n.t1on. The atrengt.b o:f the trigonal OJ:bitell. 

of llitropn is 44.8 :teal. By tile $dd!tivity o£ orbital stre:astb&, the e.uergy 

of the trigQnal-tri~nal caroon-rrltrogen boud is 93.2 kce.l anci that of 

N<si\ .. a ~ is 96.9 kcal. The e'IJ.(M:gy of t.lle N-H bond or~ is oalY 

93.411- kcal. 
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Pl.--om. the ~nee etate eJWr&Y ot the terttaey-. n1 trcgen atom, the 

strength of th& bending otbi tal of" ni t:roaen with tba. t of earbon l:aao been 

tsund to be "-32 .. -8 ke&l. Tbis lee.ds to the va.lues: 15.0, 8o.6, and 86.9 

kcal for the eaergiee of the ,C•I, ~-~ an4. .c .. ;m bonds. On the 'b&$is ot 

tbi!lse valueat we b&ve -estittated the ~nergiea of the u .. H bo-nds in a n~r 

ot amtnes. They e.:re ~as follows: metlq'l.amine 90.7 kcal, ethylami:ne 90.9, 

n-propyl&miDe 9.1.0, n-butylamine 91.31 n•heq".l.wlline 94.7, n-heptyl.e.mine 94 .. 9, 

cyanoamtue (Clf...~) 92.2, aniline 93·91 beazyle.mine 94.~. ~lamine 9#.1, 

dimethyl&u.1.ne 84.9, and d1ethyl.w:line 86.2 kcal. ~ee sbw t-hat lll-Ii 'bo::uis 

itl aniline, beuawlu:tbe, cyanoa.mine_. n-he~, etc., are lle$r.l.;y as 

strong as those ot ammonia, while t.hey are sUGhtl¥ weaker in lower p~ 

wu1nee. In se~ondary amines I(N-B) is only 86 keal. 

Ass-uming the energy of the 7C-N bond to be 75 kcal, the energ ot tbe 

)C=ii .. boad 1n n .. butylisobutyl1~neamine, CH
3 
( CH2 )3 

-u.¢R ... CH( c:a:
3 

)2 is "-·136 

kcal. On tbe ba$1s that E( ~e-N) • 81.6 ltcal, the energ of tae )C=.W-

bond i.ll 'benqlide.neanil, c6n:
5 

... eB=l'i·Ce;Rs is alJ!lo ~l86 koal. llowenr, from. 

dibensylld.eM ethll.e.ned.1a.mi~W c6a
5 

... CH=M·<m2-m2 ... ScCH-C6H
5

, the enerQ' of tJle 

)Cmif• boacl 1s only 1£6 kca.l. In both dioonzy:U.~ae etbylened~~ ar>4 

&benayU.~me, C....-U
5
-CE::.li-ti.W-C6llr.l tbe ~ce state e~rs;y of the 

0 ) 

nitrogen atom is ·1\. 90 keal. Consequently, it 'tfe e.1U1WDe tbe eldJ!rgy o:t the 

)Cd .. bond in d.tbem;yli&o:nea&ine to be 126 keel,. the enerey of the l•li bond 

would be 64.5 k.cal. From Eq. (:;>), the energy or the N-R bond in ~~tne 

iG 65 keal. For E(!f .. N}, Valeh28 gives 65 kcs.l, but PtMalin87 give& .oaty 

)8.4 kcal. Ve recommend. the value 65 ltcal. 



Ass\t!idng that E( ~~) = 75 keal, tbe energ ot tM N=di boDd 1.1\ 

azoisoprc:pe.ne :ts 99 teal. 

The beats of' f'ornetion ot thea compounds are trom Coates and SuttQl). 48 

u.d from Roberts and Sld.nner'3. 

1. CONCLUSION 

It baa been sl'.wwrl tb&t allql.ation lowers tbe stabiliatie eQe~e 

ot ethylene, 'be~~&ene and acetylene. Also .1 t bas 'been show. that ~ l.owenq 

in.ereeses v1 th the tWmber a:t ~!lli replace4 in ethylene, \}enltene tmd 

e.~ty-lelle. AlGI) the tact that in these ~~ the mc:rement per metbuleD& 

Gl'O\lP is l'lOl'laal, b~tn; e~l to that in ra, .. al.lames s~ste that it is the .. 

uneatm'eted. part~ l'Wt the alk.)'l chaUl, that has lost the eners;y. ':heGe. 

results need ex;p..lalsation. 

!he res\ILlts tor alde~&, ketones, &cids., etc., imUeate ao:naid.enA'ble 

sl.renstb.e»itll et the 'bomts 1A the allql ehttJ.n. 'l.bis etreaatbea:Ulg bas been 

:f'oW!d to l:le na~.m.utn in e.cida, follo'Ve4 by al~, ami4ea, olcobols, etc. 

G:ni>ups at:mh as ... ~ .sa, ?B, •0•; ... s ... , ete., 4o not seem to ba~ llllch etfeot 

on the at~ ot the bonds in the a.lltyl eba:W, ·Tile cyano croup tm.a llO 

such effect. A4tb.ou$h we 'fllq estimte the 'bee't$ of atomi~Qtion. of a~ida, 

aldelqdea, tett.mes, alcohol.&, etc .. , by adopt.'f..n$ som~Wbat biper BY valwts 

tor the ~ aJld cm3 sroUI>S, w still me4 to explain tbe :reason tor tbia. 

Tat s~1ltu.t1on enersr of beual<le~ bAs been toun4 to be qeatel" 

than that of bea$e~te • Stmilarly, the st&.bW-.tion eaerav of v1fll'lal<lel1J'd.e 

io BJ."'(\ter than that ot etbylene. It oanjuption 1a 110t tbe to.etor, • 

suitable expl.e.Dation fQr stabillat1oa in these COIWOuM.e is desirable. 
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Fig. 1. Orbital strength as a function of the coefficient of mixing (>-..) for 

the s-p hybrid orbitals of carbon. 




