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1 Part I: 

ORBH?AL P.J\DII, llOllD I.EHGTH MID m::soriJ\.HCE1 

G. R. Somaynjulu 

Depertment of Chendst11r and 
l.avrreuce Rt\<liat;ion Labora·l:.oJ.'Y 

Universi'ty of Calif'orn1<.l. 
Lcrl-.:elcy l~, California 

G. R. Soroayajulu, J. Chem. Phys. l~1 919 (19~9). 

The rad.iua of a o .. p hybrid orbital has been found to be given by the 

e:c;preosion: r = A - B/(1 + x2 ) where A ia the radius of the pure p orbital, 

B, a Wliversa1 con:3tant equa.l to 0.336 A o.nd ~, the coef'fic:i.ent of m:bdng 

in the hybrid a + "-1>• When ro.d11 appropriate for the or'bi tala that; o.re 

1x1ired toeether e.re used, bond len;;th is additive of the orbital radii and 

n.o Schomaker .. stevenoon COl'rection is necescary. Th:f.s shmls that 1r.0ot bonds 

can be treated ns covalent, ningle and localized. 



1. Il<f.ffiODUCTIOil 

2-4 According to the current theories on bond length 1 covalent bond 

2 L. Pauling, The Hatu.rc .of the Chemical Bond, 3rd ed. (Cornell UniYcl'oit.y - .. -·~""' ~-- -
P1'E!GS, Ithaca 1 Ne-w York, 1960). 

3 V • Schonn!>.er a.tld D. P. Stevenson, J. Am. Cllem. Soc. ~~ 3'( ( 191t1). 

4 W. Gordy; W. V. Smith, e.nd R. F. tt'ra.mbarulo, Microv10.v·o S;pectroscor)Y.: 

(John Wiley & Sons, Inc., J.Je'W' York, 1953), P• 313. 

length is additive of' the radii of the orbitals that are paired together. 

:Peviatil!>na from additivity occur when the bonds are either part:to.lly ionic 

or partially double. The vuggestion that ao1:00 bonds a.re partially ionic 

is uoually tal:.cn to :f'ollot.f from the concept of ionic-covalent rccomncc; 

the rmet:estion thc1t come bonds acquire pc•rtiul double bond che.ra.cter 

foll011a from. the conce11·t of 7r•electrcm reo0rw.nce.. It has bee::n found, 

ho,rever, that C-C 'bon<l1ength in various mol•:1cules wit,b one ground. ctcd:.c 
1 5 . . 

etruct1.u~e is e. su:n ' of the or9ital radii. · Also the c ... c bond energy h~.1.:; 

6 been found to 'be o. sum of the orbital strengths. Theco reaul'.;r; in()j_c~"l.tc 

6 G. R. Somayajulu, submitted for publication. 
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tvo thingaj nrot of all they •how that v-electron resonance is either 

·negligible or absent 1n such mlecules; secondly, they indicate the 

1nappl~cabil1ty of the S<:honaker-Stevenson correction • 

:ru many caus when hy'bridj mt:ton is tal-:en into secount, we my epeak 

of the moleculf! ao eot.Ipo&ed ot localir.ecl electron-~ l:>ond'-l, Sucll bonds 

should be covalent. TJ:~il' longt.hs uill be 6:i.mply eum.e of the o:cl)ita.l 

raCI.11 nnd the Schomker Stevenson term bceomec redtu'ldant. Simile:rly1 

.?auli:ng 1 s U:nr.1 ( (uc )2 , which represents the squn.-e ot the difference 

when we use appropriate orbital strengtho fo:r the estination of the l)ond 

energy. HCR~ewr, Hulliken 'B electronegat1vi ty 7, which is eonce]?tually 

7 .R. s. Mulliken, J. Chem. Phys. g, 782 {1934); ~~ 573 (1935). 

dif'terent fl~Olil that ot Pauling, 1·etains its tu.:U aignU:'icance even when 

ve take hY\.>ricJ.i~'~ion into account. ~1u.llil~n 'o electroneptivity increaoes 

with incl"eo.ec in the strength (with increase in the s-cbaracter) of the 

!¢rid and zsy riS~-'ltly be related to the :3treugth ot the orbttal. I:t 

resoll£1.tlce due to otoor scherr.ss ot pairi.Qg we1·c to be i.mportant, ,.,e should 

have to eeek a w.~ l"Ulation.ehip between the ::.~esonanoe energy and the 

electroDegativities ot the paired orbitals. I·t would. seem more reasonable 

2 to expect the •ro.lue of (41:) to vary wit.b hybridization than having a 

constant value. 

In this po.per, we have suggested value a for the orb:! tal radii ot 

oome atoms, obtained on the assi.UilPtion that tb~ radius ot a B•P ~rid le 
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linearly related to the pc~·centu~ s-chare.cte::..· in the hybrid, These 

B M. J .. 1. DeviJ.l" o.ri.Cl n. rl. Scllll~io:Sug, ·rat:rf1.betlron i 1 166 (1959 ). 

mdii prove the addttivc nHt\lr'! of the hrmd J...c.~th. lu the :t'olJ.o·loO.i.ug 
,. 

pnpcr
1
'
1

, we have eutim~d the energies oi' t;Onle bonus and ahoved. thc!m to 

be owus ot tbe orbH.al strenlfjt.hu. 

'l~ expression tor tbf'l radius of a e + ~P hybrid mny be written as: 

r ., A - :H/(1 + '-
2

) {1) 

where A and B &l"e constants characterbtic of' each atom and ~ is tl1e 

coefflcient ot m:lx:fng. 100/(1 + ~2 ) gives tbe percentaae a-cbaract.el~ in 

the hYbrid. When"- • o., r(• A-B) represents the radiue ot a pure s orbital. 

Wben "' ... , r(..A.) represents tbe l'8dius of the pure p orbital. 
of carbon 1 5 · 

The tetrahedral and di&ODal radH/are known to 'be 1 0.112 A and 

0.688 A respectively. With too help of these values, tbe values of A and B 

of Eq. (l) are 0.856 A and 0.336 A respectively. 2 Jbr "' • 2, 1.e., for the 

trigonal orbital, Eq. (1) leads to a value ot o. 744 A, a value which may be 

deduced f'rom the length9,lO of such & bond in 1 1 3-butadiene (1.1,.83 A) and 

9 A. Almenningen, o. Bestiansen and M. 'l'raetteberg, Aeta Chem. Seand. 12, 

1.221 ( 1958 ) • 

10 A. Almenningen and o. Bastia.nsen, D.K.N.V.S. Skr:li'ter, 1958, NR 4. 
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diphenyl (1.493 A). A slight~ lower value will result for the trigonal 

radius if the radius of t.he hYbrid orbital is linearly related5 to >..2; 

also ·'1 t lends to a higher value for the radius of the pure s orbital. 

11 12 Expressions relating r and ~, s~sted by Coulson and Wilmhurst lead 

11 C. A. Coulson, Victor 1Ienr1 Commemmora.tif vol~ (Desoer, Liege, 1948 ), 

P• 15· 
12 J. K. Wilmhurst, J. Cbem. peys. lJ., 813 (1960 ). 

to rndii which Oll addition necessitate a COl'l'ection13,l4 fo1· the effect of' 

l3 See B. Bak and L. !lansen-~gaai'd, J. Chem. Ph,ya. _JJ, 4J.3 (1960 ). 

14 SeeR. s. _Mulliken, ~trabedron ~~ (~ (1959). 

resonance or for the :tonic c'b..an.cter of the \~ond. When approprie:~ :I."O.dii 

for the orbitalt o.re uoed such cor:rectjone ere unneces~e.ry • 

. Eatimtion of ~dii uzing ~q.· (1) is, however, ditf:!.cult because o:f 

our poor k:ncn:ledr,o of thz •rc.lenc~ ~t!l.tes of t\tonm in various mle~ules. 

Except!Dg in a tev siq?le ceses 1 the bond angles do not seem to pl'oV'ide 

sut:ricient clueo i;o the nature of bonding. Hmrever, we my take advuntage 

ot the tact that the shortenings for the double and triple bond radii of 

n.rious atoms in the Periodic Table are all!lost the same as for carbon; one 

m)" ass~..t.m 1 therefore, that tbe ahortenizlg trom one tcybrid to aDt)ther will 

be approximately equal to those for the ~rids of carbon. This is equi

valent to the assumption tbat B ot lq. (1) is constant for all o.toma. 
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'!.'hen knawill8 the radius for one orbital of an E'.tom., we mar deduce the 

radii for the other orbitals of that atom by using Eq. (1). This procedure 

bas been tollowed tor the deri·vatj.on of ~ orbital radii. When ntoms use 

orbit8le other t.ba.n a and p f'or t.be i"ol"JJ&tion of the ~rid orbitals, the 

J.-adii of euch otb1tal3 me.y ba wol~t;.ed oU't tl-..:'Ougll the :r.aetb.od of add.iti·;ity. 

Such radii bave not 'bcJan co:nsid~:~.red in t~is !Xl.per. 'J.u results fol4 the 

fl-P lcybrido are now discu.ssed. The bonO. lent;ths in the halic!.cs o.f the 

second group ele11Jents Bl'P. those obtained by Akishin et al15 and quoted by 

l5 P. A. Akiohin and V. ?. Spiridonov, Xristallografiya g, 415 (195~(). 

Bast1ansen and r..undJ.6. The interatomic d1.sta.nceo in crystals 1-rith the 

1.6 o. Bastiausen and K. W. Lund, Ann. Rev. Phys. Cbsm. _!Q, 31 (1959 ). 

Jf not indic~ted 

l7 R. W. G. w;yckofi, ~ta.~ S~\~t~_!, Vol. I. {Interacienee :Publ:lahero, 

Inc. 1 New Yorlt., 1960 ) • 

otherwise, all otbel· bond le~ quoted. in thie paper are fl'om the Tables 

ot Interatomic Distances and Conf'igurntion of Molecules an~. Ions ('l'he 

Chemical Society, U>nclon, 19.58 ) • 

3. ORBITAL RADII or NI'IRQr.sEN 

It ve assume that nitrogen uses p orbital 1'or bonding with another 
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nitrogen atom in h;~,..J..:--nzine, the length (1.47 A) :Jf the 1'!-U bond of hyd.razina 

leads to the ro.dii, 0.'{35 A tor p, o.6!;il A for sp3 and 0.623 A for sp2 

orbitalo. The above values fo:~.· the tet1·aheJJ:al a.:Jd trigonal raO.ii of nitrogen 

my be supported as ohown belov: 

" The mm angle of ammon:i.a is cJ.oo€ to the tetrahedral indicating that 

nitrogen atom in this molecule Js in the tetrahedral state o! lqbridiza.tion. 

Additivity of the tetrahedral radius oi' nit1·ogen. and the nonna1 covalent 

radius of hydrogen (0.371 A) gives 1.022 A for the length of the Il-l! bond: 

this value CODJPU!"::G c.mtir.t.'actor~.ly with the obce~--ved v-al\ie, 1.016 .:_ 0.01 A. 

'l.'here are sufficient grounds to believe that the nitrogen atol!l of 
. 18 

:f'ormnm.ide is hybr:tdized in the trigonal state • 'l'he C-N and N-If. bouds 

J.8 W. J. 0. 'l'lloman 1 Cbem. Rev. LJ.1 1179 ( 195~(). 

l9 R. J. Kurl...and a."1d E. B. Wilcon, Jr., J. Chem. Phys. 2'{1 585 (1?57). 

respectively. 2 2 2 Our values for t.he C( s:p )-N( sp ) and U( ep )-H boncls I:U'C 

1.367 A and 0.99h A respectively. These a.re in satisfactory agreen:ent 

' with the obser'.fed ·~aluea. The length o1' the =C-rni
2 

bond in p-nitraniline 

is 1.37 A; this is also in good agreement vith our value, l.j6'( A. 

ul . d it t 20, 21 a pnur an n ro gen a oms • Th3 sulphUl1 bOIJ.d angle and the dilJ.Cd.ral 

20 
R. L. Sass and ;J. Donohue, Actn Cry-at. g, 4t)7 {1957). 

21 . 
E. W. Lund and 6. R. Svensen, Acta Cbem. Scand. _g, 94o ( 1957) • 
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" anaJ.e have values close to those ot s8• The IDlS angle has been found to be 

Close to L.."Q0 
1 lThicb suggesto the presence Of trigoMl pl..Mar S•l'JH-S 

groupings. '1m average s-r7 bond length 1o 1. ~71~ A. Atusumi.DS the radius 

ot sulphur atom to be 1.04 A ao in 881 Rnd by using the triso~~l ~dius 

ot nitrogen, we obtain e. value ot 1.663 A tor the length of' this bond. 

'l'hia is in good agreeB!nt vi th the observed VBlue • 

In trisi~lmMne, !'1(SrP.
3 

)
3
, the tU~t angle ia close to L...'l0° and the 

leDgth ot the Si-N bond is 1. 733 A. Usins our reVised value f'or the tetra

hedrnl radius ( l.llB A) ot silicon (sec Section 5) 3Jld. tho trigon..'ll .mdius 

' 3 ~ ot nitrosen, our value for the Si(q )·N(sp ) '"'ond ia 1.741 A. This is 1n 

8004 agreemnt v:!.tb the observed value. Thus tlx!se e2MPlea provide eone 

support tor our asr.:u:nptions in deriving theoc r.'ldH. The results tor the 

C-N &Dd N•H bonds ot fo~~de nlso show that one around state structure 

2) 2 involving a C(sp -!l(sp ) bond represents the structure of toMYJJ!l1.de. 

Slisht discrepancies in the estimted lengths are p:r!)bs.b~ du~ to the 

neglect ot the correction tor the non-eguivalcnce of the orbitals in ~orne 

ot these COMpounds. 

4. ORBITAL RADII Oi' HALOGEUS 

A good deal of information abo~t the bonding orb:t tala may be ol)ta1ued 

trom a consideration of the interatomic diatances in n dia.tomJc hydridA, 

+ ~ 
HX, and its ion, EX • '1\ro classes ot hydrides rray be reco~ized ; one in 

22 H. A-. :Bent 1 J. Chem. Phle. JJ, 1258 ( 196<>) • 
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which the length of the X-H bond increase~ when an electron is removed 

trom X; examples f'or this class ot hydrides are provided by CH, NH, OH, 

BCl, I~r, etc. In the second class of hydrides, tbe length ot the X-II 

bond decreases when an electron is removed i'rom X; eXAI!lples for this class 

are provided by BeH, MgH, BaH, BH, AlH, etc. The reason tor this rrJ11Y be 

attr1bute422 to a cha.Jlae in the a-content of .the bondina orbital ot X; 

in the first class of hydrides there may be a decrease in the a-content 
radius 

ot the bonding orbital ot X reaultina in an increase in the orbital/of X; 

+ this nmkes tbt length of the X-H bond in HX greater than in HX. Just the 

opposite of this probably takes place in the second class of hydrides. It 

follows trom this that tho bonding orbital of C in CH is not pure p as it -

is uauall7 thought to be. Likewise, in ~sen halides, tbe baloaen atoms 

do not use their pure p orbi tala but hi\:>rids of s and p. Since there u.re 

no easy methods to predict the percente.ge a-c.haracte:.: in tJleEiii hybrids, 

ve will assume the applicability ot Eq. (l) tO these hybrids and predict 

the percentage a-character in the hybrid trom the observed x:adiuo. 

As already stated in Section 2, ltq. (l) can be ,used only when the 

radius of at least one orbital is known. It is possible to obtain the 

radii of the 'atoms in various molecules, but it is not possible tD. most 

cases to say to which orbitalS they actually. correspond. For example, it 

is customary to assUJJe that the bonding orbitals of .chlorine atoms in ci2 

are p; what is the proof for thiat In :tact, there are now a number of 

evidences, as shown below, which suggest that the. single bond. in Cl2 is 

probabJ¥ a tetrahedral-tetrahedral bond. Pauling showed that the tetrahedral 

radius of chlorine in the or.ystal ot CuCl with the sphalerite arrangement 
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is close to the radius of' the chlorine atom in Cl2• Recentl¥ we have tound23 

23 ) o. R. Bomyajulu, J. Cbem. Phys. JJ, 1541 { 1960 • 

the value of k r In {where k is the f'oree constant, r the in'cernuclear e ~-o e e 

distance, and D
0

, the diasociatiou energy) to be constant f'or similar diatomic 

molecules with constant bond type. Among the halogens, J'
2 

behaves anomalously 

indicating that the l:x>nd type in F2 is different trom that in Cl
2

, Br
2 

and 1
2

• 

However, the values of k
8

refD
0 

for all the four hydrogen halides are approxi

mate~ constant indicating that the bond type in the hydrogen halides is 

nearly the same. Further we have found the radius of the fluorine atom in 

1'
2 

is about 0.170 A greater thnn its radius in HF. On the basi1; of Eq. (l) 

the difference between the p and digonai radii is also 0.168 A. From this 

it may be infe1·red that the bonding orbital of J' is p in 1'2 aDd sp in BF. 

In the case of Cl, the difference between its radii in Cl
2 

and IICl is 

( ) tetrahedral or 
0.090 A. On the basis of Eq. l 1 the difference between either P and between 

tetrahedral and digonal io 0.084 A. Since the bond type in all the hydrogen 

halides is nearly the same (as indicated b:y the kerefD
0 

values) we my inter 

tram the above that the bondi.ng orbital of' Cl is tetra.hedral in Cl2 and 

digona.l in RCl. As expected the results tor Br and I are consbtent with 

the results for Cl. On the basis of the considerations presented above, 

the orbital radii ot the halogen atoms have been deduced and presented in 

Table !. We have shown 1n Table II that, with the help of these ro.dii, it 

is possible to estinnte the lengths of the carbon-halogen bonds in several 

molecules. '1'be type of bond1Dc1 me.y be interred from the values of tOO orb1 tal 
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Table I 

Orbital radii ot tbe halogen atoms 

r(sp3) r(ap2 ) 
Radius in 

Halogen r(p) r(sp) 
x2 roc+ HX 

r 0.715 0.631 o.6o3 0.547 0.715 0.547 
C1 1.078 0.994 0.966 0.910 0.994 0.944 0.904 
Br 1.225 1.141 1.ll3 1.057 1.141 1.088 1.043 
I 1.417 l-333 1.305 1.249 1.333 1.237 
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Table II 

Comparison of the estimated and observed interatomic distances 

ot carbon-halogen bonds in various compounds!~ 

Molecule BoDd r(C) r(X) r(C-X) r(C-X)Ob s, 

CJ'4 C-F o. T72(te) 0.547(41) 1.319 1. 325 !. 0.005 

C2.J'4 c-:r o. 744(tr) 0.547 1.291 1.30 .:!: 0.01 

C6H5J' C-J' 0.744 0.547 1.291 1.30 !. 0.01 

CHFO C-J' 0.744 o.603(tr) 1.343 1.351 !. 0.013 

CHl' C-F 0.772 o.631(te) 1.11{)3 1.391 !. 0.005 

CC14 C-C1 O.T72 0.994( te) 1.'766 1.766!. 0.005 

CH2..cRCl C-C1 0.744 0.9')4 l. 7?13 1.736 ± o.o1 

c6H
5
Cl C-C1 0.744 0.944b 1.688 1.69 !. 0.01 

c2c12 C-Cl o.688(d1) 0.944 1.632 1.635 !. o.oo4 

car4 C-Br 0.772 1.141? 1 .. 913? 1.942 !. o.oos 
Clt2..mmr C·Br 0.744 1.14l(te) 1.005 1.891!. 0.01 

c.;r2 C-Br o.6SlJ 1.141 1.<329 1.8o !. 0.03 

CI4 C-I O.TI2 lo33J(te) 2.105 2.12 !. 0,02 

cn,,.cm: C-I 0.744 1.333 2.0T7 2.o89 ± o.o1 ... 
C2'!2 0-! o.688 1.333 2.021 2.03 !. 0.01 

~ 

(a) The orb1 tale to which the radii correspond are shown in parentheses 1 

(b) 
te .. tetrahedral, tr ,.. trigonal and di = digonal. 
Orbi tel radius of chlorine in HC1 +. 
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radii requ.ired to fit the bond lensths. Further examples 1n support of 

the orbital radii of the halogens will be given elsewhere 1n thio pape1·. 

5 • TET.RA.l1EDRA.L AND O'l'HER RADII OF SOlm ELEH!.tfl'8 

Pauling derived the tetrahedral radii ot several elements :t:rom the 

intentomic distance a in cryste.le with the diamond, sphalerite ou!l 

vurtzite arran~menta. With slight revioions rJOot of hie valuea are 

acceptable to us. In tbe case of &ilioon, however, the value, l.llu A 

that may be obtained from the interatomic distance in silicon carbide 

appears to be mo1·e appropriate than the va.lua L l'{ A obtained by Pauling 

1'rom the interatomic distance in Si (o). Similarly, the value, 1.22 A 

suggested by Pauling for 15M tetrahedral radius of'· Ge appears to be quite 

high. We ouggeat a V'8lUe ot 1.1.6 A.. We also sugges~ the values: 1.405 A, 

1.45 ·A, 1.26 A and 1.37 A. for the tetrahedral radii of Sn, Pb1 Ti and ~ .. 

respectivel.1'. These radii my be supported as shown in Table III. 

From the interatomic distances in the crystals ot AlN1 AlAs, AlSb, 

GeJI, GaP 1 Ge.As, GaSb 1 Iru~ 1 InP 1 InAs 1 and InSb 1 the tetrahedral ra.di 1 o1' 

Al, Ga, In, I"l, ? 1 As and Sb have been tound to be 1.301 1.301 1.49, 0.6~, 

1.05, 1.13 and 1.33 A respectively. From theoe, the p and trigonal radii 

ot these elements ba·V'e been obtained by using Eq. (1). 'l'bese a.re presented 

in Table IV. We have also included in this table the orbital radii o:f bismuth 

obtained from the interatomic distances 1n the compounds of bisillllth. 

It is quit& interesting to see that tho trigonal radius (1.277 A) of 

$1111wn 1'rom the length (2.50 A) ot the Gfa .. I bond in Gai
3 

is quite close 

to 1.272 A estimated by us. From the interatondc distances in AlH and InB, 
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Table UI 

Com;parison of the estimated and observed interatomic distances 1n MX4 o.nd 

other types ot compaunds of S1, Ge 1 Sn, Pb 1 Ti and Zr. -
Molecule Bond r(M) r(X) r(M-X) r(M-X)008 , 

S1H4 81-H 1.U8(te) 0.371 1.489 1.480 2: 0.005 
SiC14 Si-C1 0.910(di) 2.028 2.03 + 0.01 
SiBr4 Si-Br 1.057(d1) 2.175 2.1'( + 0.01 
Sii4 Si-1 1.333(te) 2.451 2.435 ~ 0.01 
S1(CH

3
)4 Si-C o. 772( te) 1.890 1.888 + 0.02 

(C6H
5

)2S1Cl2 Si-C 0.744(tr) 1.862 1.84 ! 0.015 
S12C~ Si-Si 1.118 2.236 2.24 + o.o6 
GeH4 Ge-I! 1.16o(te) 0.371 L531 1.53 -1· 0.01 
GeCll

3 
Ge-J' 0.547(d1) 1.707 1.688 ! 0.017 
Ge-Cl 0.910 2.070 2.o67 .: 0.003 

, GeBr4 Ge-Br 1.141( te) 2.301 2.297 !. 0.005 

Gei4 Ge-I 1.333 2.493 2.50 .:!:. 0.03 
SnC14 Sn-C1 l.4o5(te) 0.910 2.315 2.33 + 0.02 
SnBr4 Su-Br 1.057 2.462 2.46 + 0.02 
sn:t4 Sn-I 1.2ttCJ(d1) 2.654 2.64 + o.o4 

Sn(CR3)4 Sn-C o.rm 2.177 2.13 .::: 0."03 
PbC14 Pb-Cl 1.450(te) 0.994( te) 2.444 2.1165 !. 0.02 

Pb(CH3\ Pb-C 0.772 2.222 2.203 .:. o.o1 

Pb2(CII3)6 Pb-Pb 1.450 2.900 2.30 !. 0.03 

T1Cl4 Ti-Cl l.260(te) 0.910 2.170 2.18 + o.o4 

T1Br4 Ti-Br 1.057 2.317 2.31 + 0.02 

" ZrC14 Zr-C1 1.370(te) 0.910 2.280 2.33 ! 0.05 
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Table IV 

orbital radii ot A11 Ge., In, N, P, As, Sb and Bi. 

'At trahed.-a1 Trigonal 
Element __ r(}!~ rad1ua radius 

ll 1.;>~4 1.30 1.~2 

Ga 1.334 1.30 1.'272 

In 1.5'74 1.49 1.1R>2 

H 0.'73h 0.65 0.622 

p 1.134 1.05 1.022 

As 1.214 1.13 1.102 

f:.'b 1.414 1.33 1.302 

lli 1.514 1.43 1.4o2 

------
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the radii of Al and In are 1.7.(6 A and 1.466 .A. respectively; these are 

quite close to the trigonal radii obtained by us. 

The values 1.214 A and 1.414 A obteioed by us tor the radii of the 

p orbi tala of' As and Sb are quite close to the values assigned by Pauling 

tor the single bond radii ot these elements, Support of' tlWse values is 

shovn in Table V. 

Pauling's values tor the tetrahedre.l radii of s, Se e.nd Te are 

1.0~· A, 1.14 A e.nd 1.32 A respectively.: they are accept.Bble to us. Paul.i.ng's 

value for the tetrahedl:-al rndiua ot 0 is 0.66 A; we recoxmnend the value 

0.6~1 A, which l.eade to the value~ 0. 735 A and 0.623 A tor the p and 

trigonal mdii of mcygen. The p orbital radii of Sc and '.& are 1.224 A 

and l.ijQJ~ A respectively. 'l"heae l'!\dii may be au:pparted as shown in Table VI. 

The U>trahedral radii ot Be 1 ~18.. Zn, Cd and Hg have been found to be 

about ·0.09.4 A greater than tbe X"adi:l of tbese elememts 1n tlutir monohydrldea. 

According to Eq. ( l) 1 the expected difference between the tetre.hedral end 

digowl radius is 0,084 A. Consequently, we my assume the bond'.na orbitals 

of these clements in their monnhydridcs to be digonnl. We have, therefore, 

assigned the radii obtnined f:rom the interatomic diatancec in their mono

cyd.rideo to their digonal orbitaln and deduced their tetrahedral radii by 

using Eq.(l). The radii, thus obtained, have been compai-ed w'ith the tetra

hedrel radii obtained by Pauling in Table VI!. There is 8 slight disc1-oepancy 

in the ce.oe of Hg; we recoll!Dend the value 1.475 A for its tetrahedral radius. 

According to Eq. (1)1 the difference between the tetrahedral and s 

orbital rB<liua is 0.252 A. In mig+, the rndiuo of IIg is i.223 A; this 1o 

exactly 0.252 A. less than its tetrahedral radilW 1.475 A. On this baoia, 
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Table v 

--
Comparison of the estimated and observed interatomic distances 

in MX
3 

type compounds of P, As, 6b and Bi 

Molecule Bond. r(M) r(X) r(M-X) r(H-X )Obs 

PH
3 

P-H 1.05(te) Oo371 1.421 1.4206 =- 0.005 

PC1
3 

P•C1 !.05 0.994(te) 2.044 2.043 .:. 0.003 

PBr
3 

P-Br 1.05 1.141(te) 2.191 2.L3 .:. 0.03 

PI3 P-I 1.134(p) 1.333(te) 2.1Ki7 2.Q6 .:t 0.03 

A.sH
3 

As-H 1.13(1-A) 0.371 1.501 1.519 + 0.002 

Asc1
3 

As•Cl 1.214(p) 0.994 2.208 2.17 + 0.02 

AaBr
3 

As-Br 1.214 1.141 2.355 2.36 + 0.04 -
Asi

3 
.As-I 1.214 1.333 2.547 2.55 !. 0.03 

SbH
3 

Sb-H 1.33{ te) 0.371 1.701 1.707 .!. 0.0025 

8bC1
3 

Sb-C1 1.33 0.994 2.324 2.325 .!. 0.005 

Sbl3r3 Sb-Br 1.33 1.141 2.471 2.47 + o.o4 -
Sbi3 Sb·I 1-33 1.333 2.663 2.6'( .! 0.03 

B1C1
3 

Bi-C1 1.514{p) 0.994 2.503 2.118 + 0.02 

B1Br
3 

Bi-Br 1.514 1.141 2.655 2.63 + 0.02 

.. (c: r: ) P 
3 3 

P-C 1.134 o. TI2( te) 1.9<)6 1.937 ! 0.017 

(CH
3 

)
3

A.a As-C 1.214 O.T72 1.986 1.9E) + 0.02 

(C11'3)3Sb Sb ... c 1.414 0.772 2.186 2.20 + o.oJ.6 

(c6n
5

)-jli Bi ... C 1.514 0.744('tr) 2.258 2.30 'l 
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'l'ableVI 

·-
Comparison or the eGtimated and observed lengths of some uonda 

conto.inins o, s, Se and Te e toms 

Moleculo Bond r(A) r(~) r(A-B) r(A-D )Obc. 

cn
3

oH C-0 O.TI2(te) o.651( te) 1.423 1.427 ,! O.CXY( 

HCOOII c-o o. 744{tr) o.623(tr) 1.367 1.37 + 0.01 

~SH c.s 0.772 1.04{ te) 1.812 1.818 !. 0.00) 

cn
3
cosH _ c-s 0.744 1.012(tr) J..756 1. •(8 + 0.02 

(CJ:13 )2Se C·Se 0.712 l.224(p) 1.99() 1.98 + 0.02 

(p-CH3c6u4).eo C-~~ 0.744 1.32( te) 2.o64 2.0!) 

.• 
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~"'able VII 

Comparison of' the tetra.b.edrnl radii of' Be, H.g, Zn, Cd and Hg obtained from 

the interatomic distances in the crystals with the sphalerite and wurtzi te 

arrangements and thooe obtained t:rom the digona.l ra.diuz in monohydride. 

ll{g 

Zn 

Cd 

Digonal radius= 
r(X-Il)-0.371 

0.972 

l.36o 

1.224 

1.391 

1. 36<J 

Tetre.hedra.l radius= 
digona1 radius + 0. 0<14 

1.444 

1.30'3 

1.475 

1.453 

Tetrahedral rad:tuo 
in Cl·~r; t.a,la 

l.O~ 

4,a l. Lj. 

1.31 

1.4:3 

l. 4('. 

----~-----·-----·-----·---·---·--- _..__ __ . 
(a) Pauling's value is l.4o A, but subtraction of the tetrahed.raJ. rodius 

of 'l'e trom the intero.tomic distance in f.ig.r.L'e crystal gives l.ll-1;. A. 
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+ 
Hg in Hl1g hss a s bond1ng orbital. From the interatomic dict,Qnces in 

+ + + HMg , HZn 1 and HCd , ve obttl.in the values 1. 278 A tor J.tg, 1.144 A tor 

Zn and 1.296 A :for Cd. These radii correspond. to about 75 tf; s-charncter. 

From the length of the C-Hg bond in CH
3

-RgCl, the radiu.S or E'.g is 1.285 A. 

This also corresponds to about 75% a-character. It is very s.'c.r~ that 

in dihalides (chlorides, brom1de6 and iodides) of these elements, the 

radii which correspond to 7Yfo s-character arc i'ound instead of the d:tgona1 

radii. Calc1 um, otrontium and ba.ritt'Yl, however, use their digooal rad1i 

cl:,ta.ined from tbe interatomic distances in Cull, S1·R and BaH. The v-a.lues 

for their digona.l radii are 1.631 A :for Ca., 1. Tf5 A. for Sr and 1,861 A 

tor Ba. The digolldl radius of Be is 0.9"(2 A but it uaes a radius of 0.85 A 

in ite: dihslides. It is quite interesting to find that the Schotlla.ker-

. 16 
Stevenson rule a. lao leadS" to similar values for the radi 1 of these e lt!ments. 

The results by using the above orbital radii are shown in Table VIII. 

6. TRIGONAL RADIUS OF BORON 

For the tri8onal radius of boron, ve propose a value of o. 795 A. 

This value may be obtained trom the interatomic distance in D
2

• There is, 

however, considerable doubt as to whether the bondill8 in B2 is a or Jr. 

The results using this value have been shown in 'l'&ble IX. In borazole and 

Bl.\l3-triclll.oroborazole1 both boron and nitrogen are hybridized in the trigonal 

state. The calculated length of the B(sp2 )-N(sp2 ) bond is 1.418 A in good 

ag"t"eement with the observed value. Previously, several authors including 

24 
the present have thought that the structure of borazole is represented 

24 
G. R. Somayajulu, J. Cbem. Pbys. 26, 822 (1958 ). 
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'!'able VIII 

•. 
Comparison of the estimted and. observed interatomic distances 

1n the halogenides of the Group II elements 

Molecule r(M) r(X) r(M-X) r(M·X) b o a. 

BeJ'
2 

0.85( 1) 0.547(di) lo397 l.4o ~ 0.03 

13eCl
2 

0.910(di) . L76o 1.75! 0.02 
BeBr2 L057(d:L) 1.907 1.91 !. 0.02 
Bei2 l.249{di) 2.089 2.10 + 0.02 
MgCl2 1.278(1) 0.910 2.186 2.l.B + 0.02 -
Mt$1'2 1.057 2.335 2.34 ! 0.03 

Mgi2 1.249 2. '321 2.52 :.. 0.03 
C:!Cl2 l.63l(d1) 0.910 2.541 2.51 !. 0.03 
Cal3x· 2 1.057 2.688 2.67!: 0.03 

Cal2 1.249 2.88 2.88 .!. 0.03 
SrC12 l. 775(d1) 0.910 2.685 2.67 =. 0.03 
SrBr2 1.057 2.832 2.82 ! 0.03 
Sri2 1.249 3.024 3·03 !. 0.03 
:BaCl2 L86l(di) 0.994-(te) 2.855 2.82 !. 0.03 
Ba.B!·2 1.141( te) 3.002 2.99 !. 0.03 
Bai2 l-333(te) 3.194 3·20!. 0.03 
ZnCl2 1.144(?) 0.910 2.054 2.05 ! o.cn 
ZnBr

2 1.057 2.201 2.21 + 0.01 -
Zni2 1.249 2•393 2.38 ! 0.0?. 

~ 

CdCl2 1.29()( 1) 0.910 2.206 2.21 .! 0.02 
CCIBr 2 1.057 2.353 2.37 ! 0.02 

C<U2 l.2ll9 2.545 . 2.55.:!:. 0.02 
HgC1

2 
1.285(?) 0.994 2.279 2.28 + 0.02 

Hg'Br2 1.141 2.426 2.41 + 0.02 

Hg12 1.333 2.618 2.59 .! 0.05 
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Table IX 

=============================~=========------------------... -----·--·-·--

Molecul.lt 

:ect
3 

BBr
3 

B(cu
3

)
3 

Borazole 

Comwarison of the observed and eotimated lengths. 

of B(sp2) -X bonds. r(B) u 0.795 A 

---
Bond r{X) r{B*X) r(B-X)Obs. 

B·Cl 0.910(di) 1.705 1.73 .!: 0.02 

B-Br 1.057(d1) 1.852 1.87 ± 0.02 

n-c o. 'T72( te) 1.567 1. 56 .:!:. 0.02 

B-N o.623(tr) 1.418 1..44 + 0.02 

J3BB-Trichloro- B-N 0.623 1.418 1.41 + 0,02 
I -borazo1e 

E-Cl 0.994(te) 1.789 1. 78 .!: 0.03 

c6a?Cl2 B*C 0.744(tr) 1.539 1.52!. 0,07 

-··--·--·-·---- ···-···------- ... ---... --~- -· 
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" by a resonance hy'brid of two Rekul.it-like structures, each B-N bond 

possessing about 5~ double bond character. From the present considera-

tions, the B-N bond ot borazole appears to be a single bond~ 

7. CONCLUSION 

J'rom the results presented in the previous sections, we can see 

that this theory of bond length gives us an insisht into the structure 

ot bonding 1n compounds. Several examples quoted in the Tables n, III, 

V, VI, VIU and IX illustrate this. Our analysis is, however, qunlitative. 

If we have to get a further insisht into the structure ot bonding, we shall 

have to consider the bond energies also. For emmple, the C-1' bond in 

cr4 is much shorter than indicated by the radii of the tetrahedral carbon 

ot diamond and that of the l' atom in r2 • However, when the radius of the 

r atom in HJ' is used, the agreement is gOod. Consequent!¥, we should also 

expect the P atom of CF4 to have a much greater valence state energy than 

it bas in r2, and presumably equal to that in HJ'. On the other band, the 

C-Cl bond l'ngth in cc14 is given by the tetrahedral radius ot carbon and 

the radius ot the Cl atom in 012 • It may be inferred trom this t.bat the 

valence state energy of Cl in this compound will presumably be eflU&l to 

that in 012 • This my be seen to be lB rtly trUtt. 'l'be beat of tormat4.on 

ot CF4 is -218 ltcal/mole. J'our times the heat ot formation ot HF is 

·256 kcal. On the other hand, the beat of formation of cc14 is -25· kcal/molo, 

a value which is just 9 kcal more negative than that of methane. 

However, based on this theory ve have failed to account tor the 

lengths of bonds in some llolecules such as CH4, SiF4, BF 
3

, etc. .Uso 
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we vere u.nable to obtain the lenctha ot tbe bonds 1n tbe halides ot Be, 

Ma, Zu, Cd &D4 lig on the basis ot the difp)Dal radii ot tbese metals. On 

the bas1a ot the Pauli excl\lSiOD priv.ciple, these elements are expocte4 

to use diaoD&l bJbrlds tor bond formation. On t.he basis ot .&q.(l) the 

:radii used by them correspond to 75j &•chAracter onl.T· Tald.D& tbeae 

cases into cousideration ve think tb:are are other factora besides b,Jbridi· 

zation which determine the oo nd length&. Also .&q. ( l) ma7 not be applicable 

to all the elements. Probably cases which tall beyond the scope ot this 

treatment necessitate oons1deratiOJ18 of resonance or corrections tor the 

ionic character. 

Also in some .cases the bond lengths could not be estimated unambiguously. 

J'or 'exallq)le, ve have estimated the le2lgth of the P-Br bond ot PSr
3 

on the 

basis ot the tetl'ahe4re.l radii of P and Br. Thus we obtain the value of 

2.o44 A. This value rfi!J.Y be obtained also by the addition of the p orbital 

radius ot P aDd ibe digonal radius ot Br. It is 1n such cases the bond 

euergies will prove extreme]¥ usetul. 

Thus this theory suffers :trom several curious defects but still bas 

several advantages over the C\ll"l'ent theories. It needs to 1M refined. 
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