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Y Part I: G. R, Somayajulu, J. Chem. Phys. 3L, 919 (1959).

The radius of a s-~p hybrid orbital has been found to be given by the
expreseion: r = A - B/(L + xg) vhere A 45 the radius of the pure p orbital,
B, a universal constant equal to 0.336 A and A, the coefficient of mixing
in the bhybrid s + Ap. When rqdii appropriate for the orbitals that are
paired together ere used, bond lenzth 1s additive of the orbital radii and
no Schomakér-Stevenson correction 1s necesgary. This shows that most bonds

can be treated as covalent, single and localized.



1. IWIRCDUCTION

.

According to the current theories on bond lengthg'h, covalent bond

2

L., Pauling, The Ilature 9;: the Chemical Bond, 3rd ed. (Cornel_l Univei‘sity
Press, Ithaca, New York, 1960).

3 V. Schomalker and D. P. Stevenson, J. Am. Chem. Soe. 63, 37 (1g41).

b W, Gordy, W, V. Bmith, and R. ¥. Trambarulo, Microvave Spectroscony

(John Wiley & Sons, Inc., Jdew York, 1953), p. 313.

length is additive of the vadii of the orbitals that are paired together.
Deviations from additivity occur when the bonds are ei."cher partially ionic
or partially double. The suggestion that some bonds are partially ionic
is usually token to follow from the concept of ionicecovelent reconance;
the sugrestion thé.t some bonds acquire partial double bond chervacter
follows from the concept of Tr-electron resonsnce. It has ‘been found,
.ho_wevér, that C-C bond length in various molecules with one ground state

structure is & Buml-’? of the ~orbita.l ;"adii. - Alco the C-C tond enerpgy hos

%y, ¢, Brovn, Trang. Famdﬁ;‘r BSoc.- 55, 694 (1959).

6 ’ : I
been found™ to be a sum of the orbital strengths. These recults indicate

6'0. R. Somayajulu, submitted for publication.




tvo things; first of all they show that T-electron resonance iz either
-negligible or absent in such nplac\u.ea; secondly, they indicate the
1napplicabjility of t.hé Schomaker-8tevenson correction..

Tu many cases wvhen hybridization is talen into account, we may speak
of the molecule as couposed of localired election-pd.r bonds, Such .bond,s
ghould be covalent., Their lengths will be siuply sums of the orbital
radii ond the Bchomaker Stevenvson terin becomes redundant. Similerly,
Pauling's term, ((m)a, vhich represents the square of the difference
between the electronegativitiles of the tonded atome, becomes redundant
vhen ve use a.ppropriate orbital strengths for the estimation of the hond

energy. However, Mulliken's electronegativity7, which is conceptually

T R, 8. Wulliken, J. Chem. Phys. 2, 782 (1934); 3, 573 {1935).

differenf from that of Pauling, retains 1t$ full significance even when
ve take hybridiZaition into account. “ulliken's electronegativity lncreases
with incresse in the strength (with increase in the s-character) of the
hybrid and mﬁy rightly be related to the strength of the orbital, It
resbmnce due to other schenes of palring were to be important, we should
have to seek a new relationship between the resonance energy and the
electronegativities of the paired orbitals. It vould seem more reasonable
%o expect the value of (2x)® to vary with hybridization than having a
constant value, - o

In this 'pabér, ve have suggested values for the orbital radii of

some atoms, obtained on the assumption tha‘c( th: radius vora_ 8=p hybrid 1s



linearly rel:.\taed8 to the peicentaye s-characteir in the hybrid, These

8 M. 3. 8. Dewsr cnd n. N Bchieising, Tetrahedron 5, 166 (1959).

et s o Wt Ol i e

radii prove the additive nature of the beond leapgth., o the followiug
pu.per(" , we have estimated the energles of some bonds and showed then to

be sums of the orbital strengtiw.

. .
& METHOD OF ESTTUATION OF ORBITAL RADIT
The expression for the radius of & s + Ap hybrid may be written as:
r=A-B/L+ 2T (1)

vhere A and B are constants characteristic of each atom and A is5 the |
coefficient of mixing. 100/(1 + ).2) gives the percentage s-character in
the hybrid. When A = 0, r(= A-B) represents the radius of a pure s urbital.
When A = w, r(=A) represents the radius of the purev p nrbital,

: . of carbon 1,5 '

The tetrabedral and digomal radii/are kmown to be™’” 0.772 A snd
0.633 A respectively. With the help of these values, the values of A and B
of Eq. (1) are 0.356 A and 0.336 A respectively. For AZ = 2, 1.e., for the
trigomal orbital, Zgq. (1) 1éadavto a value of O.74l A, a value which may be

deduced from the J.engchc"’lo of such a bond in 1,3-butadiene (1.483 A) and

2 A. Almenningen, O. Bestiansen and M. Traetteberg, Acta Chem. ‘Scand. 12,
1221 (1958).

10 A. Almenningen and 0. Bastiansen, D.K.N.V.S. Skrifter, 1958, MR k.




diphenyl (1.493 A). A slightly lower value will result for the trigonal
redius 1f the radius of the hybrid orbital is linearly related’ to A%;

also ‘1t leads to a higher value for the radius of thé pure s orbital,

1 12

Expréseio’ns relating r and A, suggested by Couls'onl and Wilmhurst lead

1 C. A. Coulson, Victor ienri Commemmoretif volume (Desoer, Liege, i943),

P ].5‘ .
22 3. K, Wilmhurst, J. Chem. Phys. 33, 813 (1960).

to redii whj_.ch on addition vecessitate a c01'1'ection13’ 1k for the effect of

13 gee B. Bak and L. Hansen-Nygaard, J. Chem. Phys. 33, 413 (1560).

14 See R. 8. Mulliken, Tetrahedron 6, 68 (1959).

regonance or for the ilonie character of the hond. When appropriecie radii

~ for the orbitels are uced such corrections sre unnecessary.

. Estirotion of radii ucing %q. (1) is, hovever, difficult because of
our pbor knovledgo of the velence states of iztdnm in various molecules.
Excepting in a fev simple crsges, the bond engles do not ‘seem to provide
sufficient clues to the nature of 5onding. However, we may take advantage

of the fact that the shortenings for the double and triple bond radii of

yarious atoms in the Periodie Teble are almost the same as for carbon; one

may essums, therefore, that the shortening from one hybrid to another will
be approximately equal to those for the hybrids of carbon. This 15 equi-

valent to the assumption that B of Eq. (1) 15 constant for all atoms.
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Then knowing the radius for one orbital of an atom, we mixy deduce the

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

has becn followed for the dsrivation of the orbital radii. When atoms use

orbitals other than s and p for the formation of the hybrid orbitals, the

radii of such orbitals mey be worked ouk through the method of additivity.
Buch radii bave not been considered in this paper. Toe results for the

8-p hybrids are now discvssad. The bond lengths in the halides of the

15

second group elenents are those cbtained by Akishin et al and quoted by

[ ~4
19 p. A. Axichin end V. ?. Spirtdonov, Xristallografiya 2, b75 (1957).

Bastiensen and Lxmdlé., The interatomic distances in crystals witl the

0. Bastiancen and E. W, Lund, Ann. Rev. Phys. Chem. 10, 31 (1959).

sphalerite ond wurtzite arrangements are from Wycl:offl 'T. If not indicated

17 R, W. G. WyckofT, Crystul Styuctures, Vol. I. {Interscience Publishers,

Inc., New York, 1960).

¢

otherwise, all other bond lengths quoted in this pa.pef are from the Tables
o2 Interatomic Distances and Configuration of Molecules and Ions (The
Chemical Society, London, 1958).

| 3. ORBITAL RADII OF NITROGEN

If we assume that nitrogen uses p orbital for bonding with another

E



nitrogen atom in lr,'dra‘zine , the length {1.4%7 A) of the M-H bond of hydrazine
leads to the redii, 0.735 A for p, 0.651 A for sp> and 0.623 A for ep°
orbitals. The above values for the tetlrabiedral and trigonal 1adii of nitrogen
may be supported as shown below: '

The I{I’/J\II angle of amonia is ¢loge to the tetrahedral indicating that
nitrogen aton in this molecule is in the tetraliedral state of hybridization.
Additivity of the tetrahedral radius of nitrogen and the normal covalent
raedius of hydrogen (0.371 A) gives 1.022 A for uie length of the N-F bond:
this value compures satinfactorily with the obcerved value, 1.016 + 0.0 A,

“here are sufficient grounds to belleve that the nitrogen atonm of

13
L]

formamide is hybridized in the trigonal state The C«N and N-Y Louds

18 W. J. 0. Thomas, Chem. Rev. 57, 1179 (1957).

of fonnamid,e havel9 the lengths of 1.343 :'O.GOT A 2nd 0.995 + 0.007 A

19 R. J. ¥urland and E. B. Wilcon, Jr., J. Chem. Phys. 27, 535 2957).
respectively. our values for the C(spa)-H( spe) and N(epa)-H bonds are
- 1.367 A and 0.99% A respectively. These are in satisfactory agreement
with the obseived values. 'l‘hei length of the ;C-i‘l}{z bond in p-nitraniline
15 1.37 A; this is also in good agreement with our value, 1.367 A.
The mlecule, SN0, 16 a puckered eight-menbered ring of alternating

sulphur and nitrogen atoms” Ths sulphur bond angle and the dihedral

2 R. L. saas and J. Donohue, Acta Cryst. 11, %97 (1957).

2l g, W. Lund and 8. R. Svensen, Acta Chem. Scand. 11, 940 (1957).
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' A
angle have values close to those of 88’ The ENS angle has been found to be

" ¢lose to 1200, vhich suggests the presence of trigonal planar 8-NH-S

groupings. The everage SeN bond length 1s 1.67h A, Assuming the radius

of sulphur atom to be 1,04 A as in 8y, ond by using the trigonal redius

of nitrogen, we obtain & value of 1.663 A for the length of this bond.

This 4s in good eagreement with the observed value.

. In trisilylamine, M(81E,),, the 61881 angle 1s close to 120° and the
length of the Si-N bond 1s 1.733 A. Using our revised value for the tetra-
hedral radius (1.113 A) of silicon (sec Scetion 5) and the trigonal radius
of nitrogen, our value for the Si(sps_)«-ﬂ( spa‘\) vond 13 L.T4L A. This is in
good agreement with the .obsemd value. Thus these exawples provide some
support for our asswmptions in deriving thesc radii. The results for the

C-N and N-H bonds of formanide also show that one ground state structure

" 4nvolving a ¢( spz)-N( spa) bond represents the structure of formamide.

Slight diecrepancies in the estimated leongthe are probably due to the

- neglect of the correction for the nom-equivalence of the orbitals in some

[}

of thése compounds.,
L, ORBITAL RADII OF HALOGENS

A good deal of information about the bonding orbitals may be obtained
from a considerstion of the interatomic distances in a diatomic hydride,

HX, and 1ts ion, b, o ¢lasses of hydrides may be recognizedaz; one in

2 A, A 3ent,' J. Chen. Phys. 33, 1258 (1960)."
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vhich the length of the X-H bond increases when an electron is removed

from X; exnmples for this class of Lydrides are provided by CH, M, OH,

HC1, Br, etc. In the second class of hydrides, the length of the X-H

“bond decreases when an electron is removed from X; examples for this clasé

are provided by BeH, MgH, HgH, BH,. AlH, etc. The reason for this may be
attributed®® to a change in the s-comtent of the bonding orbital of X;

in the firet class of hydrides there may be a decrease in the s-content
of the bonding orbital of X resulting in an increase in the orbita]?i(;hz
this makes the length of the X-H bond in nx* g'eater' than :lh HX. Just the
opposite of this probably tekes placg in the second vclass of hydrides. It
followvs from this that the bonding orbital of C in CH is not pure p as it °*
is usually thought to be. Likewlse, in hydrogen haiides, the halogen atoms
40 not use their pure p orbitals but hybridé of s and p. Sinée there are
no easy methods to predict the percentage s-charactes in these hybrids,

we will assume the applicability of Eq. (1) to these hybrids and predict
the percentage s-character in the hybrid from the observed radius.

As already stated in Bection 2, Eq. (1) can be.used only vhen 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 in most
cases to say to which orbitals they sétuaily. éof;’eapond. For example, it
15 customary to assume that ths bonding orbitals o:t‘"chiorim atoms in Cl,
are p; what is the proof for thia?,v' In fact, there afe,naw‘ a. number of
evidences, as shown below, which suggest that theyéingley,,b&nd’ in Cl, 18
provably a tetrahedral-tetrahsdral bond. Pauling showed that the tetrshedral

radius of chlorine in the crystai of CuCl with'thé_vspha,lqrite arrangement
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is close to the radius of the chlorine atom in Cla. Recently we have found23

23 6. R. Bomayajulu, J. Chem. Phys. 33, 1541 (1960).

the value of k,r e/Do (where k, 18 the force constant, r_ the irternuclear
distance, and Do, the dissociation encrgy) to be constant for similar diatomic
molecules with constant bond type. Among the halogens, Fé behaves anomalously
indicating that the bond type in 32 is different from that in Cla, Br2 and 12.
Lowever, the values of k r e/Do for all the four hydrogen halides are approxi-
mately constant indicating that the bond type in the‘ hydrogen halides is
nearly the same., Further we have fbgnd the radius of the fluorine atom in

!’2 is about 0.170 A maﬁer thnn its radius in HF. On the basic of Eq. (1)
the difference between the p and digonai radii is also 0,168 A. From this

it may be inferred that the bonding orbital of F is p in l‘2 sud sp in HF.

In the cage of Cl, the difference between its radii in (:;L2 and HCl is

tetrahedral or

0.090 A. On the basis of Eq. (1), the difference between either p and betueen

tetrahedral and digonal is 0.084 A. Since the bond type in all the hydrogen
halides 1s nearly the same (as indicated by the xe_re'/bo values) ve may infer
from the above that the bonding orbital of Cl is tetrchedral in Cl, and
digonal in HCl.> As expected the resulis for Br and I are consistent with
the Tesults for Cl. On the basis of the conslderetions presented above,

the orbital radii of the halogen atoms have been deduced and preegented in
Table I. We have shown in Table II that, with the help of these rndiil, ;t
1s possible to estimate the lengths of the carbon-balogen bonds in several

molecules. The type of bonding may be inferred from the values of the orbital



-ll-

Table I

Orbital radii of the halogen atoms

Radius in
Halogen r(p) =r(sp>) r(sp®)  r(ep) X, xt X
F 0.715 0.631 0.603 0.547 0.715 0.547
c1 1.078  0.99%  0.966  0.910 0.99 0,944  0.904
Er 1.225 1.1 1.113 1.057 1.14 1.088 1.043
I 1.417 1.333 1.305 1.249 1.333 1.237




Table II

Comparison of the estimated and observed interatomic distances

of carbon-halogen bonds in various compoundsa

Molecule  Bond - r(c) r(X) r(c-x) ’(C‘X)Ob .
CF), C-F 0.7T72(te) 0.547(41) 1.319 1.325 + 0.005
CF), c.F S0 .THh(tr)  0.547 1,291 1,30 + 0.01
CgHsF C-F 0.7hh 0.547 1.201 1.30 + 0.0
CHFO C-F 0.7k 0.603(txr) 1.343 1.351 + 0,013
anr C-F 0.772 0.631(te) 1.403 1.391 + 0.005
cCl,, c-C1 0.772 0.994(te) 1.766 1.766 + 0,005
CH,=CHCL ~ C-Cl O, Thl 0.994 1.738 1.736 + 0.0
CgH,CL c-CL ‘o.7hh 0.944P 1,688 1.69 + 0.01
C.C1, c-C1 0.688(a1) 0.944 1.632 1.635 + 0.00%
CBr), C-Br 0.772 1.1k1¢ 1.913¢? 1.942 + 0.005
CH=CHBr  C-Br 0.7hh 1.141(te) 2.835 1.891 + 0.01
CBr, C-Br 0.683 1.14) 1.329 1.80 + 0.03
c1),. c-I  0.772 1.333(te) 2,105 2.12 + 0,02
CH,y=CHI c-1 0. Tk 1.333 2.077 2,089 + 0.01
0212 ¢-X 0.688 1.333 2,021 2.03 + 0.01

Uoremee

(a) The orbitals to which the radii correspond are shown in parentheses,
te = tetrahedral, tr = trigonal and di = digonal.
(b) Orbital radius of chlorine in HC1*.
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radil required to fit the bond lengths. Further examples in support of

the orbital radii of the halogens will be given elsevwhere in thig paper.

‘5. TETRAHEDRAL AND OTHER RADII OF SOME ELEMENTS

Pauling derived the tetrahedral radli of several elements from the
interatomic distances in crystals with the diawmond, sphaleriﬁe and
wvurtzite arrangements. With slight revisions most of his values are
acoeptable to us. In the case of silicon, howeve.r, the value, 1,110 A
that may be obtained from the interatomic distance in silicon carbide
appears to be more appropriate than the value 1.17 A obtained Ly Pauling
from the interatomic distance in Si (e). Similarly, the value, 1.22 A
euggeéted by Pauling for the tetrahedral radius of (e appears to be quite
high, We puggest a vz;lue of 1.16 A, We also suggest the values: 1,405 A,
1.45 A, 1.26 A and 1.37 A for the tetrahedral radii of Sn, Pb, T4 and Zr,
xwéspectively. These redii may be supported es shown in Table III.

From the interatomic distances in the crystals of AlN, AlAs, AlSh,
Gail, GaP, GaAs, GaSb, Ini, InP, InAs, and InSb, the tetrahedral radil of
Al, Ga, In, I, P, As and Sb have been found to be 1.30, 1.30, 1.k9, 0.65,
1.05, 1.13 and 1.33 A respectively. From thece, the p and trigomal radii
of these elements have been obtained bj using Eq. (1). These are presented
in Table IV. We have algo included in this table the orbital radil of bismuth
obtained from the interatomic distances in the compounds of bismuth.

It 1s quite Interesting to see that the trigonal radius (1.277 A) of
gallium from the length (2.50 A) of the Ga-I bond in Galy 1s quite close

to 1.272 A estimated by us. From the interatomic distances in AlH and InoH,
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Table III

Comparison of the estimated and observed interatomic distances in Mxh_ and

other types of compounds of 81, Ge, Sn, Pb, T1 and Zr.

Molecule

Bond r(M) r(X) r(M-x) "(M’x)om..

B1H,), 8i-H 1.118(te) 0.371 1.489 1,480 + 0,005
81C1,, 8i-Cl 0.910(di) 2.028 2.03 + 0.01
SiBr), Bi-Br 1.057(d1) 2.175 2.17 + 0.01
81I), 81-1 1.333(te) 2.451 2.435 + 0.01
31(cn3)h 51-C 0.T72(te) 1.890 1.888 + 0.02
(06H5)28101 si-C 0.Thli(tr) 1.862 1.84 + 0.015
51,Clg S1-51 1.118 2.236 2.2k + 0,06
GeH), - Ge-H 1.160(te) 0.371 1.531 1.53 + 0.01
GeC1F, Ge-F 0.547(a1) 1.707 1.688 + 0.017
Ge-Cl 0.910 2.070 2.067 + 0.003

' GeBr), Ge-Br 1.14(te) 2.301 2.297 + 0.005
Gel), Ge-I | '1.333 2.493 2.50 + 0.03
8nC1,, 8n-C1 1.ko5(te) 0.910 2.315 2.33 + 0.02
8oBr), Sa-Br 1.057 2.462 2.6 + 0.02
Snl, sn-1 l.249(al) 2.654 2.64 + 0.0k
Sn(CH3)h Sn~C 0.772 2.177 2,13 + 0.03
PpCl, Pb-Cl1 1.450(te) 0.994(te) 2.4k 2,465 + 0.02
Pb(CH3)u Pb-C 0.772 2.222 2.203 + 0.01
Pba("ﬁ3)6 Pu-Pb | | 1.450 2.900 - 2.80 + 0.03
TiC1), T1-ClL 1.260(te) 0.910 2.170 2.13 + 0.04
TiBr) T1-Br | 1.057 2.317 2.31 + 0.02
ZrCl,), Zr-Cl 1.370(te) 0.920 2.200 2,33 + 0.05
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Table IV

Orbital radii of Al, Ga, In, N, P, As, Sb and Bi

Te trahedral Trigonal
Element r{p) radius radius
Al '1.3514 1.30 1.272
Ca 1,304 1.30 1.272
In 1.57k 1.49 1.462
i 0,734 0.65 0.622
P 1.131; 1.05 1.022
As 1,214 1.13 1.102
&b 1.hik 1.33 1.302
Bi 1.51h 1.43 1.ho2
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the redii of Al and In are 1.276 A and 1.466 A respectively; these are
quite close to the trigomal radii obtained by us.
 The values 1.214 A and 1.11h A obteined by us for the radii of the
'p orbitals of As and Sb are quite close to the values assigned by Pauling
© for the single Lond redii of these elements, Support of these values is
chown in Table V.
Pauling's values for the tetrahedrel radil of 8, Se and Te are
1.0k A, 1.1k A and 1.32 A respectively: they are accepteble to us. Pauling's
value for the tetrahedral radius of O is 0.66 A; we recomend the velue
0.651 A, which leads to the values 0.735 A and 0.623 A for the p and
trigona) radii of oxygen. The p orbital radii of Se and Te are 1.22k A
and 1.40hL A respectively. These radil may be supported as shown in Table VI,
The tetrahedral rﬁdii of Be, Mg, Zn, Cd end Mg have been found to be
about 0,024 A greater than the radil of these elerents in their monohydrides.
According to Eq. (1), the expected difference between the tetrahedral and
digonal radius is 0,084 A, Consequently, we may mscume the bonding orbitals
of these elements in their monohydrides to be digonal. We have, therefore,
assigned¢ the radii obtained from the iﬁteratomic distances in their nmono~
‘hyérides to their digonal érbitalp and deduced their tetrahedral radii by
using Eq.(1). The radii, thus obtained, have been compared with the tetra-
hedral radii obtained by Pauling in Table VIT, There is & slight discrepancy
in the case of.Hg; we recormend ﬁhe value 1,475 A for 1ts tetrahedral radius.
According %o Eq. (1), the difference between the tetrahedral and &
orbital radius iz 0.252 A. In Hﬁg+, the radiuc of Hg 1s 1.223 A; this is

exactly 0.252 A lesc than 1ts tetrahedral radius 1.475 A, On this basis,
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Table V

Comparison of the estimated and observed interatomic distances

in le‘D(3 type compounds of P, As, 5b and Bi

Molecule

Bond r(M) r(X) r(K-X) r(M-X)gq

PH, P-H 1.05(te) 0.371 l.h21 1.4206 + 0.005
PC1, P~Cl1 1.05 0.99U(te)  2.044 2.043 + 0.003
PBry P-Br 1.05 1.1k1(te) 2,191 2,13 + 0,03
P1, P-I 1.134(p) 1.333(te)  2.467 2,46 + 0,03
AsHy As-H 1.13(te) 0.371 1.501 1.519 + 0,002
Asc:13' As-Cl 1.214(p) 0,99k 2.208 2,17 + 0.02
AeBr, As-Br 1.214 1.141 2.355 2.36 + 0.0k
Aslg As-I 1.21k4 - 1.333 2.547 2,55 + 0.03
Bl Sb-H 1.33(te) 0.371 1.701 1.707 + 0.0025
8vC1, §b-C1 1.33 0.994 2,324 2.325 + 0.005
SuBr, Sb-Br 1.33 1,141 2.471 2.47 + 0.0k
8bI 8h-1I 1.33 1.333 2,663 2,67 +0.03
131013 Bi-Cl ;.51h(p) 0.994 2,508 2.8 + 0.02
BiBr, B1-Br 1.51)4 1.141 2.655 2.63 + 0.02
& Fé)BP P-C 1.134 0.772(te)  1.906 1.937 + 0.017
(CH3)3A9 As-C 1.214 0.772 1.986 1.93  + 0.02
(0?3)3& Sb-C 1.h1k 0.772 2.186 2.20 + 0.016
(061{5 )3131 Bi-~C 1.51h 0.744{tr) 2.258 2.30 7




Table VI

Comparison of the estimated and observed lengths of some Londs

containing 0, 8§, Se aud Te etoms

Molecule Bond r(&) (=) »(A-B) t(A-B)y .
CH ,0H - e o;wa(te) 0.651(te) 1.k423 1.427 + 0.007

© HCOOH -0 0.7hk(tr) 0.623(tr) 1,387 1.37 + 0.01
cHSH  C-S 0.772 1.04(te) 1.812 1.818 + 0,005
cnac_osrp © C-B 0.Thh 1.012(fcr) 1.756 .78 =+ 0,02
(Ctig),se C-S8e . 0.TT2 1.224(p)  1.996 1.98 + 0,02
(p-CH306Hh)1'e C-Te 0. Thls 1.32(te) 2.004 2.0%




Teble VII

Comparison of the tetrghedral radil of Be, Mg, Zn, Cd and Hg obtained from
‘tha interatomic distances in the crystals with the sphalerite and wurtzite

arrangements and those obtained from the digonel radius in monohydride.

Elagent Pigonal radiuss= Tetrahedral radius= Tetrahedral radius
r(X-H)-0.371 Gigonal radius + 0,08k in erystals
Be | - 0.972 - 1.056 1.0
Mg 1.360 1.4y ‘ oL
Zn 1.224 1.308 _ 1.31
cd 1.391 1.475 . 1.48
 Hg _ 1.369 1.453 1.8

(a) Pauling's value is L.40 A, but subtraction of the tetrahedral radius
of Te from the interatomic distance in ligle crystal gives 1.h4h A,



Hg in HHg+ has & s bonding orbital. From the Interatomic distances in
mg®, HZn®, and HC4*, we obtain the values 1.278 A for Mg, 1.1kk A for
Zn and 1.296 A for Cd. These radif correspond to about 75 % s-character.

From the length of the C-Hg bond in CH_-HgCl, the rddius of Eg ic 1,285 A.

3
This aléo corresponds to about 75% s-character. It is very strange that

in dihalides (chlorides, bromides and lodides) of these elements, the

radii vhich correspond to 75% s~-charscter arc foﬁnd instead of the digonal
radii. Caleciwn, strontium and barium, however, use their digonal radii
cbtained from tlie interstomic distances in Cal, SrH and BaH. The values

for their digonal radii are 1.631 A for Ca, 1.775 A for Sr and 1,861 A

for Ba. The digonal radius of Be is 0.972 A but it uses a radius of 0.85 A
in ite dihalides. It is quile interesting to £ind that the Schomaker-
Stevenson rule also lead&6to similar values for the radil of these elements.

The rcéults by using the above orbital radil are shown in Table VIII,

6. TRICONAL RADIUS OF BORON

For the trigonal radius of boron, we propose a value of 0.795 A.

This value may be obtained from the interatomic distance in B There is,

o
however, considerable doubt as to whether the bonding in B, 18 @ or =.

The results using this value have been shown in Table IX. In borazole and
BiB~trichloroborazole, both boroﬁ and nitrogen are hybridized in the trigonal
state. The calculated length of the B(sp>)-N(sp-) bond is 1.418 A in good
agreement with the observed value. Previously, several authors including

the presentzh have thought that the structure of borazole is represented

24 . R. SomaysJjulu, J. Chem. Phys. 26, 822 (1958).
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Table VIII

Comparison of the estimated and observed interatomic distances

- in the halogenides of the Group 11 elements

E?lecule r(K) r(X) r(M-X) r(MeX) s
BeF, 0.85(7) C.547(al) 1.397 1.40 + 0.03
BeCl, 0.210(d1)  1.760 1.75 + 0.02
BeBr, 1.057(a1)  1.907 1.91 + 0,02
Bel, l.2b9{a1)  2.089 2,10 + 0.02
MgCl, 1.278(¢)  0.910 2.188 2.18 + 0.02
Mr, 1.057 2,335 2.3% + 0.03
Mgl 1.2l9 2.527 2.52 + 0.03
CaCl, 1.631(a1) 0.910 2.541 2.51 + 0,03
CaBr,, 1.057 2.688 2.67 + 0.03
Cal, L2 2.89 2.88 + 0,03
Sr012 L.775(a1)  0.910 2,685 2.67 + 0.03
6rBr,, 1,057 2.832 2.82 + 0,03
srl, ' 1.249 3,024 3.03 + 0.03
BaCl, 1.861(a1) 0.994{te)  2.855 2.82 + 0.03
BaBr, 1.141(te)  3.002 2.99 + 0.03
Bal, 1.333(te)  3.194 3.20 + 0.03
ZnCl, 1.144(27)  0.910 2.05k4 2.05 # 0.01
ZoBr, - 1.057 2.201 - 2.21 + 0,01
Znl, . 1.2h9 2.393 2.38 + 0.02
caca,, 1.296(7)  0.910 2.206 2.21 + 0.02
Cabr, 1.057 2.353 2.37 + 0.02
car, 1.249 2.545 2,55 + 0,02
HeCl, 1.285(1)  0.99h4 2.279 2.28 + 0.02
Hepr, 1.1 2.h26 2.b1 4 0,02
Hgl, 1.333 2.618 2.59 + 0.05




Table IX

 Comparison of tﬁc observed and estimated lengths -

of B(ep®) - X vonds. r(B) = 0.795 A

Molecule Bond r(X) r(B-X) r(B-X)OﬁS.
BC1, B-Cl 0.910(d1)  1.705 1.73 + 0.02
BBrs B-Br 1.057(d1)  1.852 1.37 + 0.02
B(CH3)3 B-C 0.772(te) 56T 1.56 + 0.02
Borazole B-N 0.623(tr)  1.l18 1.h4 + 0.02
BBB-Trichloro- B-N 0.623 1.8 1.k + 0,02
‘borazole _ - ,
B-Cl 0.994(te)  1.789 1.78 + 0.03
CgBgBCL, B-C 0.7Ths(tr)  1.539 1.52 + 0,07
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by a resonance hybrid of two Rekuld-like structures , each B-N bond
possessing about 50% double bond character. From the present considera-

tions, the B-N bond of borazole appears to be a single bond.
T. CONCLUSION

From the resul‘ts' presented in the previous sections, we can see
that this theory of bond length gives us an insight into the structure
of bonding in compounds. Several emmlples quoted in the Tables IX, III,
V, VI, VIII and IX illustrate this. Our analysis is, however, qualitative.
If we have to get a further insight into the structure of bonding, we shall
have to consider the bond energies also. For example, the C-F bond in
CFh is much shorter than indicated by the radii of the tetrahedral carbon
of diamond and that éf'the F atom in P,. However, vhen the radius of the
¥ atom in HF is used, the agraemcnt' is good. Consequently, we should alsgo
expect the ¥ atom of CF’,,' to have a much greater valence state energy than

it has in F_, and presumably equal to tha;t in HF., On the other hand, the

2
C~-Cl bond length in cclu is given by the tetrahedral radius of carbon and

the radius of the Cl atom in Cl It may be inferred from this that the

o
valence state energy of Cl in this compound will presumably be equal to
that in Cla. This may be seen to be mrtly true. The heat of formation
of CF, 1s -218 kecal/mole. Four times the heat of formation of EF is

-256 kcal; On the other hand, the heat of formation of CClu is 25 kcal/mole,
a value vhich 15 just 9 keal more negative than that of methane.

| Hawever,‘ based on this theory we have failed to account for the

lengths of bonds in some Molacules such as CH), 5iFy, BF,, etc. Also
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ve vere unable to obtain the lengthe of the bonds in the halides of Be,
Mg, Zn, C4 and Hg on the basis of the digonal rediil of these metals. On
the basis of the Paull exclusion principle, these elements are expscted
to use digonal hybrids for bond formation. On the basis of Eq.(1) the
radii used by them correspond to 75 s~character only. Teking these
cases into consideration we think there are other factors besides Mybridi-
zation which determine the tond lengths, Also Eq. (1) may not be applicable
to all the olements. Probably cases whick fall beyond the scopé of this
treatment necessitate considerations of resonance or corrections for the
ionic character.,

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

For ‘example, ve have estimated the length of the P-Br bond of PBr_. on the

3
basis of the tetrahedral radii of P and Br, Thus we obtain the value of
2,04k A, This value may be obtained also by the addition of the p orbital
redius of P and the digonal radius of Br. It is in such cases the bond
energies will prove extremely useful.

Thus this theory suffers from several curious defects but etill has

saveral advantages over the current theories. It needs to Be refined.



- 25 -

ACKNOWLEDGEMENTS

I am very gredtky indsbted to Professor Leo Brever and Professor
Kenneth S. Pitzer for helpful discussions on this subJect, and to the

U.S5. Atomic Energy Commission for financial assistance,



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



e s



