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The concordance between the different values in
each row of Table III and the close agreement
between most of the experimental and calculated
values of Table IV show the general applicability
of the assumed relationships and constants. The
calculated bond energies rarely differ more than 2
or 3 kecal./mole from the experimental values.
The larger differences for HsAs, HoSe and H,Te
are probably due to poor enthalpy data, based on
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experimental results published in 1888 and earlier.
The discrepancies for the simple organic derivatives
of sulfur and iodine may be due to error in the
assumption that the C-H bond energy is strictly
constant. Likewise, the calculation of the N-N
bond energy in N,H, on the assumption that the
N-H bond energy is the same as in NH; is probably
unjustified (see Skinner®).

ROCHESTER, N. Y,
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Atomic Radii.

IV. Dependence of Interatomic Distance on Bond Energy'

By MaAuRrICE L. HUGGINS
RECEIVED MaRrcH 27, 1953

It is shown that most of the departures from strict additivity of radii in normal valence compounds can be attributed to

variations in bond energy, Das.

A set of ‘‘constant energy radii,
rap = r% + r8 — 1/2 log Dap, yields interatomic distances which average within 0.02

r£, has been computed. The simple relationship,
. of the best experimental values.

If experimental bond energies are not available, values computed from electronegativities and non-polar bond-energy con-
tributions (see the preceding paper) can be used, with but little loss of accuracy.

Introduction

The hypothesis of constant additive atomic radii
was introduced in 1920 by Bragg.? Shortly
thereafter the writer showed? that the Lewis theory
of valence was as applicable to crystals as to mole-
cules and ions and pointed out* that the valence
electron distributions so obtained enable one to
predict, in many cases, whether or not constancy
and additivity of radii should exist. Various
causes of variability were considered in a qualita-
tive manner. It was shown, nevertheless, that a
reasonable degree of constancy and additivity
exists in certain classes of structures, the essential
requirement being that each atom being con-
sidered has a sufficiently similar environment in the
different substances being compared. Sets of
radii for several such classes were computed, the
most extensive being a set of tetrahedral radii,?
computed from and for bonds joining atoms, each
having a kernel charge -#, tetrahedrally to four
others, each with a kernel charge of 8 — #. In
1934, Pauling and Huggins® revised and extended
these sets of radii and added a set of normal valence
radss, differing for only six elements from the
tetrahedral radii (see Table I).

The writer has consistently pointed out that one
should not expect close correspondence between
the experimental interatomic distance and the
sum of the appropriate radii from the standard
set, if the environment of either or both of the
atoms differs much from that of the corresponding
atom in the class of substances from which the
standard radii were derived. Such departures

(1) This is a revision of portions of papers presented on Sept. 22,
1949, at the 116th Meeting of the American Chemical Society in At-
tantic City and on Sept. 13, 1951, at the XIIth International Congress
of Pure and Applied Chemistry in New York, N. Y. For the three
previous papers in this series, see references 4, 5 and 6.

(2) W. L. Brage, Phil. Mag., [6] 40, 168 (1920).

(3) M. L. Huggins, THIs JOURNAL, 44, 1841 (1922).

(4) M. L. Huggins, Phys. Rev., 19, 346 (1922).

(5) M. L. Huggins, ibid., 21, 205 (1923); 28, 1086 (1926).

(6) L. Pauling and M. L. Huggins, Z. Krist., A8T, 205 (1934);
quoted in ref. (7).

from additivity are, in fact, often found. They are
useful in supplying evidence regarding the de-
pendence of the bond length on various factors.

Many of the more marked departures from addi-
tivity have been interpreted’ as resulting from
differences in the ‘‘degree of double-bond charac-
ter.” On the other hand, Schomaker and Steven-
son® attribute these departures to varying degrees
of bond polarity. They have published a set of
non-polar radst (rup.a) and proposed the following
empirical equation for the calculation of single-
bond distances from these radii and Pauling’s
electronegativities™® (xa)

YAB — 7np.A + ’np.B — 0.0QIxA - xB[ (1)

Although both of these explanations of depar-
tures from additivity seem reasonable and can be
used to account for the observed distances in a
considerable number of instances, Wells!® has con-
cluded that the sum total of available evidence is
against the general applicability of either.

The present paper reports the results of an
attempt to correlate interatomic distances with
bond energies in a simple manner for single bonds
in normal valence elements and compounds.

Theoretical Background

It is theoretically reasonable and experimentally
well established that, other things being equal,
the greater the bond energy the shorter is the inter-
atomic distance. The bond energy is minus the
sum of the repulsion energy and the (negative)
attraction energy, when the molecule is in its lowest
energy state, 7.¢., when the interatomic distance is
7AB

Dun —E whenr = (2)

E = Erep + Eat (3)

(7) L. Pauling, *The Nature of the Chemical Bond,” Cornell Uni-
versity Press, Ithaca, N. Y., 1939.

(8) V. Schomaker and D. P. Stevenson, THIs JoUurnNarL, 63, 37
(1941).

(9) L. Pauling, #bid., 64, 3570 (1932).

10} A. F. Wells, J, Chem. Soc., 556 (1949).
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TABLE I
AtoMic RApi
He Hb He Hd He c N o F si P S cl
H?® 1926 Tetrahedral 0.77 0.70 0.65 0.61 1.14 1.08 1.02 0.97
P & H°® 1934 Tetrahedral 77 .70 .66 .64 1.17 1.10 1.04 .99
P & H¢ 1934 Normal valence 0.375 0.28 0.28 0.28 0.28 .77 .70 .66 .64 1.17 1.10 1.04 .99
S & S8 1941 Non-polar .37 37 37 .37 37 77T .74 .74 72 1.17 1.10 1.04 .99
H 1953 Non-polar (r,,,4) .38 .36 .34 .33 .32 77 .75 .74 .72 1.15 1.11 1.04 1.00
H 1953 Constant energy (r:) .88 .86 .84 .83 .82 1.22 1.12 1.12 1.11 1.57 1.53 1.46 1.44
Ge As Se Br Sn Sb Te 1

H5 1926 Tetrahedral 1.21 1.16 1.12 1.09 1.36 1.29 1.23 1.19

P & Hf 1934 Tetrahedral 1.22 1.18 1.14 1.11 1.40 1.36 1.32 1.28

P & H® 1934 Normal valence 1.22 1.21 1.17 1.14 1.40 1.41 1.37 1.33

S & S8 1941 Non-polar 1.22 1.21 1.17 1.14 1.40 1.41 1.37 1.33

H 1953 Non-polar (#np.a) 1.21 1.24 1.17 1.14 1.42 1.45 1.41 1.85

H 1953 Constant energy (r1) 1.61 1.63 1.58 1.56 1.80 1.83 1.79 1.73

e In H,. ° In bonds with first row elements.
¢ In bonds with fourth row elements.

The repulsion energy, due primarily to over-
lapping of the electron clouds of the two atoms
concerned, would be expected to vary with the
interatomic distance in a manner depending only
slightly on the nature and magnitude of the attrac-
tions between the atoms. This expectation has
been tested and verified for alkali halide crystals
by Huggins and Mayer,!*!? using the exponential
repulsion law of Born and Mayer?®

Erep = Efep expla(ris — r)]

(4)
It was found that (with Ef;, assigned an arbitrary
value, the same for all compounds) the constant a
in the exponential varies but little from compound
to compound and also that, assuming it to be
accurately the same in all cases, the constant
energy distances, ris, can be additively computed
from constant energy radii, ri, characteristic of the
atoms concerned

rin = rk + 78 (5)

These designations for »¥g and 7% arise from the
fact that the former is the distance between atomic
centers when the repulsion energy has the constant
value Dfep.

A similar treatment!*+! has been found satis-
factory, at interatomic distances not far from the
equilibrium values, for diatomic molecules. Follow-
ing Morse,'® an exponential expression was also
used for the attraction energy
a'(re — 7] (6)
The constants Eg and a’ do not have the same
values for different molecules or for the same
molecule in different energy states. For molecules
containing only electronegative atoms or hydrogen,
a uniform value of @ could again be used, and again
the rXp values computed were found to obey fairly
well the additivity relationship (equation (5)).

On assuming equations (3), (4) and (6) and de-
ducing the constants from band spectral data for
diatomic molecules, equation (2) is found to be far
from accurate. Nevertheless, we shall tentatively

(11) M. L. Huggins and J. E. Mayer, J. Chem. Phys., 1, 643 (1933).

(12) M. L. Huggins, ibid., 8, 143 (1937).

(13) M. Born and J. E. Mayer, Z. Physik, 76, 1 (1932).

(14) M. L. Huggins, J. Chem. Phys.. 8, 473 (1935).

(15) M. L. Huggins, ¢bid., 4, 308 (1936).
(16) P. M. Morse, Phys. Rev., 84, 57 (1929).

E.t = Eiwwexpla

¢ In bonds with second row elements,

¢ In bonds with third row elements.

assume, as an approximation, that all four of these
equations (and also equation (5)) hold for single
bonds in normal valence molecules containing only
electronegative atoms and hydrogen, with the con-
stants determined by experimental bond-energy
and interatomic distance data. We thus have

Dap = —Esw — EXpexplo(ris — o)l (N
From the equilibrium condition
dE/dr = 0 when 7 = r, (8)
one can deduce
—Egy = ai, Efpexpla(ris — r.)] (9)

Combining equations (7) and (9), we have
Dan = (Z— - 1)}3;:,, expla(ris — 72)]  (10)

We shall assume, for our present purpose, that
the first factor in parentheses in this equation is
essentially constant. This is equivalent to assum-
ing that the repulsion energy at equilibrium is
proportional to the bond energy. The band-
spectrum data for diatomic molecules give some
justification for this assumption, as a rough ap-
proximation. It is less drastic than Morse's
hypothesis,’® that ¢ = 2a’. Although essentially
an ad hoc assumption, the data to be presented will
testify as to its gemeral validity. It is possible,
nevertheless, that variability of this factor may, in
some cases, not be negligible.

Since the value of Ef; is entirely arbitrary, we
shall assume it to have such a value that

(11)

Then, replacing re by its approximate equivalent,
raB, we have

(Z— - 1) E¥%, = 1 keal./mole

(12)
(13)

Dip = expla(ris — ran)]

1
7aB = r{p — = 111 Ds»n

This equation, combmed with the additivity
relation (equation (5)), has been tested by applica-
tion to all available pertinent data. Complete
sets of calculations have been made, in which ¢
is taken equal to 4.00, 4.605 and 6.00 X 10% em.—?,
with less extensive sets for some other “values,
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Bond
H-H
H-C

H-N
H-O
H-F
H-Si
H-P

H-S
H-C1
H-Ge

H-As
H-Se
H-Br
H-Sn
H-Sh

H-Te

H-I
Cc-C

¢-Si

rAB caled.
from normal from
valence radii®

0.
1.

= b R —

—

1.

=0 O

75
07

00

.96
.94

47

.40

.34
.29
.52

.51
.47
.44
.70
71

.67
.63
.04

A7

.43

41

04

rAB caled.

and xA!7

0.751
1.118

1.016
0.963
0.902
1.461
1.426

1.347
1.276
.505

—

.534
.470
.418
.694
.729

o

1.690
.616
1.557

—

1.489

1.435

1.365

1.883

Dpp,a

Mavrice L. HuccINs

TaBLE II

INTERATOMIC DISTANCES

Molecule
or
crystal

H,
CH,
C:H;
NH;
HO
HF
SiH,
PH;

H,S

HC1
GeH.,
GeH3C1
AsH;
H,Se
HBr
CH:;SH H;
SbHs

HgTe
HI
C.H;

Diamond
C(CH: )
CH;NH:

C.H;NH,
(CH,),NH

(CH;)sN
CeH12Ny
CH;0H
(CH;).0
CH;0NO:

CH;ONO
CF:
CHF;

CH,F,

CHF

CCIF;
CCl,F,
CCLF

CBng

CBr;F
CIF:
CHCIF;
CHCLF
CH.CIF
SiC
Si(CHa)s

rAB caled.

from exp.
Dagl?

0.751
11

—_

.017
.958
906
.456
.428

—_ = O O

1.335
1.273

1.576
.500
.419

—_

.73
1.623

—

1.48
.49

—

1.355

1.89

TAB
(exp.)

.749
.094
.102
.014

957
926

.456

424

.419

.334

.284

.478

.52 £ 0.01
.523

.6

.423

.700 = 0.015
711

712

.617
.55 = 0.03
.543
.541

54 + 0.02
48

.47 £ 0.01
.47 = 0.02
.47 £ 0.02
.46 = 0.03
.47 = 0.01
.48 £ 0.01
.44 £ 0.01
.43 = 0.03
.43 £ 0.05
.44 £ 0.03
.44 £ 0.02
.36 = 0.02
.35 £ 0.03

34 = 0.02

.329

.332

.32 £ 0.01
.358 = 0.001
.357 £ 0.017

398

.42 £+ 0.02
.39 = 0.02
.385

.323

.35 =0.03
.40 = 0.04
44 £0.04
.321

.33 = 0.015
.44 = 0.06
.33 = 0.015
.36 = 0.03
.41 £ 0.03
.40 = 0.03
.89

.888 £ 0.02

Vol. 75

Source
or rAB
(exp.)s
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Bond

C-pP
C-8

Cc-C1

C-Ge
C-As
C-Br

C-Sn

N-O
N-F

rAB caled,

from normal from Dgp, A

valence radii®

1.87

1.76

1.99
.98

—

1.40

DEPENDENCE OF INTERATOMIC DISTANCE ON BOND ENERGY

rAB caled,

and xA 7

1.865
1.812

1.754

1.939
1.983
1.909

2.140

2.114

1.487

1.458
1.377

TaBLE II (Conitnued)

Molecule rAB caled.
or from exp.

crystal Dapt?
CH,SiF;
(CH,)25iCly
P(CHs)s
(CHs )2S 1.83
(CH;):S,
CCL 1.749

CHCl, 1.75

CH:Cl. 1.75

CH;C1 1.75

CCIF,

CCLF.

CCLF

CHCLF
CHCIF,
CH.CIF
CBI‘zClz

CBI‘CI;
C(CH;);:CH:Cl1
Si(CH,);CH.C1
Ge(CHs)k
AS(CH3)3

CBry 1.908

CHBr; 1.91

CHzBrz 1.91
CHsBr .91

—

CBI‘Fa

CBrs F
CBrCl;
CBrzClz
Sn(CHs)
CHsSUH;

( CHa)sSncl
CHsSan
(CH; )3SnBr
CL

CHI,
CH,I;
CH:I

.14
.15
.14

[V S )

CF.l
NoHy 1.49

(CH;)eN2H2
NS
NH.0H
NF; 1.356

rAB
(exp.)

88

761

767

.81
772

779
7810
765

730

75
.76

713+£0
98 £ 0
.98 £ 0

93 +£0

91

.9391
.936
.91 £ 0

.01
.93

19 x0
.17

A7 £0
1240

120
.132
.1392
14 £ 0

.47
.46

.83 = 0.
87 £ 0.
.82 £ 0.01
.78 £ 0.
.755 £ 0.005
.765 &= 0.015

77 £ 0.
75 £ 0.

77 £ 0.

77 £ 0.
77T £ 0.
.780 £ 0.002

.74 £ 0.
76 = 0.
.04
.73 = 0.
.76 + 0.

.74 £ 0.

.18 = 0.
.143 £ 0.002
.03

.37 £ 0.

06
02

03

02
01

02

02
01

03
02

03
02

03

.03
.03
.02
.91 £ 0.
.02
.94 £ 0.
.942 &£ 0,003

02

02

.930 £ 0.003
91 £ 0.
.91 £ 0.

02
06

.02
.91 £ 0.

04

03

.06
.02
.15 £ 0.
.12 &£ 0.

02
03

.04

.02
47 £ 0.
.46 = 0.
45 £ 0.

02
02
03

02

4129
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TaBLE II (Continued)
rAB caled. ¥AB caled. Molecule *AB caled. Sourgce
from normal from Dpp, A or from exp. ¥AB of rAB
Bond valence radii® and xa!7 crystal Dypt? (exp.) (exp.)®
1.371 M
N-S 1.74 1.750 N,S; 1.74 E!
1.62 =+ 0.02 E'
N-CI 1.69 1.732 NCl; 1.77
NHCI, 1.76 sef
CH;NCl, 1.74 +£0.02 E'
(CH,):NC1 1.77 £0.02 E'
0-0 1.32 1.474 H0, 1.479 1.47 = 0.02 E'
1.49 & 0.02 XC
1.48
O-F 1.30 1.436 OFy 1.403 1.41 £ 0.05 E!
1.38 = 0.03 s
NO;F 1.42 £ 0.05 E'
0-Si 1.83 1.688 Si0, 1.68 1.61 XCn
Si(OCHsy), 1.64 = 0.003 E*™
(CH;)651:0s 1.66 £ 0.04 E*"
(CH, ):Si0Si(CH; )3 1.63 &= 0.03 E*™
C1,Si08iCl; 1.64 = 0.05 E*™
O-P 1.76 1.688 P.O; 1.67 £ 0.03 E’
1.85 &= 0.02 E'
1.63 s
0-Cl 1.65 1.716 CLO 1.713 1.68 &= 0.03 E'
1.701 = 0.020 E®?
O-As 1.87 1.795 As, 04 1.818 1.80 £ 0.02 E!
1.78 & 0.02 E
0-Sb 2.07 1.992 b0 1.996 2.0 £0.1 X e
Sby0; 2.00 xcer
F-F 1.28 1.442 F; 1.438 1.435 = 0.01 E'
F-Si 1.81 1.614 SiF, 1.614 1.54 +=0.02 E'
SiHF; 1.561 =+ 0.005 Mo
SiH;F 1.593 == 0.002 M=
SiCIF; 1.560 == 0.005 M
SiBrF; 1.560 = 0.005 Me®
F-P 1.74 1.612 PF, 1.52 &= 0.04 E'
1.535 Mo
F-C1 1.63 1.661 CIF 1.661 or 1.6281 M
1.657
F-Ge 1.86 1.663 GeF; 1.67 +=0.03 E®*
F-As 1.85 1.716 AsF; 1.717 1.72 + 0.02 E!
1.712 =+ 0.006 Ol
F-Br 1.76 1.774 BrF 1.778 1.759 M
F-Sb 2.05 1.912 SbF; 1.923
Si-Si 2.34 2.290 Si 2.29 2.352 X e
Si;H; 2.32 =+ 0.03 E'
Si-S 2.21 2.136 SiS, 2.13 2.14 xXcm
Si-C1 2.16 2.033 SiCly 2.032 2.02 &= 0.02 E'
SiHCls 1.98 == 0.02 XGY
2.00 = 0.03 E'
2.01 £ 0.03 E'
2.05 = 0.03 E'
SiH,Cl. 2.02 £ 0.03 E'
SiH,Cl1 2.06 £ 0.05 E'
2.035 M
2.048 = 0.004 M
SiClIFy 1.989 = 0.018 M
2.03 = 0.03 E'
SiBrCl, "2.05 £ 0.05 E'
Si-Br 2.31 2.197 SiBr, 2.199 2.14 =+ 0.02 E!
2.15 £ 0.02 E!
SiH;Br 2.209 MPe
SiBrF; 2.153 = 0.018 M
SiBr:Fs 2.16 = 0.02 E!
Si-1 2.50 2.430 Sil, 2.436 2.43 = 0.02 E'
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Bond
P-P

P-S
P-C1
P-Br

P-1

wn
U
n

S-Cl

S-As

S-Br
Cl-C1
Cl-Ge

Cl-As

Cl-Se
Cl-Br
Cl-Sn

Cl1-Sb
Cl-Te
Cl-1
Ge-Ge

Ge-Br

Ge-I

As—As
As-Br

Se~Se

7AB caled.
from normal from Dpp.a
valence radii¢

2.

2
2

—

20

14
.09

.24

.43

.08

.03

.25

.18
.98

2.21

[ V]

[\M]

[ &)

.20

.16
.13
.39

.40
.36
.32
.44

.36

.42
.35

.54

.34

DEPENDENCE OF INTERATOMIC DISTANCE ON BoND ENERGY

rAB caled.

and xA Y7

2.

2.

2,

2.

2.

—

210

121

027

191

420

070

.007

.241

167
.998

2.085

[\M]

[\M]

137

.137
.138
.283

.336
331
.313

.419

.252

.490

.470
.306

.543

.348

TaBLE II (Continued)

Molecule
or
crystal

Normal Py
P (black)
PSs

PCl;

PBI‘;;

PI;

Ss
S

HoS:
S:Cl,

SCL.

S:Clz

AsS,

AsSs
S:Br,
ClL
GeCh
GeH3C1
As C13

(CH,)AsCl
SeClz

BrCl

SnCly
CH;5nCl;
(CHa)gSnclg
(CHa)aSI’lCl
SbCl;

TeCl,

I1C1

Ge

Ge Hs
GeBr,

Gel,

Normal As;
As Br3

(CHj;)AsBr
AsI;

(CHi)AsI
Ses

7AB caled.
from exp.
Dap??

2.

2.

[\M]

[ N )

205

023

.188

415

.058
.0583

.015

.230

230

.156
.998
.097

.138

.138
. 141
.296

.334

.319

.408

.470

470
308

.547

NN NN~ — N~ NNDNDND NN

R Y R O O S N S N N N SN N SN N RSN N S SR

NN DNDNDNNDNDNNN

YAB
(exp.)

.21 £0.02
17-2.20

.15
00 £ 0.02

.03 = 0.02
.043 = 0.003

23 = 0.01
.18 £ 0.03
52 + 0.01
46

.43 £ 0.04

.07 £0.02

.08 &= 0.02

.05 = 0.02
.04 £0.05

.05 £ 0.03
.07 =0.10
.99 £ 0.03

.00 = 0.02

.98 = 0.05
.99 = 0.03
.01 £ 0.07
.23 = 0.02
.19-2.27

.25 = 0.02

988

.08 = 0.03
.147 £ 0.005
.16 = 0.03
17 = 0.02

.161 £ 0.004

18 £ 0.04

.138

.30 = 0.03
.32 £0.03
.34 £0.03

.37 = 0.03

.37 = 0.02

.36 = 0.03
.30 = 0.03

.324

450

.41 £ 0.02

.32
34

.29 £ 0.02

47
48
50 = 0.03
44 = 0.03
.36 £ 0.02
31
33 = 0.02
.34 £+ 0.04

.58 = 0.01

51

.541

.58 £ 0.03
.52 £0.03
.32

Source
of rAR
(exp.j¢

R!
Xcm
E!
E!
E!
MY
E

M!
E

41731
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TasLE II (Continued)

rAB caled. rAB caled. Molecule rAB caled. Source
from normal from Dnp A or from exp. rAB of rAB
Bond valence radii®¢ and xal? crystal Dapt? (exp.) (exp.)8
Ses 2.34 %= 0.02 X
Se (gray) 2.32 2.32 xcn
Br-Br 2.28 2.289 Br, 2.288 2.28 & 0.02 E
2.279 E'
2.286 st
Br-Sn 2.54 2.452 SnBr, 2.454 2.44 £ 0.02 E'
CH;SnBr; 2.45 £ 0.02 E'
(CH;).SnBr; 2.48 == 0.02 E
(CH,):SnBr 2.49 £ 0.03 E'
Br-Sb 2.55 2.506 SbBr; 2.473 2.52 = 0,02 E
2.47 E'
2.51 %= 0.02 E'
Br-Te 2.51 2.502 TeBr, 2.49 % 0.03 E'
2.51 == 0.02 E'
Br-1 2.47 2.478 IBr 2.476
Sn~Sn 2.80 2.834 Sn (gray) 2.824 2.80 xcr
Sn-I 2.73 2.694 Snl, 2.64 =% 0.04 E'
2.63 xcm
CH,;Snl; 2.68 == 0.02 E'
(CH;);8nl, 2.69 £ 0.03 E
(CHs):SnI 2.72 + 0.03 E
Sb-Sb 2.82 2.804 Normal Sb (er) 2.888 2.87 Xcr
Sb-I 2.74 2.747 Sbl, 2.738 2.75 % 0.02 E
2.74 E'
2.67 £ 0.03 E'
Te-Te 2.74 2.814 Te (cr) 2.86 xcn
I-I 2.66 2.694 I, 2.681 2.66 = 0.01 E
2.674 E'
2.662 s
2.70 xcn

¢ S = from spectroscopic data, usually infrared; M = from microwave data; E = from electron diffraction data from
gas; XC = from X-ray diffraction data from crystal; XG = from X-ray diffraction data from gas. ° H. Sponer, ‘Mole-
killspektren. I,” J. Springer, Berlin, 1935. ¢ G. Herzberg, “‘Infrared and Raman Spectra of Polyatomic Molecules,”
D. Van Nostrand Co., New York, N. Y., 1945. ¢ G. E. Hansen and D. M, Dennison, J. Chem. Phys., 20, 313 (1952).
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The general degree of agreement between experi- quite insensitive to the choice of @, within this
mental and calculated interatomic distances is range. The constant energy radii and calculated
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interatomic distances given here are all for a value
of
a = 4,605 X 108 cm.™? (14)

This choice has the advantage of yielding the
simple relationship

rap = ri 4+ rf — 1/21log Dap (15)

- when the values of a5, 7% and #% are in A. and those
of Dap are in keal./mole,

Comparison with Experiment

With the aid of this equation, the constant
energy radii listed in Table I have been obtained.
These, in turn, have been used to compute the
values of 7ap (caled.) listed and compared with the
corresponding experimental values in Table II.

Calculations have’ been made both from the
experimental bond energies and from bond energies
computed from electronegativities and non-polar
bond-energy contributions. Both of these are
given in the preceding paper.”

The average differences between the obgerved and
computed distances are about 0.019 A. for the
figures from experimental bond energies and about
0.024 A. for those from computed bond energies.
These averages would be reduced somewhat if one
omitted those cases in which, from other considera-
tions, there is reason to believe that the experimental
values of the bond energy (e.g., H-As) or the bond
length (e.g., H-Se or Te-Te) are quite inaccurate.

In order to obtain even rough agreement for the
hydrogen compounds, it was found necessary to
use several different values of 7§, depending on the
row of the Periodic Table in which the element
to which the hydrogen is bonded belongs. This is
probably a result of the fact, already noted,?®
that these bonds do not obey the assumed energy—
distance relationship well, at least with the same
value of ¢ which is found satisfactory for other
bonds. An alternative explanation is that equa-
tion (11) does not hold with sufficient accuracy for

(17) M. L. Huggins, THIS JOURNAL, T8, 4122 (1953),
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bonds involving hydrogen, with the same value of
E},;, as is satisfactory for other bonds.

It will be noted that the discrepancies in the
cases of such very strong, very polar bonds as Si-O
and Si-F have been greatly reduced, but not en-
tirely eliminated. (A different assumption as to
the sublimation energy of silicon does not improve
the situation appreciably.) It seems likely that
here, as with bonds involving hydrogen, the basic
assumptions underlying the present treatment no
longer hold with sufficient accuracy. One way out
of the difficulty would be to add to equation (15)
another term, involving either the electronegativity
or perhaps the fraction of double-bond character,
but this does not seem warranted ia the present
state of our knowledge. ,

Instead of using Equation (15), one can obviously
compute interatomic distances from the non-polar
radii by means of the relation

D
PAB = fup,a + fap.s — 1/z2log (D——A _{A_BD B) (16)
np, ap,

making use of the non-polar bond-energy contri-
butions listed in the preceding paper. A set of
non-polar radii, consistent with the constant
energy radii and the non-polar bond-energy con-
tributions which have been listed, is included in
Table I. The differences between these and the
corresponding radii given by Schomaker and
Stevenson are slight. Differences between inter-
atomic distances calculated by equation (16) and
those calculated by equation (15) are only such as
result from rounding off of the atomic constants
used.

In summary, the results presented show that
interatomic distances for single bonds between
atoms exhibiting their normal valences can be
computed, at least within about 0.02 A., from
experimental or calculated bond energies by means
of equation (15) or (16), and the constant energy
radii of Table I.
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Data on the appearance potentials of the positive ions produced on electron impact with CH,, CH;Cl, CH;Br and CH,Il in a

60° Nier type mass spectrometer are used to calculate the heat of sublimation of carbon, L(C) < 5.90 e.v.

Further calcula-

tions from the data give D(C-H) = 3.5 e.v.,, D(C-2H) < 74 e.v,, D(C-3H) > 11.2 e.v., D(CH;-H) < 4.2 e.v., D(CH;~Cl)

< 8.4 e.wv., D(CH~Br) < 3.1 e.v., and D(CHs-I) < 23 ev.

In the mass spectrometer ions are formed by
collisions of electrons with molecules and separated
according to their mass to charge ratio, following
the relation m/q = r2B%/2V where r is the radius of
the ion path in meters, B is the magnetic induction
in webers per meter?, V is the ion accelerating
voltage in volts, m is the mass of the ion in kilo-
grams, and ¢ is the charge on the ion in coulombs.
One can measure in the ion gun the appearance
potential or the minimum energy required to pro-

The measured ionization potentials are J(CH,*) = 13.1 e.v,,
I(CH,Cl*) = 11.3 e.v., I(CH;Br*) = 10.5 e.v., and I(CH;I +) = 9.6. e.v.

The derived I(CH.*)is < 12 v.

duce a particular ion. The appearance potential
of undissociated ions often check and supplement
spectroscopic data. For many substances the
data are unique. The ionization potentials of
radicals and the bond energies which may be
computed provide valuable knowledge toward the
understanding of molecular structure.

Electron impact studies in tri and higher atomic
gases are complicated by a lack of information
concerning the identities of the fragments pro-



