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DISCUSSION
Robert S. Mulliken

General Discussion of Questions raised in the Contributed Papers®

I suouLp hke to make scveral specific comments in reaction to some of the very inter-
csting articles 1n this Paper Symposium. Basically, I am in agrcement with Bright
Wilson's agnostic views about why bond lengths arc as they are. | believe that there
are a number of big and httle reasons which contribute, varying in importance from
case to case. This makes 1t difficult to pick out and assign correct weighing to the
rcal reasons, cither in general or in particular cases.

The greatest difficulty of all may be that it is almost impossible for any onc individ-
ual to collect and to keep in view all at once the now extremely large and very varied
mass of both cxperimental and theorctical evidence. all of which must be most cau-
tiously and critically and simultancously cvaluated if he is to reach sensible conclusions.
The whole ficld is so extensive and so complex, and experiment and theory are so
intimately intcrwoven. that it 1s casy to overlook or underemphasize rclevant con-
siderations, and cxtremely difficult to obtain and maintain a well-balanced judgment
containing a correct proportion of open-minded tentativeness. Perhaps for the moment
wc should relax a bit. It seems hikely that, before long, ncw cxperimental data and
new theorctical calculations of much increased accuracy will help us to see things more
clearly.

Nevertheless. while I am open-minded about new evidence, both cxperimental
and theoretical. I hold rather strongly to the views | have expressed in two recent
articles in Tetrahedron.'-* Thesc papers were written in some haste and are not quite
as clearly stated as one might wish. Hence | should hke here, along with other
comments, to reiterate and try to clarify some of the main points made therce.

(1) 1 should likc to emphasize the importance of a duc regard for the hierarchics
of conjugation and hyperconjugation types, as deduced from either valence-bond or
molecular orbital theory, and supported by cxperimental evidence ! Namely, isovalent
conjugation should give the largest effects. sacnificial conjugation less, and the same
with hyperconjugation. Conjugation effects in any given category should be larger
than hyperconjugation effects. Further, we should distinguish homodative, (more or
less) non-dative, and dative conjugation or hyperconjugation as cffects of diminishing
importance in that order.

(2) Lide's paper® emphasizes clear cvidence for rather large bond length shortenings
attributable to dative isovalent conjugation, which means partial electron donation
from a » lone pair of a donor group into an unsaturated system. This donor-acceptor
action isancrevalent from the point of view of the donor group (one new 7 bond 1s
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formed) but sacnficial from that of the unsaturated system (onc carbon atom gets
de-bonded); over-all 1t 15 1sovalent.

(3) On the other hand. Lide. in agreement with others. points out clearly that in
hydrocarbons, C C bond lengths can be predicted in most cases within experimental
crror by assuming a fixed covalent single-bond radius for what arc usually considered
to be sp, sp? and sp® carbon atoms. In other words, onc has indeed a rather rcliable
and very simple recipe for predicting C —C bond lengths in hydrocarbons if one thinks
only in terms of hybrid types without considering wr-electron delocalization. So far,
so good.

But in terms of fundamental understanding. and of the interpretation and predic-
tion of other propertics than bond lengths, an open-minded consideration of all the
cvidence, eaperimental and theoretical together.!-? leaves little doubt that = clectron
delocahzation makes substantial contributions to observed C- C bond shortenings
in conjugated and hyperconjugated systems. My best present judgment s that on
the whole hybridization contributes somewhat more than clectron delocahzation to
the obscrved shortenings, but that the two causes are of the same order of magnitude:
and thatin addition, other causes make contributions which usually are smaller, but
sometimes may be farrly important

Animportant reason why it is difficult to decide cxperimentally between hybridiza-
tion and electron delocalization as causes of bond shortening 1s the fact that the
two cffects largely operate 1n parallel: wherever there s double-bond conjugation,
there v a change in hybndization, and when there 1s triple-bond or cumulene-type
conjugation, there is a further change  Under these circumstances. it becomes rather
necessary, and proper. to place considerable rehiance on theory, provided it is rehable
theory As to the rehiability of the theory now being used, this seems rather well
buttressed.? although there are questions of detail. and perhaps small doubts about
some major points. so that one must not be too dogmatic. In any cvent, 1t 1s the same
delocahization theory that seems clearly necessary to explain the observed bond
shortenings 1n dative isovalent conjugation which is used 1n estimating the cffects of
clectron delocahzation in conjugation and hyperconjugation in general.

() 1 am inchned to agree with Dewar that the term conjugation (now cxtended to
include isovalent conjugation. as 1n benzene) can best be used to denote compre-
hensively the alterations in chemical and physical charactenistics which are found
empurically in molecules when single bonds are located between double or tniple bonds
or between the latter and lone-pair donor groups, and so on.? Such a phenomenolog-
ical dcfinition and concept of conjugation secems to be safer and historically better
justificd than onc based on theoretical explanations of the reasons for the empirical
differences between conjugated and unconjugated systems. Thus, for example, bond
shortemings of € C bonds, whaterer the cause or causes. may be accepted as
characteristic manifestations of conjugation. In such a definition. primary emphasis
must, however, be placed on grownd state behavior. since excited clectronic states are
many and varied in nature

Having gone so far, it should ncvertheless be noticed that cven the most completely
empirical dcfinition and concept of conjugation still indispensably involves a definitely
theoretical concept, namely that of chemical bonds. The above-discussed supposedly
cmpirical definition of conjugation can be stated only in terms of what happens when
vartous juxtapositions of bonds arc present in a molecule, and the cxstence of bonds,
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whether classically or quantum-mechanically conceived, 1s a theoretical concept.
Dcwar’s concept of conjugation is then apparently no more than semi-
empirical.

Very similar comments arc applicable to the concept of hyperconjugation. Al-
though historically this concept was introduced 1n a context of theoretical explanation
with emphasis on electron delocalization, it would seem to be sounder to use the term
to denote the very real changes in chemical and physical propertics which are observed
to be associated with the presence of methyl or substituted methyl or methylene groups
close to » bonds in unsaturated systems. Howcver, | am not at ail convinced that it
1s necessary to abandon the term “hyperconjugation™ in favor of a new term “‘semi-
conjugation”, as Dewar and Schmeising have recently proposed.* merely because the
introduction of “hyperconjugation’ was accompanied by explanations in terms of
electron delocalization.

The foregoing comments and proposals, made in the interest of clanty of definition,
of course do not involve any modification of belicfs as expressed in item (3).

Concerning the subclassification of conjugation and hyperconjugation into iso-
valent and sacrificial, and dative, homodative and non-dative categorics as mentioned
mntem (1), 1t may be objected that the adjectives thus introduced are based on theory,
and thus arc¢ inconsistent with the proposal to regard conjugation and hyperconjuga-
tion as semi-empirical concepts. This objection may be countered as follows. (a) |
believe that an examination of the empirical propertics of each of the sub-classes of
molecules distinguished by the various adjectives will show distinctive features, blurred
or even concealed, to be sure, by extraneous factors in the case of the weaker types of
conjugation and cspecially hyperconjugation. (b) Granting that there are empirically
distinct sub-classes, names arc needed to distinguish them. The names adopted have.
to be surc, a thcoretical onigin, but the theory involved goes beyond classical bond
theory (which had to be assumed in sctting up a semi-empirical concept of conjugation
or hyperconjugation) only by making use of the simplest possible, and (in the case of
conjugation, at least) generally accepted classically-bonded resonance structures. The
main point 1s that some sort of terminology is nceded, and the use of designations
based on the theory of resonance between classical bond structures supphes this need
in a way which s espeaially convement and scif-explanatory even if one does not wish
to accept all its implications Iiterally. However. I myself sce no need to reject at least
paruial vahdity of the theoretical implications of the proposed terminology. It is very
uscful to disinguish sacrificial from isovalent conjugation, and to distinguish dative
from other kinds of conjugation. 1 have found these distinctions most helpful in
obtaining better insight into the structures of molccules. An interesting example 1s a
comparison between anihine or phenol; with dative isovalent conjugation, mitroben-
7ene, with dative sacnificial conjugation, and p-nitroaniline, where again there is dative
1sovalent conjugation.! That nitrobenzene is in a different class from the others seems
not to be generally realized.

*M J S Dewarand H N Schmeaiung. Tetrahedroa 11, 96 (1960). 1 disagrec 0f have very strong rescrva:
tions on the main conclusions in that paper, but because of pressure of other work must postpone detatled
comments. However. | should like to express sincere regret if 1 have misinterpreted or misquoted their
earhier paper (¢f footnotes on p. 97 and p 101 of their 1960 paper). In explanation, 1 should like to
mention that at the time my papcr was written, | had not «een the manuscript of their paper, but was
relying on notes 1 had made based on Professor Dewar's oral presentation and discussion at the 1958
Conference vn Hyperconjugation, possibly 4 subjective element may have somewhat colored these notes
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(5) Much confusion in the literature has, [ believe. been generated by the identifica-
tion of the concept of hyperconjugation with the Baker-Nathan effect.! Experiment-
ally they are different concepts, while in terms of the # delocalization theory of hyper-
conjugation, the Baker -Nathan effect is not hyperconjugation, but may be attributable
to differences between C—C and C—H hyperconjugation, although other causes may
be partly or largely responsible. The delocalization theory sces no difference in kind
between C— C and C—H hyperconjugation, but admits the possibility of quantitative
differences, experimental evidence on which has been elucidated especially by Taft
and co-workers.

Historically, the = delocalization theory of what would now be called i1sovalent
hyperconjugation was apparently first used in a 1933 paper of minc on twisted ethylene,
whilc the applicability of the same theory to examples of what would now be called
sacrificial hyperconjugation was carly recognized by Wheland, and by Huckel. The
samc idca was also stated bricfly in the original paper of Baker and Nathan, but in
later papers they restricted the idea to what is now called C - H hyperconjugation, and
(perhaps at first tentatively) assumed C—C hyperconjugation to be non-cxistent.
Thereby the cxpenimentally observed differences between C—C and C—H sacrificial
hyperconjugation—the Baker-Nathan effect—became identificd with the later-pro-
posed term hyperconjugation. Here it may be recalled that sacrificial hyperconjuga-
tion 1s expected to be a relatively weak cffect, so that differences between C- H and
C—C sacrificial hyperconjugation should thus be still weaker and easily masked (or
simulated) by other cffects, for example by solvent effects (Schubert, Shiner). In any
event, the delocalization theory of hyperconjugation docs not sc¢ any uniqueness in
H atoms as carriers of hyperconjugation, and the experimental evidence of Taft and
others scems to bear out this theorctical expectation.

In their original paper. Baker and Nathan referred to their effect as a “*new mecha-
nism of clectron releasce™; clectron relcasc was considered an important characteristic
and criterion of the cffect. Howener, clectron releasc 1s not an essential or important
feature of the dclocalization theory of ordinary (sacrificial) hyperconjugation or
conjugation; in this respect it is entirely different from dative hyperconjugation or
conjugation, where electron relcase 15 an cssential intrinsic characternistic and criterion.
The occurrence of a moderate amount of electron relcase from a CH; group to an un-
saturated group in ordinary hyperconjugation is attributable to a somewhat greater
electroncgativity of the latter than the former. For example in propylenc it would
correspond to a mild predominance of the resonance structures Hy =C. -=CH-—(—:H2
andH,”- C CH- CH,overH, “C CH C'Hyand H,-=-C*—C H--C'H,,
all these being accompanicd by H, ‘C---Cll—C'H: and the prcdominant structurc
H, C—CH=CH,.! On substituting 4 CMc, or a CF; group for the CH, group. the
dclocalization theory predicts analogous resonance structurces, but in the case of the
CF, group, electron relcase would be expected to be predominantly so it instead of
from 1t because the quasi-r orbitals of F; would be more clectroncgative than the =
orbitals of the double bond, opposite to what secms to be truc of the quasi-= orbitals
of H, in the CH, group.

In my opinion, doubts and questions about the cause or causes of the Baker-Nathan
effcct have no conclusive bearing on the gencral phenomenon of sacrifictal hyper-
conjugation. On the whole. the Baker Nathan effect, in harmony with other evidence,
does seem to support the idea that C—H hyperconjugation is a stronger cffect than
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C - C hyperconjugation. However, it appcars also that the evidence is not very con-

clusive because of the possibility of other small masking and:or simulating effects.

A further point is that the propertics of activated states of hyperconjugated systems,

on which according to rate theory the Baker Nathan effect usually or often depends,

‘may not nccessanly always parallel those of the ground state, although there 1s

evidence that they usually do. A similar but stronger statement s apphcable 1o con-
jugated systems.

For clectronically cxcited states of hyperconjugated and conjugated molecules,
new considerations enter and can often become important. The propertics of clectron-
ically cxcited or 1onized states may be expected to differ from state to state and from
one type of conjugated or hyperconjugated molecule to another

(6) The interesting studies of Schubert and colluborators on electronic spectra as
presented 1n this Symposium® and 1n an carlicr paper afford a basis for valuable new
insight into the theoretical understanding of dative conjugation and hyperconjugation.
In agreement with others® they interpret the “principal™ band spectra of molecules of

the type R —X. where R s an alkyl group and X is either a = donor group

or the 7 acccp\toirgroup NO,. as belonging to the category of what have been called
intramolecular charge-transfer spectra. It seems fairly sure that this interpretation of
the “principal™ spectra 1s reasonably correct, although a thorough theoretical study
will be desirable.

The theory of intermolecular charge-transfer or donor-acceptor compleves and
their charge-transfer spectra, 1s directly applicable also to molccules stabilized by
dative conjugation or hyperconjugation. In anintermolecular charge transfer complex
between a m-clectron donor and a m-electron acceptor molecule, the association of the
two molecules in their ground states to form a complex is explained by the resonance
cnergy associated with resonance between the predominant no-bond structure and a
smaller amount of dative structure. From this there follows also the necessity for a
complementary exeted “charge-transfer™ state in which the dative structure 1s pre-
dominant while the no-bond structure i1s present to a minor extent. A spectroscopic
transition from the ground state to the charge-transfer state corresponds to the charge-
transfer band. The delocalization theory of dutive conjugation, and of the associated
charge-transfer spectra, 1sidentical with that of intermolecular charge-transfer stabihi-
sation and spectra of #-m complexes, cxcept that here the donor acceptor action
mnvolves two m-clectron groups already bound together by a o-bond, instead of two

scparate m-clectron molecules.
A

In the apphication of this theory to the molecules R -  --D studicd by

Schubert and associates. where D 1s a m-donor group. the following sets of resonance
structures T 1V are those of most importance or interest, for both the ground state and
the charge-transfer state. (The number of resonance structures in each set 1s given in
parenthesis after the formula for a typical member of the sct.) The structures are
wrnitten for the case that R is CH;, butif Ris another alkyl group, it is to be understood

' W M. Schubert, R B. Murphy and J. Robins, This Ssmpouum, p 19

CS Nagahuraand 3 Tunabka ) Chem Pric 22,236 (1933, [bid 2N, 1431 (1933), Jbid 24,1274 (1956,
S ONagakure Mol Phyy 3,108 182 (1960} H C L onguet- Higginnand J N Murrcll, Proc Pyt Soc A 68,
601, Y89 (19%%)
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that C is to be substituted for onc or more of the H atoms. Further, for vividness of
illustration, D has been taken as an OR group. Besides [-1V, there are also other
structures which may be of appreciable importance, especially in the charge-transfer
state. There may be considerable admixtures of other excited-benzenc-like structures,
but probably not enough to alter the conclusions discussed here. but the essential points
of interest here can be made by considering structures 1-1V only.

/Sl -
My=c—{ >—on 2) u,c:c—( >m0tR (3)
- N

\

1 o

Y
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J— y—
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m

v

In IV, the o indicates an unpaired electron, or also (to a lesser extent) structures with
H;- or Hy andin each casc an opposite charge on the ring. The interaction of struc-
tures 11 and I is dative isovalent conjugation, that of T1l with I is dative isovalent
hyperconjugation, while that of IV with I'is ordinary sacrificial hyperconjugation as in
toluenc. In dative conjugation or hyperconjugation, one-directional charge transfer
is intninsic.  In ordinary sacnificial hyperconjugation or conjugation, charge transfer
occurs more or less equally (if at all appreciably) in both dircctions.

The relative weightings of 1-1V 1n the ground state (N) and in the charge-transfer
state (CT) can be esumated qualitatively beyond rcasonable doubt. For vividness, the
following are given as plausible quantitative guesstimates of the fractional amounts of
the various structures. with of course no claim to accuracy  Structures I must surely

| I i v

N 087 010 002 001
cr 012 072 012 004

predominate in the ground state, and structures I1in the CT state, in agreement with
relation (1) as stated in the paper by Schubert and associates. But because the hyper-
conjugated structure 111 (an cxample of Sicbold’s “anionic hypcrconjugation™)® 1s
hyper-isovalent with I1. it can be expected to make a considerable contribution in the
CT state. and cerrainly a much larger contribution than in state N. The CT state
should thercfore be considerably stabilized by structures of type Il (and IV) relative
to the case where no p-alkyl group is present, in which case structure 11 cannot occur
The ground state, however, should be much less stabilized by these structures.

The frequency v, of the absorption band corresponding to the transition from
N to CT (Schubert's “principal” band) is therefore cxpected to be decreased when R
1s substituted for H, exactly as is found by Schubert and collaborators. Thus the
delocalization theory of 1sovalent hyperconjugation furnishes an entirely reasonable
and satisfactory explanation of what is obscrved. Schubert’s further observation that
the nature of the alkyl group R makes relatively little difference in the observed shift
indicates that dative isovalent hyperconjugation of the kind here involved is, at least
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for CT excited states. about equally effective whether it be C—H or C - C hypercon-
jugation. (The obscrved detailed differences between R groups will not be discussed
here.) It does not necessarily follow that the same near-cquality must be expected in
general  Also, the near-equality herc should not be taken as contradicting evidence
that C —H hyperconjugation is stronger than C- C hyperconjugation 1n ground states
or 1n reaction rates.

A similar discussion can be given for Schubert's earlier work on the charge-transfer
\
spectra of molecules of the typc R/ ' —NO,. Here again we may consider

four sets of structures. of types V-VIII,

L . 0 /o . O
My =C- - --N (4) Hy=—C ¢ N 1Y
R 0 . 0
v )a
/'_ - o fe) : . .,O
H; L =2C=—1 Yy —N (1) Hy - C ¢ —N. (6)
0 oL 0
i viIn

The interaction of structures VI with V is dative sacrificial conjugation, hence should
be weaker than that of Il with I, where the resonance is isovalent. The intcraction of
VI with V is dative sacrificial hyperconjugation. that of VI with V is ordinary sacri-
ficial hyperconjugation as in toluene. The following are guesstimates of the weightings
of V-VIII in the N and CT states of the p-alkyl mtrobenzencs In these molecules,
structures VIII and VII are both hyperisovalent with VI (all are sacrificial relative to
V). so that the ordinary hyperconjugation structures VIII should be more prominent
here than the corresponding structures 1V, which are sacrificial relative to [-111 for
TN

molecules R- ' D.
\% A7 MY Vil
N 09s$ o0 001 00!
Cr 003 060 01§ 024
/ \
Just as 1n molecules of type R - D, extra structures (here VII and VIII)

are introduced by the presence of the p-alkyl group. and thesc must unquestionably
be much more important for the CT than for the N state. <o that the former should
be stabilized more than the latter, and »,,,, for the CT <~ N absorption process should
again be decreased. just as has been observed by Schubert and collaborators.

Itis seen that the m-¢lectron delocahization theory of hyperconjugation, as approxi-
matcd here in terms of resonance structures, gives a straightforward and unambiguous
cxplanation of the lowering of the frequency of the charge-transfer band by p-alkyl
substituents 1n both donor-group-substituted and acceptor-substituted benzenes.

As has already been stressed in Comment (5). the m-electron delocalization theory
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of ordinary sacrificial hyperconjugation does not require the methyl or other alkyl
group (as e.g. in tolucnc or t-butylbenzene) to be intrinsically either a quasi-m clectron
donor or a quasi-m acceptor. Burh structures should be present in nearly equal but
perhaps relatively small amounts (the predominant hyperconjugative structure in that
event being the long-bond structure); but the weight of evidence seems to indicate
that in ordinary sacrificial hyperconjugation the donor function of the alkyl group (or
at least of the methyl group) does predominate somewhat. (At the same time, these
groups rclease clectromie charge fairly strongly by the mductue, 1.¢. a-bond, route )

Structures 1T and VIE (hyperisovalent respectively with Il and VI) show alkyl
groups functioning respectinely as electron acceptors and as clectron donors in datire-
hyperconjugative resonance structures which must be of appreciable importance in
stabilzing charge-transfer states. This amphoteric functioning of the alkyl group, with
its charge transfer dircction governed by whether the other substituent 1s a strong elec-
trondonor or acceptor, s entircly reasonable and consistent with the theory of sacrificial
hyperconjugation according to which in the absence of strong direction neither the
donor nor the acceptor role 1s strongly emphasized.

C. A. Coulson

Comments on paper by D. R. Lide

Dr. Libr throws almost all the responsibility for bond length changes in carbon bonds
on to changes of hybridization. 1 believe this to be onc of the important factors, but
the cffect must be morce subtle than 1s sometimes supposed. Thus, changes of hybridi-
zation 1n an isolated carbon atom makc no difference whatever to the first-order
density matrix. If we make any four orthogonal hybrids out of sp,p,p, the resultant
charge-cloud 1s still spherically symmetrical. Thus hybridization can only achieve its
effect in terms of the second-order density matrix, and presumably even here 1t 1s
largely a qucstion of the difference between the electron correlation terms for clectrons
with coupled, or with random. spins.  When the matter s thought of in terms of the
electron density, it 1s surprising that such characteristic differences are found as 1s
shown by cxperiment. My own opinion, thercfore, is that cither we should be content
with a very simple type of presumed relation between hybridization and hond length,
or we must look for a much more sophisticated analysis, 1n which even the concept of
hybndization may not be adequatce.

A situation of the kind just described would not apply to atoms where there 15 a
lone-pair of electrons (c.g. NH,). For here we have what Moffitt called second-order
hybnidization, and even the single particle density function is dependent on the hybridi-
zation parameters

C. A. Coulson

Comments on paper by B. P. Stoicheff

Oxt of the most disturbing features of this very interesting paper is the observation
that although in many cases the clectron-diffraction and spectroscopic values agree
cxcellently, yet for CH and CD in CH, (and CD,). they differ by un amount between
0-010 and 0-020 A. What can be the origin of this difference, which is of the order of
magnitude of one-half the classical amplitude of vibration! Further, why is the diffrac-
tion value Jarger than the spectroscopic onc, when the following argument would
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lead us to expect the oppositc? The spectroscopic bond length is based on moments
of inertia, and therefore is determined almost entirely by the nuclei. We may say that
this gives a very rcliable length (suitably averaged, of course!) for the internuclear
distance. The clectron diffraction value involves both nucleus and charge-cloud. So
far as the nucleus is concerned, the agreement with spectroscopic measurements should
dcally be almost perfect. But so far as the charge-cloud 1s concerned, we should
cxpect small differences depending on the lack of spherical symmetry in the clectron
density around an atom. In the case of the H and D atoms, conventional valence
theory Icads us to suppose that any charge migrations that may take place as a result
of the formation of a molecule, will be such as to attract charge into the region
between the nuclei. This would be expected to give the appearance of a shorter bond
rather than a longer onec. Dr. StoichefT has been very careful not to offer any “expla-
nation” of the cffects which he has catalogued and analysed. Doces he have any
comments to make on the unexpected situation for CH bonds in methane just described ?

B. P. Stoicheff

Reply 1o comments by C. A. Coulson

Tue discrepancy to which Dr Coulson refers i1s probably correctly interpreted by
Bartell, Kuchitsu and De Ncui (reference 31) as ansing from the different averages
over the zero-point vibrations inherent in the two methods. The above authors have
computed corrections to the diffraction *'r,” and spectroscopic 'z, valucs (by assurung
a modified anharmonic Urcy Bradley force ficld) which result in similar calculated
values of the equilibrium bond length in methane.

The effect which Dr. Coulson mentions while undoubtedly present would perhaps
be expected to produce only a small difference in apparent bond lengths. Unfortun-
ately the experimental data and our knowledge of potential functions of polyatomic
molecules are too limited to look for such interesting effects. As a first step in under-
standing the difference betwecn diffraction and spectroscopic values of bond lengths |
believe 1t would be very uscful to obtain electron diffraction data on diatomic mole-
cules for comparison with existing spectroscopic data.

D. R. Lide

Comments on the paper by B. P. Stoichef]

Dx. Stotcukrk has raised a question about the C—C distance in isobutane. He states
that the value of 1:525 A [J. Chem. Phys. 33, 1519 (1960)] might be in error by as much
as 0-:007 A because of the small = co-ordinate of the off-axis carbon atoms. In fact,
there 1s no reason to suspect an crror of this magmtude. Since almost three-quarters
of the total mass of the molecule is in the plane of the off-axis carbons, this plane must
necessarily lie close to the center of mass. This type of molecule is clearly distinguished
from a case such as propylene, where the central carbon atom lies near a principal
axis for rather accidental reasons (1.e. because of an approximate balancing of the
other masses 1n the molecule). As an independent check one may calculate the = co-
ordinate of the off-axis carbons from the first-moment rclation; the change in the
C—C distance is completely trivial (specifically 0-0004 A)

There 1s strong cvidence, then, that the r, value of the C .C distance in both iso-
butane and propanc is very near 1:526 A. The distance in ethane is much less certain.
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The values of 1:534 A and 1539 A obtained from infrared and rotational Raman
spectra, respectively, do not agree as wcll as they should. Furthermore, these are
mixed r, and r, values, and it has been pointed out that the true r, distance might be
as much as 0-008 A lower. Thus there 1s no clear evidence at this time for a discrepancy
betwecen the cthanc and propanc isobutane values. Fthyl fluoride should be excluded
completely from these compansons. Here the location of the central carbon atom
could not be experimentally determined. and 1t was arbitrarily assigned a co-ordinate
of zcro. The resulting C—C distance could be in error by as much as 0-02 A.

B. P. Stoicheff

Replyv to comments by D. R. Lide

I am grateful to Dr. Lide for pointing out the difficulty in the determination of the
C C bond length in ethyl fluoride *? 4 calculation shows the uncertainty in this value
to be about 0-010 to 0-020 A and therefore this bond length should be deleted from
Table 3.

The source of this difficulty in the ethyl fluoride structure? illustrates my point
that the C —C bond length in 1sobutance may be slightly longer than the quoted value
of 1:525 A. In ethyl fluoridc 1t is found that the moment of incrtia decreases by 0-0064
a.m.u. A? when 13C 1s substituted for '*C in the near-axis position. This anomaly 1s of
coursc a conscquence of zero-point vibrations. There 1s no reason to expect a smaller
effect when substitution is made on a C atom no matter what its position in a molecule.
Thus 1f we assume a similar decrease in the moment of inertia 1n propylenc® the r,
coordinate for the central C atom becomes 0-112 A rather than 0-081 A and is in good
agreement with the preferred valuc of 0:106 A obtained from the first moment equa-
tion ¥ A aimilar zcro-point vibration cffect in isobutanc leads to a C coordinate of
0:126 A instead of 0-102 A and results in a € C bond length of 1:532 A. Unfor-
tunately, the evidence from the first moment equatton 1s not completely convincing here
because of the assumptions regarding the internal as well as the axial symmetry of
three CH, groups. In conclusion it may be said that the C—C bond lengths in ethanc
and 1sobutanc are somewhat uncertain but the uncertainties are such as to bring both
closer together.

C. A. Coulson

Comments on paper by O. Bastiansen und M. Traetteberg

(1) 1 suouLn like to ask Professor Bastiansen whether he can give any reason why the
“single™” bond in cyclooctatetraene should be 0-021 A shorter than in butadicne. Its
hard to avoid the conclusion that some sort of resonance is operative in the ring mole-
cule, not equally operative in the chain,

(2) Professor Bastiansen has raised the important question of the possiblc existence
of attractive (as well as repulsive) forces between non-bonded atoms such as the halo-
gens in 2.2°-dihalobiphenyls. It may be worth mentioning that in force-constants
analysis of the vibrations of several molecules, notably the group V trihydndes,
indications of such attractive forces have sometimes been found. If this is indeed the
case with the ortho-biphenyls then the total potential energy curve as a function of the
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angle 0 of twist of the two halves, measured from zero in the cis-form may sometimes
be as shown in the diagram. Here:

curve 2 1s the steric repulsion curve
curve 3 1s the dispersion (?) attractive force,
with its minimum in the cis-position.
The final curve 4 shows minima at somc fairly small value of 8,and also at 0 = :- =,
But they are not of equal height.

O. Bastiansen

Reply 10 comments by C. A. Coulson

I am afraid T cannot give a good cxplanation for the mentioned difference in bond
distance. 1 agree with Professor Coulson that it is difficult to avoid the conclusion
that some sort of resonance characteristic for the ring molecule must take place. As
stated in our article the effect may perhaps be related to the cyclic form of cycloocta-
tetraene that might favor p-electron delocalization. This “cyche™ resonance effect
must be vo large as to over-compensate for the loss in resonance due to the less effective
p-clectron overlap in cyclodctatetracne compared to that in butadiene.

W. M. Schubert
Comments on paper by O. Bastiansen and M. Traetteberg

(1) Tur finding that the 2.2"-halobiphenyls prefer a near cis instead of a near trans
conformation 1s a convincing casc for the operation of a dispersion force (i e. van der
Waals attractive force). However, it is not clear whether the main attractive force is
between an ortho-halogen and the m-system of the attached ring (attraction presumably
at a maximum for a 90" interplanar angle) or between ortho-halogens, although prob-
ably the latter. If the latter. the increase in interplanar angle in the order F -~ Cl

Br -1 would spcak for an important underlying van der Waals repulsion.

(2) Does the statement to the cffect that the planar rrans-form of 2.2-bipyridyl
should be free of steric strain (also appcaring in the paper by Cruickshank) take into
account the unsharcd electron pair on each mitrogen? 1.c. what is the van der Waals
repulsion radius of the N: as compared to aromatic C—H?

O. Bastiansen

Replyv to comments by W. M. Schubert

IN the casc of the 2,2°-dihalobiphenyls, we believe the halogen-halogen interaction to
be responsible for the ncar cis conformation. [t 1s no doubt correct to include the
interaction between the halogen atoms and the #-system of the attached ring; though
this interaction 1s probably less important than the halogen-halogen interaction as
also stated by Schubert.

Schubert’s question on the 2.2°-bipynidyl is indeed a justified one. In our paper,
we were considering the kind of steric hindrance that occurs in the biphenyl derivatives
where a planar molecule has to suffer a severe steric strain. What we wanted to cxpress
was the fact that the interaction between the two orrho-hydrogen atoms is effective
only in the cis region. In the other possible conformations of the molecule, other
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effects, such as resonance, should be expected to be predominant. Comparing the two
cffects to be expected in the trans region, namely resonance and hydrogen-nitrogen
interaction, our electron diffraction data scem to demonstrate that the resonance
cnergy is not large cnough to keep the molcecule inthe planar form. A possible hydrogen-
nitrogen repulsion seems 1n other words to be of greater importance 1n the tfrans
region conformations than resonance. The hydrogen nitrogen distance in the planar
trans form is, in fact, a httle shorter than the corresponding Pauling van der Waals
distance.  Without a closer study of the effect. it is difficult to decide in which angle
region the van der Waals hydrogen-nitrogen 1s attractive and in which, if any, it is
repulsive. A simple consideration seems indeed to indicate a minor repulsion in the
planar trans conformation as implicitly suggested in Schubert’s question,

I am indeed grateful to Dr. Schubert for having raised this question. The point we
wanted to stress, namely the inability of resonance to secure a planar molecule. may
have been lost as the effect of our mislcading statement. It would no doubt be an
interesting undertaking to try to calculate the potential energy as a function of the
angle of twist including hydrogen-hydrogen interaction. hydrogen-nitrogen inter-
action, and resonance

C. A. Coulson

Comments on paper by D. W. J Cruickshank

CRUICKSHANK has shown that the simplest of all MO theories gives pretty good results
for most bond lengths. But there arc residual discrepancics with experiment. It may
be mentioned that Dr. A. Golebiewsky and the writer, in some work in course of
publication, havc shown, using quite simple idcas of sclf-consistence, that by allowing
for the vaniation of the resonance integral 4 with bond length, and by including the
cffect of the underlying o-bond, the discrepancics can be considerably reduced. 1n the
casc of butadienc, which must be regarded as onc of the most severe tests of any theory,
since the disparity between the short and long bonds 1s greater than in ring molecules,
the theory of Golebiewsky and Coulson reduces the average crror from about 0-03 A
1o about 0-01 A. This value scems to be about the best that can be achicved, with
theory or experiment, at the moment.

C. A. Coulson

Comments on paper by D.J. Marais, N. Sheppard and B. P. Stoichef]

Even if it is agreed that the bond length for the contral *“single’™” bond 1n butadicnc is
not much shorter than a conventional sp?—sp? trigonal o-bond, we are stll feft with
the problem of understanding the planarity of butadiene. If butadiene is written as
two non-interacting double bonds ! 2 2 ¢ then the n-clectrons on atoms 2 and 3
would be pairs to other m-electrons (on | and 4 respectively) and there would then be
the usual repulsion between non-paired electrons which would tend to destroy planar-
ity. Indced scveral ycars ago now, J. Guy [C. R. Acad. Sci., Paris 223, 85 (1946))
showed that this struéturc, which is mercly the conventional Kcekule structure for
butadicne, would not be planar, since the repulsion of these w-electrons would tend to
rotate the two halves relative to each other around the 2—3 bond. This cffect is well
known for HyO, and N,H,, where of course there are two lonc-pair clcctrons on cach
atom. Even if the argument is not now so strong as 1t seemed in 1946, it is stll true
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that without some form of conjugation across the central bond it remains rather
difficult to understand the high planar stability of butadicne. In present-day views,
what is the origin of this stability, if it 1s not some measurc of conjugation?

Is it unreasonablc to accept something like the value 1:515 A. for the pure sp—sp?
a-bond, as 1n Bastiansen's paper, applicable to hexaphenylbenzene? If so. there 1s a

shortening of 1-515-1:476 0-04 A. in this central bond.

C. A. Coulson
Comments on paper by L. Oleari
17 is at first sight surprising that the single-configuration single-center wave function
of Olcan gives so good an cnergy: and yet the much more complex wave function of
Saturno and Parr [J. Chem. Phys. 33, 22 (1960)) on which the paper by Turner ¢t al.
is bascd. does not improsve it as much as one would have hoped. 1 belicve that the
trouble lies essentially in the situation around the four H atoms. For there 1s a singu-
lanty in the Hamiltoman at these points. and so. 1n the language used by Roothaan
and Weiss [Rer. Mod. Phys. 32,194 (1960)] and Kolos and Roothaan [Ret. Mod. Phys.
32, 205 (1960)). there will be certain cusp conditions to be satisfied by the correct wave-
function. It may be shown, in general terms, that at cach nucleus where any one elec-
tron experiences a nuclear charge Ze, the wave function for any one electron must
satisfy the condition
Oyidr — Ly,

where the Icft-hand side denotes the mean value of the outward gradient of y over the
surfacc of a small sphere surrounding the nucleus. If there 1s sphenical symmetry,
then of course dy/0r is independcent of angular direction. and we rcach the condition
easily verified for hydrogemic orbitals:

dy

or
It is exceedingly difficult to represent a function which has a discontinuity of slope at
some given point in terms of functions based on somce other point as ongin. Thus it
is to be expected that a large number of terms will be needed to deal with this singulanty
alonc. quite independently of any clectron-corrclation cffects which we know will be
important. Preciscly this situation has been carcfully investigated by M. Cohen and
the writer [Proc. Camb. Phil. Soc. §7, 96 (1961)]. where, in the case of H,". using a
singlecentre model, the effect of introducing more and more terms in a tnal wave
function showed itself almost cntircly in a closer approximation near the nuclei. It
sccms reasonable to hope, therefore. that if the conventional single-centre type of
expansion for methane could be supplemented by a single term that would allow for
the discontinuity in grad . and more nearly satisfy the cusp condition, considerable

improvement in the wave function might be obtained fairly easily. Such a term could
be

_ZV

Afe e ~ e ¢ =~ 7T 4 7"}

where r, . . . r, denotes distances from the four protons. The cusp condition would be
that
{cA — v (0)}

where y (0) is the value of y at a proton.
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C. A. Coulson

Comments on paper by L. S. Bartell

Quitk irrespective of whether or not we agree with the particular application of his
ideas to the difference between carbon—arbon bonds of varying hybndization, there
1s no doubt that Bartell is right in drawing attention to the importance of non-bonded
interactions Thesc may be cither attractive or repulsise, with repulsive forces usually
predominating. The origin of these forces, in any but the simplest pscudo-atomic
systems, is excecedingly comp
will be chlorine-chlorine forces of the following kinds:

tae Thiie oo sho ool diblacs oot smsmloniile oo
ICX.  10US 1N INC orftno-4icnioro-oenzenc MoIetuid, incrc

Cl

(1) electrostatic repulsion between cffective net charges /
on the two chlonnes, L

-~ ‘\
Cl

(1) attraction duc to resonance with structurcs showing Cl--Cl as a single bond,

(11) overlap repulsion between the chargeclouds of cach scparate chlorine atom,

(1v) dispersion forces of attraction between the chlonines,

(v) “random-spin’’ repulsions of the clectrons not paired to cach other in the two
chlorines,

(v1) interactions duc to dipoles and higher multipoles in the C—Cl bonds, and smaller
contnibutions from more remote parts of the molecule.

Some of thesc forces have been investigated by Stocker and myself (C. A. Coulson

and D. Stocker, Mol. Phys. 2,397 (1959), C. A. Coulson, Chemical Socicty. Kckule

Sympostum, London, 1958 Butterworths Scientific Publication).

But the series of contributions (1) (vi) counts certain types of intcraction more than
once, and any complcte unequivocal separation of the total interaction into contribu-
tions of this kind seems at present quite impracuicable. It 1s my impression that the
study of these forces between non-bonded atoms may well play a dominant role in
molecular-structure calculations of the next ten years

W. M. Schubert

Comments on paper by 1. S Bartell

THE intriguing non-bonded interactions hypothesis of Bartell 1s at least qualitatively
consistent with the decrease in C—C bond length with a decrease 1n the number of
substituents on the two carbon atoms. However, the hybridization hypothests of
Dewar and Schmeising scems to more simply accommodate the observation that C—C
bond lengths cluster about discrete values according to whether the carbons can be
labeled as tetrahedral, tngonal or digonal. Bartell’s argument that there 1s a close
balance of the postulated considerable repulsive forces between substituents attached
to the same tetrahedral (or trigonal) carbon atom is used to account for C —C shorten-
ings depending apparently only on the aumber of repulsions, and also answers other
questions that could be raised. Although Bartell's calculations based on intermole-
cular van der Waals force laws may indicate there is a balance of repulsive forces, it
15 nevertheless difficult to imagine why this should be so. i.e. what are the underlying
“theorctical” reasons why. ¢ g. in the vanation of say one of the substituents on a
tetrahedral or trigonal carbon, the bond length of the varying substituent (of discrete
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length for any tetrahedral, trigonal or digonal carbon-substituent), the bond angles,
and possibly the bond lengths to the remaining fixed substituents (but not for carbon-
substitucnts), should so adjust as to maintain such a balance?

The interesting relief of strain cxplanation offered for the ff-dcuterium kinetic 1so-
tope cffects found by Lewis and by Shiner in solvolysis reactions appears offhand to
contradict the balance of repulsion forces argument. That 1s, the isotope effect 15
attributed to an imbalance of repulsive forces between isotopic species in the tetrahed-
ral ground state and in the transition state, which 1s on the way to becoming tetra-
hedral. It is truc that only a small imbalance of repulsive forces nced be required to
account for the small AH 4+ differences between the isotopic compounds. But if the
imbaliance created by a considerable substituent change (c g. hydrogen to chlorine) 1s
supposed to be small, then a change in substituent from hydrogen to deuterium must
create an extremely small imbalance of repulsive forces.

1.. S. Bartell

Reply to comments by W Schubert

THE points raised by Dr. Schubert emphasize the need for consideration of the magni-
tudes of cffects involved. His reservations center chiefly upon the forces between X

Y
and Y groups in  C—X. In reply, it may be said that no such rigid balance iy
l
required of the non-bonded model as Schubert implies. The C X bond length and
energy may very well vary somewhat with the nature of Y as well as with the number
of repulsions. Brief conjectures about this were made in my paper but the documenta-
tion of such vanations 1s very mcager. Even the principal vanations treated in the
paper arc not much larger than common experimental crrors.

A rationalization of the approximate balance (1¢. the relative insensitivity of
X. . .Y intcractions to the naturc of Y)is given in my comments on Professor Wilson's
paper. No detailed readjustments of bond lengths and angles of the sort envisioned
by Dr. Schubert are required. Scveral obscrvations suggest that the balance is not
exact. If isomerization energies of paraffin hydrocarbons arc non-bonded in nature,
our modecl requires (V... — Vyy -- 2V ) to be about 1-3 kcalimole. Bond angles
imply similar imbalances.

As arule X .Y forces scem to be of the order of 0-1 md, X. . .Y potential cnergics
of the order of 3 kcalimole. and C—Y force constants, perhaps a few md;A. Imbal-
ances of several hundredths md should not scriously invalidate the essence of the
simple model. The imbalance involved in the fi-deuterium isotope cffect, which
appeared to Schubert to contradict our hypothesis, is actually only about 0-001 md,
and conscquently, of no concern tn the broad picture.  This small distinction between
CH;. . .Y and CD,. . .Y forces, which is predicted by the non-bonded model, is ncver-
theless sufficient to account roughly for the obscrved isotope cffect. The difference
betwceen the presence of a CH, group and its complete abscnce, as essentially occurs
in the comparison of (CH4),CH - C and CH,CH—C, represents a change in C.. .C
interactions one hundredfold greater. It was this type of change with which the
prescnt work was primarily concerned.
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In conclusion, 1t is fair to remark that the main valuc of the simple non-bonded
model is morc in the forceful attention it draws to the possible magnitude of the uni-
versally neglected interactions than in its reliable handling of them. Itis not difficult
to find arguments to the effect that the model may be spurious and that the bond and
unshared electron distributions rather than atom-atom intcractions must be vitally
important. Consider the fact (sec reference 28) that the plucking of hydrogen atoms
from H,O, NH; or CH, lengthens rather than shortens the remaiming bonds, cven
though the number of non-bonded repulsions 1s reduced. In partial defense of the
nonbonded model. it may be mentioned that the resolution of experimental F matrices
into components (reference [8) renders this lengthening compatible with the existence
of nonbonded repulsions. The stretch stretch bond interactions imply the correct mag-
nitude of bond lengthening when adjacent bonds are severely stretched. Converscly,
they also correctly imply the more casily understood shortenings of bonds when ad-
jacent bonds are shortened, the limit being rcached at the united atom stage, HE.
Clearly. the non-bonded model must be used with caution.

L. S. Bartell

Comments on the paper by E. Bright Wilson, Jr.

ProFEssor WILSON's opinion that the roles of steric influences, conjugation, and hy-
bridization cannot be very definitively assesscd at present scems to be shared by many
of the contributors to this symposium, including mysclf. His conclusion in the abstract
that “'the steric theory is probably untenable’, howcver, appears 1o me at least as
speculative as the steric theory itself. in view of the meager cvidence he has cited
against it

The principal virtue of the “'steric theory™ (or, as I regard it. the hypothesis that
intramolecular nonbonded interactions follow roughly the same force laws as are
ascribed to their wntermolecular counter parts) is that it correlates, semi-quantitatively,
a wide varicty of known effects in an extremely simple way. Itis as yet far from ngor-
ous, and it must be cmphasized that not one correlation it makes is in itself an unequivo-
cal demonstration of the validity of the hypothesis. Therefore, it is of interest to
cxamine Professor Wilson's arguments against the model. They are, as I sec them:

(a} Our ignorance of nonbonded potentials is very great.

{b) It would be remarkable if different substituents did not lead to markedly

different results.

(c) Barriers to rotation are not steric.

(d) The naive “hard sphere’ model of bond angles works no better than the naive
hybridization model.

Point (a), of course, cannot rule out the steric model. The balance of repulsions
involved in point (b), briefly mentioned in my paper, can be rationalized in terms of
Pauling’s observation that van der Waals radn are not chaotically scattered but rather
are closcly related to covalent radu. Pauling’s relation, coupled with the usual empini-
cal approximations for nonbonded interactions, suggests a considerable compensation
for variations in atomic size of substituents. Larger atoms arc associated with corre-
spondingly larger nonbonded distances in the carbon environments of most concern to
us. It is fair to admit, however, that the hiterature dealing with steric intcractions is
inadcquate to scttle the exact amount of compensation. Point (¢) of Professor Wilson
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is almost surcly true, as hc has shown so beautifully tn his recent rescarch, but this
implies no incompatibility with the steric model. The repulsions I invoke arc an order
of magnitude too small. at least in ethane, to account for the barricr. Finally, the
cxcessive orversimphfications of the models in point (d) render any very subtle com-
pansons inconclusive. The “hard sphere™ model was introduced onginally simply to
point out that it provides an alternative description to the well-known constant-ungle
modc) discussed by Wilson. and onc strongly smattening of “stenic”" influence. Having
served as a brief introduction to the idea of intramolecular interactions, it was dis-
carded in the original paper in favor of a model with a more reasonable force law.

Nevertheless, it s interesting to note that the simplest stenc model works remark-
ably well even for the recent data cited by Professor Wilson, exeept for angles involving
hydrogen. If hydrogens are excluded, the angles show a mean deviation of only about
1 . a scatter no greater than the errors in the data from which the sphere radn were
assigned. The spectroscopists clearly have difficulty with hydrogen positions (they
are not alone in this respect’) and crrors of several degrees are not unknown. Accord-
ingly, the poorness of fit with hydrogen may not be solely the fault of the model. On
the other hand. the modcl does not appear sufficiently fundamental to be worth more
detailed consideration at present.

Additional evidence that steric effects influence bond angles has been presented by
A. 1. Knaigorodskn. (Abstract ;. S 111 2, Federov Session on Crystallography.
Leningrad. U.S S.R. May 25, 1959) Kutaigorodshir successfully correlated variations
in bond angles in a large number of organic molecules using nonbonded potential
functions similar to those I invoke. Also, contrary to the first impression of many
chemists with regard to the probable direction of steric effects, the fact that the
C -C C angle in isobutane is larger than 109-5° but smaller than that in propanc
(D. F. Lide. S Chem. Phys. 33, 1514, 1519 (1960)] 1s accounted for by a steric madel,
and the presently considered potential functions [L. S. Bartell, /. Chem. Phrs. 32, 27
(1960)] yicld fair quanttatine predictions of the angles.

The present nonbonded model i1s subject to serious cnticism in its oseramphtied
representation of molecular force ficlds  Nonctheless, the evidence agarnst it scems s
vet insufficient to warrant rejecting the basic idea

W. M. Schubert

Comments on paper by £ B Wilson, Jr.

WiiH regard 1o two of Wilson's arguments against the hybridication hypothesis
firstly, a possible role of conjugation in C-- X bonds does not necessanly extrapolate
to C - C bonds in which no “'unshared’ clectron pairs are involved. as micely pointed
outin the paper by Lidc: secondly. the Dewar hypothesis does not require that € H
bond distances vary with hybridization to the same cxtent as C—C distances. In fact,
a smaller varitation in C—H bond distances would perhaps be morc consistent with
the smaller vaniationin C—H than C  C bond encrgies that arc required in the Dewar
hypothesis to account for the stabilization energy of butadicnc. cte. In that connection,
a smaller variation in the C- H bond energy with hybridization could be due 1n part
to the electronegativity of hydrogen being greater than that of tetrahedral carbon. In
that event, that part of the changes in the C--H bond energics from tetrahedral to
tngonal to digonal carbon that are due to changes in Pauling-like A values would be
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smaller than considered by Mulliken [Tetrahedron 6, 68 (1959)} who used electro-
negativity order: tctrahedral carbon - hydrogen.

G. L. Caldow and C. A. Coulson

Comments on paper bv L. Pauling

IN connection with Pauling’s discussion of the repulsive effects of lone-pair electrons
on the bond energies of molecules. we should like to report some recent calculations!
which we have madc for the halogen diatomic molecules, and which are concerned
with similar effects. In these halogens, the sequence of bond encrgics (sce Table 1)

TaRLE | BOND ENERGIES IN THE HALOGES MOLPCL LES (kcal!moke)

Fy Cly Br, L
Experimental dissociation energy /2 R T 454 56
Calculated Coulomb energy Q
€+ te for attraction) 103 428 V16 302
Lmpirical exchange encrgy (D Q) 274 143 7% 54

isk, - Cly - Bry - I, 1n which the position of fluorinc seems anomalous. We have
made some crudce valence-bond calculations which seem to suggest that this anomalous
sequence arises from the Coulomb term rather than from the exchange term.

If the energy of a two-electron homonuclear molecule is written in the conventional
way

_ QiJ
£ 2Enhnm : l_‘_sz
it may be transformed to
. . ]
L - 2&.‘“"‘ ! Q M l_—.Sz (I)

where 7, may be called® the effective cxchange integral, or bond integral, and S 1s the
overlap intcgral The bond energy 1s

Q - xia - 8% (2
where Q. the Coulomb cnergy. is given by
Q- flaMuiH  2E,.} ¢.,(1)g (D) drdr,
S fg D) gudb)dr,

With a many-clectron homonuclear molecule, simple gencralizations of (1) and (2)
arc nccessary. The Coulomb energy Q now takes the form

QO (v (12, . mydn - 1. 2m 4 H - 2E, vl n) pu(n v 1 20) dtt
(3)
There are somewhat similar expressions for J, 7y and S, though J now includes repulsive

VG L Caldow and C A Coulson, tn course of publication
S Frags and R S. Mulliken, Rei. Mod Phve 32, 254 (1960).
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exchange interactions between non-paired orbitals, as well as attractive oncs between
the paired oncs. In (3) v, and ¥, arc the lcading diagonal terms in cach scparate
determinantal atomic wave function. Thus in the evaluation of Q we have the mutual
repulsion of the two scparate atomic charge-clouds, together with the attraction of
cach charge<cloud for the other nucleus, modified of course by the mutual repulsion
of the two nuclei. If there is substantial penetration of one charge-cloud by the other,
then the attraction terms (which result essentially from the fact that clectrons arc being
pulled towards two nuclei rather than one) may outweigh the repulsions. This s
preciscly what we have found.

Thus. assuming pure p a-bonds. and using Slater orbrtals with no hybridization,
we find the Q-values shown in the table. Thesc are all of such a sign as to contribute
positively to the binding encrgy. What scems to us to be interesting here 1s that this
sequence of (-values s the same sequence as that of the experimental binding encrgics,
and indced if we suppose that the difference between the two s due entircly to the
cffective exchange integral term corresponding to »:/(1 i S?)an (1), then we obtarn
the smooth sct of values shown 1n the last row of the table. There 1s now no anomaly
in the casc of F,.

It would be nice to be able similarly to calculate the effective exchange terms and
venfy this vanation of 1. But not only are these terms more ditlicult mathematically,
they are also more strongly dependent on the assumed form of the orbitals, and the
extent of hybndizanon. :

Insofar as our present calculations arc significant. they suggest that 1n many-
clectron molccules, the generalized Coulomb integral may be dominant in determining
the variation of bond energy in a related scnes of molccules. In the case of the halo-
gens, the low valuc of Q(F,) 1s to be associated with the fact, often pointed out by
earlicr workcers, that the size of the valence-shell orbitals 1s smaller thun would be
cxpected on the basis of an entrapolation from the other members of the serics. As a
result there s less penctration, and less clectrostatic attraction. Our conclusions differ
somewhat from those for N, in Pauling’s paper: for it scems that Pauling pays no
attention to Q. and throws all the responsibility for bonding on to the exchange terms.
In many cases, of course, Q and J will be expected to vary similarly. Further calcula-
tions of both quantitics for other molecules will be needed to settle precisely which s
normally the more important.

L. S. Bartell

Comment on paper by Inga Fischer-Hjalmars

SOME time ago, in a study of isotope effects, I made calculations on biphenyl similar
to those by Miss Fischer-Hjalmars. Since 1 used the nonbonded interaction potentials
(J. Chem. Phys. 32, 827 (1960)] rcferred to 1n my present paper rather than Hills’
potentials [J. Chem. Phys. 16, 399 (1948)]. 1t may be of some interest to compare results
to illustrate the range of crror introduced by our ignorance of the precise form of the
potentials. Calculations were made assuming undcformed benzenc-like nings with an
inter-ring conjugation energy represented by ¥, cos? 0, a function quitc similar to that
adopted by Miss Fischer-Hjalmars. If ¥, was taken to be 4 kcal/mole, the cquilibrium
twist angle, using only H. . .H interactions, was found to be about 39 (¢f. the experi-
mental value of 42 | 10°). The enhancement of repulsions by zero-point vibrations
was found to increasc the anglc by an additional 1 or 2 degrees (the enhancement for
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the deutcrated species was half a degree smaller). When C. . .H forces were included
the angle opened up 1o about 42°. The cquihibrium twist angle was relatively insensitive
to by, varying by only 5 when b vanied by 50°,. The potential hill of the planar
conformation was appreciably higher than that of Miss Fischer-Hjalmars, being several
kcal/mole, but this value was sensitive to the stress-relieving distortions of bond angles
anticipated 1o occur at zero twist.

For several rcasons | have rescrvations about potentials involving hydrogens
constructed. as were Hill's, associating a hydrogen van der Waals packing diameter
of 2:4 A with the mimmum of a Buckingham or 6- 12 potential functron. This seems
to make hydrogens too small and too ““hard™. For that matter, my own potentials
are essentially based on speculation although they correlate many facts. It 1s to be
hoped that much more attention will presently be given to the calculation of potential
functions that we can use with greater confidence.



