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ABSTRACT
In order to givo adproximate quantitative fori to the
Slatcr-~Pauling "criterion of ma:imum overlapping' of bond orbitals

as a mcasuro of bond strongth, a '"magic formula" is »rcscnted, It

ives thce cnergy of ctamization 20 of any moleculc as a sum of tcrms

of vhich the principal oncs aro functions of overlan intcgrals (avail-

2blo in tablcs based on thcorctical computations), of atowic ioniza-
tion notentials (obtairnoble from exporimental data), ond also of de-
srce of hybridization in cascs wherce the latter camoccur without

change of valence (isovalcnt hysbridization). For satisfactory ro-

sults, sclf-consistont~field~orbital ovcerlap integrals appcar to be
nocdode

A preliminary fitting to threco molccules whoso 20 values
cre sufficiently well known yields ¢ magie formula, containing threc
cocfficicents dctormined ampirically by thc fitting, vhicia is suitablo

for moleculcs containing first-row actoms and hydrogen, and which 71+

thc wolecules OH, Ny, Op, Fy, CHyy CoHg, CoH,, CoHy, Hyty H02+,

e : ree—

A aLARAA b comttml o

- e 0 A i

-

o et it



i

N RN WY I Py S o S

“"'\

- s 4
within abtout 4043 cov por bond (counting double and triple bonds cs
two and three bonds). Tho formula fitted to CH, whocoe D. valuc is

—0
reliably known, givos good agrcement for CH, if the highcst of tho

4
currently disputed volues of the heat of sublimation of granhitoe is
uscde However, since the mogic formula, both as to precise form and
as to coefficionts, is still in 2o somewhat proliminory stage, this
agroonient cannot be considcercd entirely conclusive,

In using tho magic formulc for molecules where thero nay be
isovalcnt hybridization, a tentative 20 is first computcd ond plotted
as a function of degroo of hybridization; thc maximum of tnis curve
is takcn s giving tho actual 20. Thc actual dogroc of hybridization
is obtainecd 28 a by-product. Thc recsults are similar to thosc indi-
catcd reccently by scveral other methods; they point to very considor-
ablo cmounts of isovalont hybridization in svch moleculcs as CH, OH,
Héo, HC1, 02, and N2.

Espccially intercsting 2lso is what the magic formula says
cbout the structurc of bond cnergics; that is, about the way in which
a largc number of thcorctieccl terms, somo bonding, sauc rcipulsive,
adé and subtract to give 20' The general structurc of the magic for-
mula is zdapted from VB (valcnco-bond) thcory, but with functions of
overlap intogroals substitutcd for the bonded and most of tho non-
bondecd clcetron-pair cxchonge tcerims of VB theorye the choicg of tho
forms of thesc functions has been guided largely by LCAO iioleoculor
orbital thcory, which thus is licre graftcd into the framcwork of VB
thcorye In thc spucial casc of two rorc gas atoms, the mnuié for-
rmla rcduccs to a form suitable to rcprescnt the rcpulsions between
them (QO ¢ 0) as a function of thcir distance apart; it j;ives en~cu--

aging rcsults for the casc of two helium atoms. In gencral, it in-

cludcs terms which should be cble to reproscnt the c¢ffecct on 20’ k]

ettt e
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a function of distanccs betwecen nonbondod atoms, of steriec ropulsions
botwcon such atoms; but it is ot yot quantitatively acontod to ro-
proscnt thg variation of 20 with tvho distances botwcon donded atoms;
with rospoct to tho latter, it is at prosent anplicablo only whon
they arc at thoir oquilibrium distancos apart.

As comparcd with corlicr, somowhat similer, VE thoory
cnalyscs by Van Vlock, Penncy, and othcrse, tho mogic forrmla indi-
catcs nwuch larger bonding and repulsive cxchunge terns, including
strikingly largo oxchonge rcepulsions by innor shclls (herc in gogreee:
ment vith carlicr conclusions of James and of Pitzer)e. Soize of the
arscrepancy may poarhaps be rcaoved by futurce improvement of tho for-
nula to ancludc Coulomb torms cixplicitly, and »ossibly such 2 roeviscd
formula will give a bottor fit fcr such melccules 28 H, ond Liz,

2

whosc D, valucs arc now poorly fittcd.'l%hc magic formula shows that

=0
the & bonding terms in multinlc bonds arc much larger tanon is gener-
2lly bclicveds For oxoamplc, it appears thoat in tho nitrogen moleoculc
thce nct offcct of all the o cloctrons is strongly ontibondiung, but
that tho v bonding tcrms morc than overcomc this handican cnd sive
thc molecculc its high stabilitye, Anothor striking conclusion is that
isovalunt hybridization i: olten vory i.vortant for molzcular sta-

bility, ovcrating by incrcosing bonding terms and simultoncously cut-

ting down nonbondod rcpulsions. This conclusion is in harriony with

rccecent work of Moffitt on CH, WH, and OH, tnd of Kotani anda collcbora-

tors on H,0, using convontional VB formulas and puranictors. PFor N

?
* if one 2
the mcpic formula gives 20 = =0.,04 ov,assuwnes no iscvalont hybridi-
zation (i.g., purc p valenca, szps), as comparcd with 3432 cv for
4

21% 8,r hybridization (i.c., 21% of sp* choracter).
7{ith usually only z littlc arbitrariness, thc t.rms in the<

nogic formula for 20 con be collcected into groups, onc for coach bor?

et A
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corrcsnonding to the usual conccpt of bond cnorgios. (Sorbor onco

did somothing similar using convontionzl VB thoory ond poramctors,)
In thc caso of :nultiplo bonds, a division of their bond cncrgics into
¢ and % parts can bo mado, but only with considcrablc arbitrarinoss.
Gross and not btond cnorgios (tho conccpts of which werce introduccd
carlior by Van Vleck in tomas of VB thoory) arc tabulatcd for scveral
molcculcse Gross bond oncrgios (foforrod to atoms »nronotcd to thoin
~Hnronriatc valonec statcs) arc truor mcasurcs of intrinsic bond
character; not bond onorgios aro of morc dircet proctical inmportwicee
Gross (or "intrinsic") bond cncergics should tcnd to bo tho morc
closoly corrclatod with bond propcrtics such oz foreco constants and

ospceially bond distancos,

Tt ts assrambuliteid, dfoaib inaitaad
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I. INTRODUCTION

Quantum mochanics gives a satisfactory qualitative explana-
tion ol the major facts of chcmical valence, and is canablc "in prin-
cinle" of prcdicting all cnergy relations quantitstivclve But Lo-
causo of mathematical difficultics, no such quantitativo accounting
has et been atteineds Slatcer and Pauling, in 1931, pro»oscd «s a
rough mecasure of the strength of any covalent bond, formed by two
clcctrons on sdjaccnt atoms, the quantum-mochanical criterion of

raximun overlapping of tho orbitals (onc-clectron wave functions)

occupicd by these eloctronse iith thc idca of implementing this cri-
terion somewhat quantitatively, lrse Ce As Ricke and tlhc writer be~
foro the war sought somi-cmpirical rclations bcetwecen overlap inte-~

grals and bond enc:rgics.:5 Reeccntly the writcr proposcd a nrcliminary

Q- S =
e Somec of thc material in Scctions II and III bclow was vrcscatced

at a symposium in 1942, but only an Abstract was publishcd: R. S.

iullikon and C. Ae Ricko, Rcv. Fod. Phys., 14, 159 (1942).
L : U P S L

cquation for this purp030.4 An improved although still prclimincary

= L
4 R. s, iwlliken, J. Am. Chou. Soc., 72, 4493 (1950), in particular

Egs, (8) and (9), footnote l4a, and Teblo X.
_

Maagie fonnula"s is doscribcd bolow,

r-.._.. — - — - > - -

5 J. Chem. Phys., 19, 900 (1951), Hotc added in proof.
{ '

— - - B e e ————)

In the history of valcnce thoory, two main quantum-mochani -
cal mcthods for dcscribing molccular clcctronic structurcs have
provcd uscful, namoly the VB (valcnco=bond) mcthod, and tho MO (nol :~

cular oybital) mcthod in its LCAO form., The magic formula has bcen
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built in a gonoral pattorn indicatod by tho VB method, and in this
rcspoct is by no mcans ontireoi; n~vlil, but the spocific forms of its
dctails have been suggustcd largely by LCAO MO thcorye. Tho structurc
of tihc formula and the numorical valucs of tho torms which appcar in
it arc such, it is belicved, as to afford incrcascd insights iatc tho
nature of chemical binding or at lcast to providc holpful suggz.stioni
{or further work.TPIt should bo cmphasized that thc magic forimu'la in
*ts prescnt form and with the prosent valu:s of its cocefficiunts is
still prcluminarye. And furthor, eas comparcd with the hopod=for fu-
turc dovclopment of rcally gquantitative calculations of chemical

probably
binding cncergics, tho attenpt to construct a magic formula shouldAba

lookcd or. as a stop-gap cfforv.

II. LCAO MO BACKGROUND OF HMAGIG FORMULA
It is instructive to bogin with a survey of LC.O li0 cnorgy

oxprossio.is for thce simplo rmoloculos H2+, H2, Hoé*, ch, for statcs

involving occupation of thc lowest=onorgy MO's 10é and loa; in LCAO
aporoximation
lo = (1s + 1s )/(2 + zs)% 3 17 ~(ls = 1s )/(2 = 25)%.
8 a b u a b

ilecre lsa and lsb arac 1s AO!'s (atomic orbitals) on thc two atoms a

and b, and S is thoir ovcrlan intcgral:

jw
1t

Slsa le dv,

For H2+, tho onorgios of thc ground stato (onc oloctron -
lcé) cnd the first cxoitcd stato (onc clcectron in laﬁ) can bc rc-

spoctively cxprossod in the forms

E=Eg - (CY+ =1) + /(1 4 S), i

Ilorc EH is tho onergy of a normcl hydrogocn atom,

-so

. o a4 SRS SAlah g ) Lubeinis i il
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ct = ~e2/R - w,

C p= - s, (2)

2dv; ’Y‘:Su 1s 1ls dv.
b a b

w = §u, s,
Il is the internuclear distance, and ¥y is the potential cdue to nu-
cleus b, It should be noted that w, ’-T-‘, and /3 are all nezative quan-
5ntiese =2! (which is included merely for bookkeeping purvoses) is
whatever energy is needed to c orrect the error of the LCAO approxi-~
mation so as to make Eqe. (1) exact. Resonance energy expressions of

{ the type /3 are of central importance in ordinary LCAO 'i:heor'y.6

~

o =T T d
6
Combinations of the form of ﬁ of Eq. (2a) were intrcduced with the

symbol Y by Mulliken, Je Cheme Phrs., 3, 573 (1935), Zq. (15),

and identified with Hlickel!s semi-empirical LCAO quantity /& by

ilulliken and Rieke, Je Am, Cheme Soc., 63, 44 and 1770 (1941).,
- — -— |

Eqe (1) is obtained as follows.7 As is well lmowm,

f |

( For :urther details, see R. S. liulliken, J. chimie physique, 46,
497 (1949)., For H2+, see Eqs. (38)-(40) for T, w, aud B; Eq. (43)
end Table II for dissociation energy equation and dat:. For H?,

see Eqs. (65) and (69) for w and # (A 1is slightly different for
H2 than for H2+, but this is neglected in Eq. (5)); Eqe (77) and
Table III for dissociation energy equation and data. For simile-

material on 02H2 and CZH4’ see Tables V and VI.

— S OSSN~ TR "

E = /R = Et + (0 £ )/ (1 £ 5),

C
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N = ”ls h ls dv = (18 h 1s dv
R R e
(*' h being the electronic Hamiltonian, On substituting

/? = :S - Sex (2a)
and
= +
hE R

Ea being the Hamiltonian for atom 8 alone, one readily obtains

‘{:zEgt w, =T - 8w, and Eq. (1).

{ For the ground state of H2+, Eq. (1) gives for the dissocie=-
tion cnergy Qe’ equal to EH - E,
D, = (c"+ E') -8/(1+ )., (3)

iow it would be very w»leasant if g+3k E' in Eqe. (3) could be ne-
glccted and 29 put equal to tnec doainant resonance term 7&/(1 + 8)

alone, ..ctually, this procedure gives ratner good results (20 S Euiid

eV, 757(1 + S) = 2.22 ev, by direct theoretical com-_sutation).a’9
(¢ , e ,
The Qe value given is the experimental value corrected to no zero-
Joint cnergye Later in the paper, uncorrected D values (QO val-
ues) will be used, For HE’ 20 = 4,48 ev.

9 he tneorctical ¢V is -0.7¢ ov, requiring E' = 1.31 ev. It is
scen that a much better result is obtained by ignoring the Couls..
tern g+ of LCAO theory than by including it.

L- e e ¢

Similarly for Hz, where7
{

D, = (C+ Et) - 2/:;/(1 + 8), (4)

decod g, oo o oie ohulll

-
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the theoretically computed resonance term -%e/(l 4+ S) agrees rather

well (4,07 ev) with the observed Qe (4,76 ev).e’lo The results on

——

-
10 14 Eq. (4),

"-2 - -
C=-o"/R = 2w-#(J  + J,),

where Jaa and gab

clusion of C (computed value =1.55 ev) would only have worsennsd

the agreement (E!' = 2.24 ev).

! Ffeetia) SR S S R |

H2 and. HO*, reinforced by similar (though less reliable) evidence on

) : 7
sr bonds in 02H2 and 02H4,

theory mey be used as a basis for a semi-empirical systematics of

suggest that the resonance terrnis of LCAO

bond energies. One might now try to use D expressions of the form
Aﬁ/(1-+ S), computing /5 theoretically for each type of bond. How-
ever, a different path will be followed here, on which the next step
is to replace/G by a furction of S.

The simplest rceasonable choice is to nut
-%@ = ASI, [5)

where I is the ilonization encrgy for the appropriate valence AO. A
is then a factor to be deterrined em:irically so as to satisfy equa-
tions like (3) and (4), omitting terms like C + E', as well as may ©
Dossible for a number of molesules simultaneousl;s This »rocecdure

gives for a one=-electron bond and an electron-palr bond respectivel.y.
D = ZAIS/(1 + S) ; (5)
D = AIS/(1 + S). (7)

Rough proportionality of/Q to S is seen to be nlausible i°

L A e .

are as in Eq. (18). Here, just as for Hé*, in-

Aids. A¥ad xe o nathe D

- Naiaile
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one studies the forms of M, w, and 3 in Eqgs. (2)s Among other

things, the rough relation

2

N o 4S(w + Sua s dv)

is involveds Also by direct coaputation in two instances, ﬂhas besn
found approximately vrooortional to S. Namely, for ls~—1s binding 1:
.+

L?‘ or H2
T =2 v . o indi g bl
ZJor Hz, ﬁ 4,73); and for 2p¥~2py binding as in 02H2 or 02}14, s

s In ev, -%,J X~ 78 for R ) 1R (but at the equilibriwi disten-~-

% 10S (this is valid over a range of R extending to boti sides of th.

= |

equilibrium distances for these mmolecules). These results suggest

1l Por further details, sec Re S. liulliken, J. chimie vhysique, 46,

675 (1949), Section 28.

| ey =t

the following coiclusions, confirmed later in this paper: (1) —/’3
rnay usually be taken proportional to S, but with a larger proportion-
al.ty constant for & than for o bonds; (2) but if R is wrusually
sncll (relative to AO size), --/;’ may becone -sriallor (cf.Ref. 56 bolovr).
Another instructive avproach to Eqs. (3) and ('7) 1s the
followinge Consider the charge density e for an electron in the 10
lé‘g in H2+. In LCAO approximation (cfe. Eqe¢ (1)), this »s (in units

of =¢)

e = (1@3)2 ~ %(1sa2 + 1sb2)/(1 +8) + (1s_ 1s)/(1 + 8).

As oonmpared with the charge distribution %(lsa2+ lsb)z, wialch would

exist if the electron were cdistributed with equal probability betwa: .

ls 40's on the two nuclei, the above distribution represents a shift

of o fractien Slsa 1s, dv /(1 + 8) = S/(1 + 8) of the charge into

b
the region of overlap between the two nucleis Since, aside from %1«

Coulordb term, which would corrcsvond to the unshifted distribution

e = P~y e

B e T oy
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1.sa2 + 1sb2), it 1s preciscly this partiel shift into the increased
fi2ld in the overlapr regiocn which is vrimarily responsible for the
st.oility of Hz+} it is to Ye expectod that D, for <he laiter should
be : pnroximately proporticnai to S/(1 + S).

The assumption of anvroximate proportionality of fxito I
13 nade plausible by the foliowing reasoming. holaculo=formation
viowcd according to the VB method is a phenomenon which causes per-
turbations in the energies of the valence clectrons of thc partici-
mating atoms, Bond enorgy is then a measurc of the cxtent of these
nerturbationse Other things being equal, the perturbation cnergy
shculd be more or less propcrtional to (porhgps a nearly constant
fraction of) the original energy of the valence clectrons, for any
ornc of which its binding energy ~I is a mcasure. (Seoc also Ref. 39
below,)

In the ground statcs of He + and Hez, thecre ai'c two log,

2
and rcspectively one or two 16& electrons. The resonancc contribdu-
tions to D are -ﬁ/(l 4+ S) for cach 16;; and +/0/(1 - §) for cach 16
elcetron (cf. Egs. (1), (4), (5))e Yutting -%6’= ASI, onc obtains

for H92+ and H62 rcespcctively,

p= kg -riy = alris - 2% - wsa-a 5 (@
Dz-zﬁ(lig-lfg):AI(I-%-g-r-f—g):-zAIsz/(1~sz)'. (9.

Ege. (9) predicts repulsion for two He atoms, in egrcement with VB

thcory. EQe (8) for the three=cloctron tond indicates vcaler bond=-
ing than for the one=electron bond.
In the process of generalizing Eqs. (7)=(9) to obtarn a

magic forrwmla, as described later in this paper, 1%

e . e
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(sf! Eq! (23))

was found necessary empirically to introduce,a correction factor ¥
tc taupor somewhat repulsions liko those of Eq. (9)e Bocause of tho
largely empirical character of the final formulas, Eqe (9) may as
well also be simplified “Hv dronping the factor 1/(1 = Sz), which usu-

12

ally is not far from 1. The result is:

—
12 At first, a different cmpirical modification of Eq. (9) was tri..C
consisting in replacing tho terms S/(1 + 8) and S/(1 = 8) by

S/(1 + a8) and S/(1 - 38) respectively, and trying to detormine
8 and b to give as good fits as possible to obscrved D values for
Hé*, Hy, He2+, He,s A number of trial values of g and b wers
tested, mostly with a > b » O, but finally it was concluded that
the use of a form like Eqe (10) has bctter possibilitics for fit-

/

ting observed D's, besides being simpler,
L |

S S
H02: D =AI(1—T-5 v r%'g) = -2)’AI32 ’ (1o

with ¥ necar 0.7 (see later in this paper). Introduction of the fac-

tor/y,into the entibonding tcrm in the first form of Eq. (10) makes
the two forms of Eq., (10) agree if

W= [(1 -3)/(1 + si] + 2v5(1 - S)

(12
=] = 28(1 [ S)(l - j)) - TR

If this f&ctor/» is empirically necded in (10), use of thc samo fac~
tor in the antibonding term in (8) is indicated. LIq. (8) then bo-

comes
Hey™ 2 D SAI(‘.L"?-"E = ij'f‘g's') = 3ATS [(2 - @) - (2 +/os] . (2

This predicts a somewhat stronger three-clectron bond than Eq. (8)

" — i R
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Although Egs. (6)=~(9) avove have beon obtained by LCAO MO
theory, it is wcll lmovm that VB theory gives identicolly thc same
wave functions as LCAC tlhicory fou He+, Hez*} ond H02 in thelr ground

statcs, the two thcoorics cdifforing only for H2.13 Henco, LEq. (6),
- 1
This is rcadily verified by setting up the comnleto antis;ymmo=

—

13
trizod VB and LCAO wave functions for cach case in detail, in-
cluding spins, and comparing. The statcocment is truo, of coursec.
only if 1s hydrogenic AO!'s with a single Z vzalue ¢ used 1n

cach case.
L J
Eqe. (8) or (12), and Eq. (9) or (10), may bc considorcd to be based

on cither the VB or the LCAO approximotion, only (7) being LCAO only.

Since VB thcory 1is tolerablc for all values of R, all thc cquations
but (7) should likewiso be acceptable for all R valucs. Although

the LCAO formula (7) will bec uscd below as a bcsis for deeling with
bondcd attractions by thc magic formula, it must be rccognized that

Eqe (7) cannot bc valid outsidc a limited range of smaller R valucs

' near cquilibrium, For larger R values, the corrcsponding VB formula

must bo given prefercncoe
As has boecr. shown previously,4 Eqe (9) with A = 0,65 fits
the curve of rcpulsion betwcen two He atoms over a broad range of K.

Ege (10) with v = 047 and an increascd A also gives o good fit,

-—

In using Eqs. (6)=(12), the nccessary § valucs can be

lookecd up in cxisting tablcs.l4

h |

E;(a) rulliken, Ricke, Orloff, and Orloff, J, Chcm. Thys., 17, 1248

(1949);
(v) R, s. Mmulliken, ibid., 19, 900 (1951). The symbolism and nota-

of Ref, 14b has bccn ugscd in the presont papcre.

om0 ey RO
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III. VALENCE~BOND THEORY BACKGROUND OF MAGIC FOR:TULA

e e aei il Avaiuisy i

In the VB method, each electron is first assigned to an AO

on onc atom, Electrons with unpaired oprnosite spins con adjacent

atoms may then form elestron~pair bonds., In the simplest example,

2

H,, the approximate energy of the 12?; ground state according to VB

theoryls is usually given in the form

Y5

-

fion to Quantum iechanics, tleGraw Hill, 1935, Section 42a.

3ee lor example L, Pauling and E, Bright Wilson, Jr., Introdu-:-

R S E————

n " 2 3
E ¥ (ﬁn+ le)/(l«i s°) . (12)
In Eg. (13), Hll and ng can be written in the form

H = H,. = Q. (H_.+ H H dv. dv

ij i )\‘_‘J(al' b int)LPi 1 2’

where

o= 1s (1) 1s (2)
a b

' "Pz = lsb(l) 1sa(2) i

e

e

- 4 2 o 2 i v 2 - 2
H = "%‘”2“1 /u- e i BT .gxz\,z fm= o/, s

and the interaction operator gint is

qu

- 2 2 2 2
Grad + - Lo [}
Hint e“/R + e /r12 e /rbl e /r82

(13) can be recasti®717 to

- ——

16

The definition of v, is constructed in analogy to that of the

LCAO 10 parameter/g (cfo footnote 6)e The quantity here called

n (earlier--see footnote 3~-celled ~) has also been used recent”

by van Dranen and Ketelaar: J, Cheme Phys., 18, 1125L (1950)--

their !,
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The energy of the SZ:u repulsive state is also given by Egqs.,

(13) and (14) if the plus signs are changed to minus signs.

‘L - J

-

pua +/ats?, )
> (14

= 2
he~» = - . <
vhers 'Vl I'ng S Hll /

I a bookkeeping term <«E! is now added to the right of the first

~qe (14), such as to convert it from an approximate to an exact

equality, and if then E 1s subtracted from ZEq, one obtatns for the
4

dissooiation or bond energy

-
v .

D, = (¢ +E) -y/(1 +5%),

where C = 2EH - H'll - S\I.Jl Hint '.yl dv

P

18 18

is the relatively sma111® "Coulomdb! term. The "exchange" term X,

—
In the customary termunology of atomic structure theory, intra-

{
18
tomio repulsion integrals analogous in form to the interatonic

(two-center) integrals J ., and K, of Eq. (18) are called Coulomb
and exchange integrals respectively, and it seems appropriate to

use the same terminology for gab and Eab' In VB theory, on the
other hand, integrals S\yi H, . §, dv end g% Hy o \ki dv are

cortionly called Cculomb and exchange integralse In the follow=-
ing, erxpressions of the type n/(1~+ Sz) will be called "exchang-

terms" to signalize the fact that their dominant comvonents eare

"es:change integrals" in the VB sense.,

(. Xz -y/(1+ s, (1.

is the nain term resnonsible for bonding.
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The detailed structure of X can be written in the form

e - [as/a +(K - s%ab)] /(1 + 82) . (17"

Heref?ij the familiar resonance energy quantity of LCAO theory (cf

Eqs. (2), (2a)), ana~® X end I, ere

eb

: "\

= @z, 42N 2 felyg 42 s 4 .:
K= lesa wey o ey, 18 B1s B e av L .
/ cC

= (7s. fd)s. k3) 2 (2),. (2) ,
Ia = S)lsa lsa e /rlz ls, 1s, dvl av, . ‘
19

Thie convenient and rather accurate approximation

% R. S. }Iulliken’ Ref. 7' Eqso (65)0
L }

2
K N 2 + J
ab " 23 (Jaa ab) !

where Eaa is an intratomic Coulomb integral defined analogously to

gﬁb in Eqs. (18), may now be introduced into £qe. (17). One then has

D,=(C+EN+X; Xx%-|essd 3s%(a -7 )| /a4t . a9

Usuallyzo X > 0, as a result of strong predominance of the positive

- -

—
&9 leisenberg's theory of ferromagnectism assumes X < O for 3d~=3d

bonds between iron or similar atoms at metallic R values. Eq.

(19) shows how X < O might be possible in special cases.
L J

)e

tcrm =2S,° (cfo Section II) over the negative term -%SQ(Jaa RN

(iiote that laa > J . for R ) 0.)

ab
It 18 now instructive to compare the VB cxvression (19)

for 20 of H2

titative theoretical computations have of course been madel5

by both

equations, with the result that (omitting the bookkeening terms E!)

with the corresponding LCAO expression of Zq. (4). Quen-
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the VB expression gives a somewhnt better computed Ee than does thne

oen ek aaBAiNS

LCAO expression, However, if the primary bonding. terms alone ere !

used, that is, -2/;’/(1"‘: S) of iqe (4) =nd X of Eqs (19), Lq. (4)

Glves a surprisingly good D volue, but Eqs (19) o woor D value.21

Ly 1
21 This happens becauss of the terms C, which havo opnosite effects

in tne two cases, making the computed D, somewhat betier in Egs.

(19), but nwuch worse (cf. footnote 10) in Eqe (4). OSce sentence

containing Zq. (4) for actual v:lues of D, and -%ﬁy(l + S),
(i J

This poiﬂts toward adoption of the procedure proposed in Scction II,
of approximating D semi-empirically by -%GV(1-+ S) with —%8 renlaced
by ASI (cf. Eqse (5), (7)),

Before continuing, it is of interest to compare further the
priaary bonding terms of Eqs, (4) und (19). It is seen that these

both t-ke the form of a resonance energy exgressionzz —Bﬁb modified

U -
22 Dy this is herc meant (although the terminology is not very satis-
factory) a term such as occurs for Hé+, where reiioval of (clec-
tron-)exchange degcnerecy is not involveds The foct that the
texohcnge energy" of VB theory owes its negative siga to a pre- j
dominant term of "resonance' character was pointed out by the

writer some time ago (Chem. Rev., 9, 354 {1931)), but nrobably

is not genérally realized,
L d

by a factor which is samewhat different in the two cosese=-and nlus
an added term in the case of Zq o (19)¢ In Eqe (4), the factor is
1/(1 + 8); in Eq. (19) it is 8/(1 + Sg). Por a strong bond as in H
, 1/(1 + 8) = 0457, 8/(1 + §°)

29 '

the difference is not great (for H2

= 0s48), but fro~ bonds with sialler S the VB factor lcads to the pre-

diotion of much weaker bonding than does the LCAO factor; in the Vb
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o damedalig

case, the added term %Sz(J -~ J .) acts to cut down the redicted
aa ab

D samewvhat further. All in all, the slower varication of D with §

. b

indicated by ILCAO theory scems to be in much better gencral agree-

ment with observed bond energios than the nmore rapid variation sug-

gestod by VB theory.23

<ty

4

—~
€5 By rcasoning similar to that used in Section II, the VB equctio
(19) with -%@1nn;equa1 to ¢8I suggests the use of a semi-empiri-
cel form AS2I/(1 + 8°) for bond energics. Indeed, this fits the

observed D values on the scries H_, Liz, Naz,..;better than the

2
form iSI/(1 4+ S)-=but not very well. In other cases, the fit is

not goods For exoample, it appears impossible witihh this form to

escape from a computed D < O for F_, after nccossary cntibonding

2

terims are included as decscribed below (Eqs; (20) et s g.);
! B

In view of the strongly emiirical cheracter of the search
fer a magic formula, o definite decision in favor of oxpressions of
the orm ASI/(1 + S) for thc cnergies of the bonding electrons of
electron-pair bonds, ratiacr tihan of ony expression su;sestcd by VB
theory, scems now to be justified for the case of molecules with the
distances between bonded ctais ncar their cquilibrium values,

The »receding discussion nust now be generalized to the
many-eclectron, polyatomic,ccsce Herc no oxact general VB theory
exnrossion 1s avoilable, but for molccules with all cloctrons pairad

24

ot lecost in rough approxamction, conventionel VB theory ;ields

-
] t

24 Cf., ee«g.s Refs 10, p. 376, recast in terms of quantities M and

X instvead of le. In Eq, (20), rmultinle oxchange integrals and
certain other complications have been ignored, It is hero ns~

sured that their effacts can be tcoken carce of sufficiently well.
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along with those of the terms C # E!, by empirical adjustment of

the coefficients in Eq. (21).

(I -
= < t ik —1 -
D= (C E)+4_,Xijl gZxkl P + RE . (20)
bonds nonbonded
pairs

In Eq. (20); each exchange term X is defined as in Eqs (16), P ce-
rotes promotion energy (sece below), and RE refers to rcsonance onexrz;
it prosent; D is new the total energy required to dissociate the

1molesule (devoid of thermel cnergy, o8 at OOK;) completely into atoms

in their ground states (energy gg'atomization).

Eqe (20) contains one term of the type Eij for coch elec-

tron-pair bond in the predomincnt VB structure, and one term &%zkl

for every pair of clectrons not on thc¢ same atom and not bonded to

cacil other. For zijis’ generqlizing'from the case of Hz, expressions
of the form ASI/(1-+ S) will bo adopted for the mazic forrmula. The
X .18 mdy be classified in various wayse For prescnt purposes, they

A\
=kl
mey first be divided into tho following two types: (1) homogeneous:

those involving (as do also the zij?s) two AO!s of the same kind

(both oy, oi bosh ¥); (2) hetorogeneous: those'involfing orbitals of

. o RN e g
different kinds (onc 6. one %; or one ¥, one ¥, or one1ﬂx, one

4 ),25 For type (2) §k1755.§ = 0, and Eq. (17) shows that theso

4

- - -

r

AV
(¢)]

Among < orbitals are ns, nps) ndd, and hybrids of thcace The

most usual N ordbitals, ond the only -oncs considered in the pre-

scnt paper, are ppil

reduce to the relatively simplc cxchonge integrals Ekl (22.»Eqs;
(18)); the notatipnwgkl_will therefore be used hereafter for the typc

(2) Xkl's.. The type (1) zkl‘s’ on the other hand, should according



(? and Eklis’ as can bc seccn by considering the cascs of H2 and He

{

to VB thcory be of tho same structure as the Lij

2

R e e e——

!s (_C_go Eq. (17))‘
Howcever, LCAO MO theory indicatcs a different structure for the X

1
1j °

as

spoocial cceecs of Eqe 121), cnd comparing with Egqs. (4) ond (9), re-

speotively:
. - ? H s = + 1 -
H2(VB). D= (C +E!') + xls,ls ;s (LCAO): D = (C 4+ Et) zy;/(l +
¢t D= 1) = ; t: D= 1) - .
Hoz(VB) D (c +EY) 2)(18’ls (LCAO): D = (C + E?!) - lygs

S)

In the onc case, X corresponds to -%&/(l-% S), in the other to -2/

a aifference of o factor S(1 4 S). Since it has alrcady bcen decided

to follow the lcad of LCAO thoory for tho 's, it will make for

X5
clarity to adopt at this point o distinctive notation for the two

kinds of X's. Accordingly, the X, ,'s will still bc ceallced X, ,.'s but

% 1 1
the zkl 8 will horeafter be called zkl

1]

Se

Eqe (20) is now roady to be recast to form a basis for the

magic foruulae For this purvose, (a) the term (C + E!) will bc cone

sidercd as absorbcd into the othor terms (primarily into the X, .!'s

1]

1
(b) the homogeneous Zkl 8 will be called Xkl'

)

s; (¢) the heterogeneous

éklta’ times -1, will be called K _'s; (d) for D, the value D. uncor-

-0
rected for zero-point vibrational cnergy will be uscd, sincec this

will bc more convcnicnt than o corrected value Qe’ and in vicw of

rough and largely emnirical character of the mogice formula;26 (e)

the
the

-
26

-0 -0

-

Fittcd to D valucs, Eqe (21) con of course rcproducc D, for only

onc isotopc of o molecule, but thec vorintions of D, betweoen iso--

=0

topes are always less than the uncortainty involved in the rough-

noss of the formula as at ipresent constituted,
[ -

X's and Y's will from hcre on be considercd as scni-ecmpirical
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quantitios, to be so adjusted 28 to reproduce ac rnearly as possible

the oxaoct D. values of actual moleculese Eq. (20) now talics the form

—o

no--zx“-mk1+ i?xm-wraz N (21)

bonds nonbonded pairs

Tho quantitics on the right of Eq. (21) have boen so defined that

cvory lotter symbol now stands for an int~insically positive quontity,

with possible rarc excoptions for the £,8.20

IV. MAGIC FORMULA
For molecules in thoir ground states with cll olcectrons

noired, Eqe (21), taken togcther with somi-ompirical "mogic" oxpres-

sions for the X and Y terms as functions of corresponding S's, now
constitutes the mapgic formulae For the Eij's’ as alrcady docided
aoovo, LCAO=~bosed expressions

= A /(1+s ) (22)

Xyg= Ay 84 Ty iy

of thc form of Eqe (7), are to be uscde Hcro the A's orc cocffi-
cionts to be adjustcd empirically, and theo st arc suitablc mcan
ionization ocnorgies (sec below)s For thc most uscful formula, the
number of diffcrent A's shoulé be kept to a munimum, By trial ond
arror, it was found in tho coses tested (sce bclow) that a single A,
whioh may be called Agy will scrvoe for ncarly all & cleotron pairs,
and anothcr, éM' for all ¥ pairs., The §1J's arc to bc computed tho-
orctically.

Boforc deciding on o magic form for the ¥ it moy be

L '8y
notcd that thcey arc of thrce kinds: (3) lono=-pair:lone=~nair Xklts

. ' 3 -
Y 's; (c) Ykl 8 bctween clecctrons in

diffcreat bonds.27 For the first of thc¢se kinds, at lcost for like

(b) lone=-pair:bondcd=olectron ¥

e e Mgl S AP




{

mm i S

7o)

o> x~ CL, e Ty e

- 22 -

Vo 1
27 It may bo notod in passing that tho K_ '8 can be classificd in

the same wey into throo kinds.
L. ~J

£s LCAO and VB thoory coincido (cf.

lono pairs in tho hombpolur caso0,

- 1
=8 Viith rofcronce to hetoronolar lone-pair:lone=pair rcpulsions in

LCAO theory, if onc scts up an LCAO wave function for tho arti.
ficicl caso of tho intcraction of a ls)2 sholl on ono atom with
a 23)2 shcll on anothor, ono finds an cxpression for the intcr-
action oncrgy which is rouzhly nroportional to §?, just os (cf.

Eqe (19)) by VB thcory.
L J

Scction II), and tho LCAO Eq. (9) may rczsonably bo adoptcd as proto-

typo for a su tablo magic form, It will now bo cssumcd, this timo

G . StS—— S—_—

following VB thcory, that thc samo type of coxprossion is cqually

valid for all kinds of Xkl'sozg
Go '
In gonoral, nonbondcd rcnulsions appcar in a very difforont guise

in LCAO theory from that in VB thcory: ceo R. S. Mullikon, J.
Cheie Phys., 19, 912 (1951), whorc it is pointcd out that diroct

entibonding cffccts and "forccd hybridization' cffccts in LCAO
thecory apparently constitute the rcespceectivo analogucs of the
lono~=pair:lono~pair and tnc other kinds of nonbondcd ropulsions

of VD thcory.

S = J

{0

Howcver, trial and crror studics sugscst onc nodification
(elrcady discusscd in conncetion with Egs. (9)=(12) in Scction II),

lcading to the magic form

= S (2,
Y0 = 948 .7 I

e "“-«l.‘.-m,"l i
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This fora will be adopted and usod from hore on.*® The offoct of the
factor y, fof which valucs somewhat less than 1 were found to giv6
tho best fit to obsorved Qo's, is to diminish samowhot ﬁhb importance
of tho nonbonded ropulsions.so

£ o i
50 This socms not unreasonobles Tho flexibility introduccd by tho

adjustable Als takcs carc roughly of the various crrors involved
in tho uso of tho simplo approximation (22) for tho bonding terms;
in partioular, tho offcct of tho bonding parts of tho omitted
torms C + E! of Eq. (20)s Tho factor ¥y thon gives in the sim-
plcst wdy somc furthcer flcxibility in rcprcescnting tho nonbondcd
rcpulsions.» Earlier workors (cf., cege, He M. Jomes, Js Chom.
Phys., 2, 794 (1934)) havo also folt that VB thoory prodicts some-
what too largec nonbondcd rcpulsions as well as too small bondced

attractions,

Furthcr cxplonation is now nccded as to how to obtain values
for ccrvain quantitios appcaring in Egs, (21)=(23)e Thc K'!'s (cf. Eq.
(18)) of Eqe (21l) arc to be obtaincd thcoroticallys Foriwnately,

they orc rolatively small, so that rough cstimatces arc adcquatce for

the preoscnt discussion.Sl

51 ' :

Formmulas for computing the Kt's involving 1s, 23, and 2p Slater=~

typo AO's cro given in a papor by K. Rfidenborg, Je Chome Physe..
19, 000 (1951)s For the proscnt paper, a rough proccdurc was

usod, whercby SCF-AO K's for N,, O,, F,, ond CH wore ostimated

21

from rclatcd Slater-AO X's givon for C==0 bonds in CO_ by J. f»

2
iulligan, J, Chome Phys., 19, 347 (1951), Toking K. ond Ky
= == L5 sl '¢®o

cs an cxamplc, thelir average (0437 ov) may be- takon as charactor-

istic for C=0 and uscd as a basis to cstimcte Kﬂs for N_., O

27 2
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and F2. In 2 similar way, valuos for Ky, (0.56 ov) ond L SV

(0e041 ov) for C =0 wurc obtainod, whoroas KT 1s was found no-
?

gligibloes To cstimato K volucs for Nz, 02, and Fz, it was as-

sumcd that thoy diffor from thosc for € =0 in tho ratios of tho

squarcs of tho overlap intograls sss’ 8803 and SV“ for Kﬁs' KMO’

ond KW“" rospoctivoly, Tho intogral K 5 W08 trcated simi-

s, ¢
larly. Sinco in tho proscnt papcr, A's, Y's, and K!s corrcspond

ing to SCPF AO's aro dosirod, thc squaros of rotios of cstimated

(ef+ footnotc 42) SCF-AO Sts for Nz, 0., and FZ to Slatcr-AC 8°'s

0!
for C = 0 wcro uscde Thc samc sort of proccduro was uscd clso
for Ce=C, C=C, and C=C bonds. To cstimatc the CH intcgral Khh
(botwoon 22"0 and lgH), thoe Mulligan Kﬂs for C =0 (0437 ov) was
multinlicd by tho squaro of tho ratio of SSOF to gSlater

“(230113}1) ‘(280,230)’

giving 0,68 ov.
{ i

Tho promotion energy P in Eq. (21) occurs beccuse without

it Eqe (21) would in genercl be vzlid only for dissociation into cer-

tain hypothetical atomic states, with thec volence~-electron spins come

pletely unpaired, called "valence statzes".:52

Bo '

See footnote 14 of reference given in footnote 4,
{ - J

general have higher energies than atomic ground states, the quantity
P, equal to the mnnzz%‘or the valence-state promotional cnergies
taken over all the ctoms involved, must be subtracted in Eq. (21) in
order to give the desired 20, which has been defined to correspond
to dissociaction into ctoms in their ground statese For the special
case of s=univalent atoms (H, Li, ggg.), ground and valence states

cre identical (P =. 0)e.
m

Of ten zn may involve no configurational excitation, For

Since valence stotes in
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example, to obtain trivalent nitrbgen, one rust "promote” the atom
from its seps, 4Su ground stote, where the spins of the three p elec~-
trons are 2ll parallel, to a trivelent volence stote V3 of the same
32p3 oonfiguration} There is required 2 promotion energy of 1,70 ev,
This kind of promotion might be called advalent promotion, that is,

introaconfigurational promotion from ground state to o valence state.

Trivclent nitrogen gives stronger bonding, however. if

there is particl further promotion toward the trivalent valence stale

ol the configuration sp4; that is, seps, 4Su—-‘»szps, VS
sp4, VS' This second kind of promotion, extraconfigurctional but

->(rortially)

without chzonge of vilence, and only partial, corresponds to a kind cf

33

S,p hybridization whick loffitt™" has cnlled second-order hybridizo-

33 '

Ve Moffitt, Proce ROVe SOCe, 202A, 534 (1950); and further refer-

ence to offitt in Appendlix II below,
L |

tions These effects might niore descriptively be cclled isovalent
promotion and isovalent hybridization,

Other cnses occur in which extraconfigurcational and com-
pPlete promotion is accompanied by increcse in volence: sy, pluval-

ent pronotion ond pluvalent hybridization. Thus for carbon, only 24-

volent promotion (32p2, ng to 82p2, V2) is required for bivalency,

but for tetravalent carbon, vluvalent promotion to sps, V4 or to 2«

related hybrid V, state is required (these tetravalent volence stotes,

4
incidentally, are very considerably higher in energy thon the lowest

stcte, ssu’ of sps). Sirilorly for bivalent beryllium, pluvalent

proiiotion is required from nullvalent 32, VO (same as 82, ls ) to

sy, V2 (lying between sp. bPu ~nd sp, 1Pu).

Valence-stote promotion energies cre obtrinable from spec-

o

Y

troscopic dota on atoms, Toble VIII in Appendix I contauns




{

-~ 26

i R
%% R, s. Mulliken, J. Chem, Phys., 2, 782 (1934).

[ . |

illustrative values for severcl firste-row ctoms in volence states

suitable for use in linear molecules.55 Table IX in Appendix I con--

i [}
55 See nlso footnote 33.

L e - O NPy ST |

tains add:tional velence=state promotion energies., suitable for tetra-

valent carbon in molecules of several types of symmetry. Use will be
mcde of Tables VIII and IX later in this poper.
The resonance energy RE in Eq. (21) rcefers first of 2ll to

resonance energy in the usua 1 sense, as for example in benzene .20

- o o em——

1
If the term "resonance encrgy" is used in a strict scnse, some

%G
resonancé energy is present for nearly all molecules, since in
czeneral numerous "excited" and "ionic"™ VB structures mix to some
oxtent into the usual single rredominant ground-stote structure.
However, the corresponding numerous small "normal" rcsonance
terms are covered (as part of the C + E! term in Eq. (20)) in the
empirical adjustment of' the A!s and perhaps especially ¥ in EQSe
(22) and (23). !llence, RE in Lq. (21) corresponds only to "exccss"
resdonance cnergy cbove nérmal, widcn is really what is usually

meant by the tcrm "resonance energy”.
T — |

But it ma; sometimes include further tcrms, In particuvlar, when one
wses EqQ. (21) for curbon camnounds in which tetravalent corbon i3 as-

aamed, with gr values from Table IX, one underestinmates D. As Voge

37

has showmn, methanc is about le3 ev more stable becouse the carbon

r aa 8
37 H. H. Vogo, Je Chem, Phys., 4, 581 (1936); 16, 984 (1948).
\ - —— J

- .-MWW
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is very considerably more in the gzn? condition than if it were
purely tetravalent with tetrchedral AO!'s¢ This difference may be

‘ regarded in connection with Eqes (21) as demotional resonance energy,

To be added as port of the RE term after the bond energy has been
obtained for pure tetrchedral valences

For any molecule with polar bonds, a polar RE tcrm must be
included in Eqe (21)s These polar RE values would presumably be of
the same orders of mognitude as the observed deviatioms from addi-
tivity of bond energies for heteropolar bonds, used by 2auling in

actting up his electronegativity scalea38

I S
( 3 See, cege, L& Pouling; The Nature of the Chemical EBond (Cornell

Univcrsity Press: 1Ithaca, 1940).

A procedure is now needed for obtaining the iican I volucs

in Egss (22) and (23)¢ On the basis of rough theorctical consideras

tionssg’40

= - l
59 Referring to Eqss (2) for the case of homopolar bonding, it is

and of simplicity and empirical acceptability, each I is

( seen that insofar as M is its 1 jor term, the quantity/G is the
potential energy of a charge of magnitude S, located in the over-
lap region, in o field of potential u ¢ If then -%G is put equrl
to ASI (Eqs (5)), the I uscd should be so choscn as to bec a mea-
sure of the magnitude of Bb in the overlap regions DBut since Hb
in this reglon depamds on 2ll thc clectrons in the outcr shell.
an I averaged over the latter is suitable (Rule (1) for I)s A
sinilar anclysis for thc hcteropolar case (¢f+ Refe 7, Sectioa~

15-16), lcads again to Rule (1), plus Rule (2)¢ Tho foregoing

(* arguments orc directly applicablc to the bond ng terns zij in Eq,
(21) ond to FA repulsions between like lone pairs (cf. Eqs. (8",

(9))s¢ It is herc assumed that the same kind of argwient based

A, %0 e St
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%0 on tho form of/G in Eq. (2) can be oxtended to 5&;};&1 torms,
The cpplication of Rule (2) to AO palrs difforing grcatly in I
deserves further disoussione Considoer for oxomple 213,28 betweon
the 18 lone pair of carbon and the 28 lono nair of fluorine in
CF4. The ovarlap integral is small but not nogligible. Host of
tho overlap occurs in tho rcgion whereo 18 of carbon is strong.
Tho »notenticl in waich the overlap chargo finds itsclf is thoa
ncarly the same as for o 1s carbon AO, suggesting that I for 1s
ccrbon should be useds Rule (2), which cclls for the arithmotic
mean of this and I of tho outor shell of fluorine, is a compro--
migo between t his and the usc of a smallcer z:such cs for oxampl->
a geomotric moane Considcrablo support for Rule (g) for innor-
sholl:outor-shsell Y

=kl
as cstimated theorctically (cfe Jo Fo iiulligan, Je. Chom., Phys.,

s is affordecd by the magnitudos of K ‘s
—mn

19, 347 (1961))s Thnt inncr-sholl:outcr-shcll rchulsions are

vory largec is shown also by thc work of He Me Jomes, 5o Chem,

Phys., 2, 794 (1934), on L12. Also, a dircct cstimate by the

writer of Y for Li_ gives a rosult in close agrcomont with
=13,2s 2

tho mazie formule cxprossion Eqse (23) with A= 1,16, v =0.7.

{ _—— "

to bo obtained by averaging (1) intratomically, for coch AO, over

34

(vclence-~stato) I valucs, obtcoined from spcctroscopic data,”” for

all olectrons in the same vclonce sholl as tho givon AO0; (2) thon

intcratomically.4o’41

11 o
What is mcant by Rule (l) should bc clcar from footnotes d ot
Tablo VIII and b of Tablo IX. As 2n cxamplo of Rulo (g),
1 would be (I, + T )
=1s,23y, 2 ls, “(n=2) °

= =

Tho St's in Eqs. (22)-(23) may be tcken from theorctically-
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computed tables.’* Extensive trials were made first using S's based
on Slater AO!s, and then on SCF AO's.. The latter should of course
c be more accurate, and after numerous trials it was tentatively con-

42

cluded that they must be used, and they have been used below, al-

1
= Actually, SCF S's have been published only for Ceel and Ce=H

bonds (cf. footnote 14b)e. In the work below, they werc estimated
in the following way for N=N, 0=0, and F-=F bonds, From the
Slater/u value for N, O, or F, together with the equilibrium R
value, a Slater e value (cfe Ref, l4a, Table I and Eq, (12)) wes
= determineds The S value correspondirg to this e was then looked

up in a table of SCF S's for carbon-carbon bonds. This was dcne

for S(1s,2ps") using Table IX of Ref. 14b, and for S(Rs,2po),
S(2pe,2p0), and S(2p¥,2pMN) using Teble VI of Ref. 1l4b. Hybrid
Sts, S(lg,ﬁ), §(/3,/3), and §_(/9,0/3) were then canputed using Egs.
(%), (4), (6) of Ref, l4b, EAccurate analytical expressions for
1s, 23, and 2p SCF AQ's of C, N, 0, and (by extrapolation) F have
recently been determined by Dr. Pe~O. LBwdin, and will soon be

( oublishede Direct computation of Sts for N2 and Oziusing these

) expressions, by Mr. Ce W. Scherr in thls Laboratory, gives valuen

in satisfactory agreement with those obtained in the manner de-

scribed aboves Details will be published later.]
L }

though it had been hoped at first that the muoch simpler Slater 3is
would give acceptable results,
Since most of the terms in Eq. (21), likewise the S's in
5qse (22)~(23), depe nd on R values, it needs to be emphasized that
(” Zqse (21)-(23) are intended hare to be used primarily for molecules
with their bonds at equilibrium lengths; and the 8 values are to be

computed, and the A values and » determined, to fit this situatior.

- ceimes @ Murassidhall
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However, the possibiiity that Eqas: (21)=(23) can be extended or

adapted to reproduse interatomic potential curves over considerable

ranges of bond distances may well deserve exploration.45’44 Moreover,

zs 1
Note that in general Eqs. (21)~(23) are capable of giving a mini-
mun of energy (maximum 20) as & funotion of the bond distances,
though only if important Xkl terms are present--not, for example,
for Hys To meke the single term ASI/(1 + 8) give & naximum D

it for Hz, one would have to make A a suitable function of distance,

In fact, calculations with & preliminary form of the magic for-
rnula, as applied to N=N, N=N, N—N, etc,, show that it gives
maximum values for D, calculated and plotted as a funotion of R,

at R values very roughly equal to the observed equilibrium valuess
L. i

it is to be noted that the nonbonded repulsion (Eg. (23)) and attrac-

tion terms, the Y's and K's, are not limited in their validity to any
particular range of R values, Thus they should be capable as they
stand of representing closed-shell interactions and the repulsion po-
tentials of steric hindrance for varying configurations of nonbonded

atoms (here see last paragraphs of Section II and Ref. 4).45

G 1
49 Computations on the variations of exchange energies with bond

angle, and their effect on bending vibration frequencies, have

been made by various autiors using VB theory: ee¢ge, Je He Van

Vleck and Pe Ce Cross, J. Cheme Phys., 1, 357 (1934); footnote

55 of the present paper; and other more recent articles.

V. MAGIC FORIWULA FOR SPECIAL CASES
The magic formula Eqs. (2).)=(23) is applicable for mole~
cules in tiheir ground states with all electrons paireds It can, h~v .

ever, easi)y be modified to include several other cases,

~amoas
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Odd=electron mclecules involving what Pauling calls one-
electron or three-electron bonds are easily included by using Zq. (6)
for the former and Eqs. (11)=(12) for the latter instead of Eq. (22),
just as in the prototype cascs cf H2+'and H92+ for which these equa-
tions were developede Various mclecule-ions (eege, Né+, Oé+) fe 1l
under this case,

For radicals containing unused valence electrons; e.g.. CH
or NH, Eqs; (21)=(23) can be used directly, although some care may
be nceded in determining what valence states and P values are re-
quired,

The case of O2 is somewhat special, but is ii0ost easily
treated by computing 20 for the first excited (ldé) state, to which
Eqs. (21)~(23) are directly applicable, then correcting to the Szrg
ground state,

For excited states, LCAO theory (Section II) may often be

used as a guide in setting up a magic formula,

VI. DETERMINATION OF A'S AND v IN MAGIC FORITULA;
AND OF DEGREES OF HYBRIDIZATION
In order to give empirical reality to the magic Tormula,
Eqse (21)=(23), values of A and » must first be determined so as to
make it fit a few molecules whose 20 values are reliably known. Pre-
dicted D  values obtained from the resulting formula can then be

-{)
caecked against empirical D values for additional molocules,

=
After considerable preliminary exploration, the following
plan was adopted for the first step in this procedure, r'irst it was
decided to try to get along with only three empirical parameters:
&o\(for all o bonds and 6&-% nonbonded repulsions), Ay (for all %

bonds and ¥=W nonbonded repulsions), and ¥, This plan required a

fitting to at least three represcntative molecules whose 20 values

et imangsiib
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arc reliably known, For this purpose, the molecules CH, O , and

2! Mo
F2 were selected, the first two to be fitted exactly, the last two
a8 well as vossible,

For the CH radical, the value Qozz 3e47 ev 18 known with
a hagh degree of probability, although there may be a very slight

£cssibili ty that it is 0«1«0.3 ev higher (not more).46 Per O0_, the

2

N e S S S S S

45 '
The value 3447 ev for the 2Trground state of CH (and 3.52 ev for
CD) was determined fram predissociation in the W= 0 and 1 levels
of the °)% excited state by T. Shidei, Jap. Je Phys., 11, 25
(1936), and confirmed by others, This value is accepted by Herz=-
berg (cf. footnote 47) and by Gaydon. On the other hand, by a
Birge=Sponer extrapolation of the vibrational levels of the 22?
state, one obtains 3,70 ev as a probable upper limit to 20. (That
the ZTTis the ground state is shown by the occurrence of absorp-
tion from it in interstellar space.)

L A J

value 20'= 5:08 ev (within about 0.01 ev) is certain.47

I'"";“ - 1

47 ¢f. G. Herzberg, Spectra of Diatomic Molecules, Second Editicn,
D. Van Nostrand, Inc., 1950.

| R R ERE R SRR N

For F2, there has been some uncertainty about 20’ but there

is scarcely any doubt that it is in or close to the range 1le6 - 0.3

ev.48 For Nz, there 1s perhans some doubt as to whether 20 is 7.37

r 1
43 R« No Doescher, J. Chem. Phys., 18, 1070 (1951), end referonces

given there. Evans, \larhurst, and Whittle, Js Chem., Soc., 1521

(1950)s He Jo Schumacher, Chem. Abstracts, 45, 2300° (1951).
[ }

ev or 9,76 ev, but the evidence is decidedly in favor of the second

2

of these values, and all other values seem to be definitely execluv“zsi.’

T s et Rl doks ISP
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I, ) - 1
& g£o G. Be. Kistiakowsky, go éﬂ' Chem, Soci, zg, 2972 (1951); A. E.

Douglas and G, Herzberg, Cane J. Physs:, 29, 294 (1951). The lat-
ter work definitely eliminates all values but 7,38 ev and 9,76 ev;
the former work seems to be incompatible with the smaller value.
Considerations on the nature of active nitrogen advansed by Ge

Cario and L. He Reinecke, Abh. Braunschw. Wiss. Gesell., 1, 8-13

(1949), also strongly favor 9,76 eve. But in favor of 7,38 ev,
see He De Hagstrum, Rev, Eggo Phgs., gé, 185 (1951)0

The magic formula for CH involves only A, and . ; for the
other three molecules, it also involves Ay. It is convenient then
to begin with CH, determining A, for each of several assunied v val-
ues; that is, Ag @s a function of e Then assuning the same émxp)
for 02, ém(y) is determined, Using &o&u) and 5w(")’ 20 is computed

as a function of v for N2 and for F2s23

and compared with the empiri-
cal 20 values to obtain a best-compromise V.

A very interesting by=product of the process of determining
Ass Ao 8nd Y is that at the same time the degree of s,pe hybridiza-
tion dz in each of the molecules used must and (to the extent that

the wiagic formula is correct in structure) can be deteritined (see

Sections VII-~IX, in particular, Fig. I for CH, and its caption).

VII. THE FITTING FOR THE CH RADICAL

The VB electron configuration for CH may be writtenl4b

x) 2 ho(,‘)z hgeB) M)

where all the AO's but h are carbon atom AO's; %5 and h03 are mutu-

ally orthogonal 238,2p6 hybrids of the forms

v cadR e bl 15 i i Al
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h/a=ds+/8pm;.h30=/es-b(pa‘, (24"

‘ where o ) 0, ﬁ Y 0 (thus making h, overlap h more strongly than if
/3 = 0), with o(2+ /82 = 1, The magic formula Eq. (21) becomes:

Do:’feh'ykh'y%,h'*“m'? (25,
if RE is assumed negligible .50 In each subscript, the first symbol
- {
= I{ the C—H bond were strungly polar, there would be an appreci-
able RE« To estlimate the polarity, one needs the relative elec~-
) tronegativity of C and H for an h -—1s bonde As vwas pointed out
‘\— some time ago (cfe footnote 34), the electroncgativity of carbon

2

depends strongly on the degree of s,p hybridization «® in the

carbon bond orbital, As it happens, o as deduced below for %9
in CH (c_:g. Table I) is suoh that carbon %(-} and hydrogen 1s are
almost equally electroncgative, Thus the assumption RE = O is

justified,

{ —

_J

refers to the carbon AO, the second to lgH. it can be shown (see Ap~
( pendix II) that P is given by Po + d.zAP, and 20 andAP have the mean-
ing and numericel values given in Table VIII. Next making use of Egs

(22)~(23), Eqe (25) becomes

N
]
'

-- - 2 2 '
347 77 D, = Ag< 1442 1+ S - 151VS - 14,24y S
0 alc S/Qh/( /Bh) kh Y2 oph ?

-\ + (3K, - P) . " (26)

The numbers 14.24 and 151 are average I values as required, being re-

spoctivel (I._.+ I ) and (I + I ), where I and I refer to carbon
L P 2 4 3 a1, 2y % =% Sy ) =, %

ond are taken Irom Tuble VIII, and EH: 13,60 ev,

Since ¥ cannot yet be detcrinined, trials were :1ade for each

of the four assumed » values 1,0, 0¢85, 0,70, and 0,55, The right

o S ot badead e ) sl A

TP
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side of Eq. (26) is a sum of three groups of terms: first, Agdoee )y
which, with » assumed fixed, depends on two adjustable quantities,
namely g._a,and ol2; Second, -u(?Az, which is a constant times uz; third,
(%K“h - go), a constant, For each assumed value of v, values of A
and o satisfying Eqe (2€) were simultaneously determined by a graphi-

cal procedure described in the caption of Figure I. The necessary ¢

values, for any « value, were first looked up in published tables,>
lg— 1
1 L.c., Refs 14b, Table XI (SCF values) for Sg and S (positive

hybrids for S, , negative hybrids for S ); Ref. 14a, Table IV.

-33,
for S]] values, . ‘

G
20 andAg were taken from Table VII, and ERh was taken as 0.8 ev."z

| ]
52 7. R. Stehn, J. Chem. Phys., 5, 186 (1937), and G. W. King, ibid.,

|

6, 378 (1938), applied VB theory in instructive studies of CH,

NH, OH, and FH, Using atomic and molecular spectrcscopic data,
they obtained empirical values for varicus exchange and Coulomb
encriiess. However, they made assumptions (including neglect of

inner-shell nonbonded repulsions, and no hybridization), which in

the light of the present work render very questionablc the mean-
ings of the numerical values they obtained, However, their value
of 048 ev for §ﬁh (gﬂ in their notation) appears free from serious
objections It agrees well with the value 0.68 ev cstimated semi-

theoretically at the end of footnote 31 above,

The graphical eigenvaliue procedure used in Fizure I needs
justificatione First of ail, it should be noted that it is not neces-
sary that the procecdure be valid except near the correcct value of W
(which, nioreover, nced not at first be known), and the following roa-

soning is to be understood as applying only to that value of wv,

k. e e € St el i w
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Suppose, then, that one is working with a magic formula, including
correct values of ¥ and Ag, such that when the degree of hybridiza=-
tion existing in the truec molecular wave function is assumed, the
formula will coarrectly reproduce the true bond cnergyes Under these
circumstances, an exact formula for the energy of tho true wave func-
tion and of others differing from it only in degree of hybridization
would show a maximum 20 (minimum total energy) for the truo degree
of hybridizatiocne If the structure of the magic formula represents
approxinately correctly the various elements which combrne to give
the final Qb, it should show essentially the same property. If the
magic formula were really bad, it might give no maximum at all for 20
as function of &, and the fact that it actually givos wolledefined
maxima (cfe Figure I) 1s rcassuringe The writer fecls that if coeffi-
cients for the magic formula can be obtained by the procedure de-
scribed, such that observed 20 values for a reasonably large and vare
ied group of molecules can subsequently be reproduced, tihncn both the
forrmla and the procedure arc probably valid to a reasonable degrce
of approximetion.

The results obtained for CH are summarizcd in Table I. 1In
Table II, details of the individual terms in Egs. (25) and (26) for
20 of CH are given, for thc parametcr values (v = 047, Agp= 1.16)
later adjudged to be about correctes This tabulation gives a vivid
picture of how the various bonding, rcpulsive, and prouwotion terms
canbine to give the final resultant 20.

A comparison, for v = 04,7, buotween the rosults computed
for tho casc of no hybridization (®@ = 0) and for the probable actual
hybricization («2 = 04153) likewise shows vividly the i:portance of
the relatively small amount of iscovalent hybridization in stabilizing

33

the molccule (see Figure I and Table II)., Moffitt, using VB theory

e

o oo i & el 3 ‘uw
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CAPTION FOR FIGURE I
Figure I. D, for CH computed using the right side of Eq.
(26), and plotted as function of degree of hybridization d? in the

5

of V¥ (0.7 and 140)e Fer cach graph, tho ordinate ‘cale nhas bcen ad-

carbon bonding AO (cfo Eqss 24)), for oach of two assumed values
justed (by adjusting the valuc of éﬁg until tho max.mum ordinate of
the graph is equal to the empirical D of 3,47 ev (left side of Eg,

-0
(26))e In this way, for any asswumed value of ¥, a simultancous de-

tcmaination is made of those values of éd\and a? wvhich can rcprodine
the embirical 20' In this procecdure, tho final d? has tho characver
of an eigcnvalue, For the corroct value of », the d? valuc so detcr-
mined should be the actual dcgreo of hybridization, if thc magic for-
imla is essentially correct in form.

(To make the curves have their maxima oxactly at 3,47 ev,
A 4 should be slightly increased for y = 0.7, 8lightly decreased for
¥ =1.0; but thero is no point in determining &o\to noro than two

dooimals.)

e
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TABLE I

VALUES OF é-d\ AND of FOR CH AS FUNCTION OF ASSUMED VALUE OF ¥

‘ } I SRS e s e L A Y

: : . e
y i 1.0 | 0485 T o.70 0455 |
. -3 .. _ 4 i
Ap | 1433 | 1.25 | 136 | 1407 |
| of | o2 | 0.0 | o.1ss | 030 |
TABLE II
STRUCTURE OF D, FOR CH IF » = Cu7, Ay = l.162
| ; :
o = i o= 0,155
l‘:"".‘ e e e el S SE e e et i Aelss ’.’.“i'
{ . :
| s/3h ' 0.509 0,686 i
Sin . 0071 0,071 :
| '
Som,n i 04553 0,308 ;
- —Z._._._._ ey — s - 1‘
Xon (ev) | 8457 ¢ 6,73 !
i !
e 1 w62 ~0,62 '
l -YO ,h "3.54 : -1.09 i
! -aggp 0,00 L =1.46 i
( : %Kwh 0,40 E 0,40
| =P, i w0449 i -0449 .
| o, 132 | 3.47 |
/U S (TR
2 Seec Table VIII for B, and [P, Refs 51 for S valuos, Ref. 52 for

gmh, Eqses (25)-(26) for magic formula,
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with semi~empirical values of the necessary exchange intcgrals (ine
stoad of Eqs. (22) and (23)), and maximizing the bond cnecrgy with
respect to degree of hybridization in essentislly the samoe way as
here, has obtained similar results (d2 about 0,1 for CH; hec has ulso
discusscd NH and OH)« Notoworthy in Table II is the fact that hy-

bridization is effective in two ways; namely by increasing the size

of bonding torm‘§£h and by decreasing the magnitude of the nonbonded

I 2

Since the 32:8 ground state of 02 is a somowhat special
case in terms of VB theory, it will be morc convcnient to make a fit-

ting to the first cxcited, %ﬁ%, clectronic state, whose V3 electron

14b

configuration is

0% 2% n ) KeW) W12 A2, (£7)

/@/3/3
q:93

with one %ﬂ-jﬂ bond and one ¥—Y bond; 23 and h , are as defined
Z :%

I 1
%3 0nc has either e o) “-)2 ﬁ‘)z or N «%7) ﬂ+)2 ﬂ+)2 , the two

cascs corresponding to the ML:: -2 and +2 sub=-statcs of the

doubly degonerate clectronic state Ill .
- & l
in Eqs. (24). For the %ﬁ% state, 20 is less by its known excitation-
)47

encrgy (0,98 ov than 20 (508 ov) of the %ng statos Eq. (21) now

tokes tho form:

\
4610 = D = (X5 * - (2Y p 1t 2Y + 2Y 4 4Y & 2!" )
@B R ?@ 2] c !
0 ! /‘): Or.z 0/._ ’ k/\ k, (33

2
+ (3K +6K + 6K, +2Kgy,) = 2(P  + «AP) ,
with 20 and[lg as given for the !2 valence states of the oxygen atom

listod in Table VIII.°%

28)

[}
i g &
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For ®=0, ﬂ‘:" in Eqse (24), the state of each oxygen atom
2
would be &' c*ﬂ"\! _2° for =1, /8 = 0, it would be _s_O?W‘ 3 W_l?.

The proof that P for cach oxygen atom 1s _1_’.0 + 0&2 is indicated
iz Appondix II., A factor two is than rcquired since both oxygen

atoms are promoted,
-
In Eq. (27), .I%ﬂ, is negligible and can bo dropped. Furthcr,

it is conveonient to rewrite somec of the other terms as follows (the

rclations stated eroc easily proved):

2(Yk,6 +Y ) = 2(Yks+ Yks\) ; 3(};94?4- K c. ) = S(Ks'\\’*' Kd"h) o (29)

The torms in Eqe (27) can then be usefully I-cgroupcd as follows:
4010 = D = C + E() + F(o) +G(%,Y) + H(Ag,») , (30)
whore

C ==2PRy + (3K + 3K + 2Kyn.) ;

— " —

E(y) = ~2(Yks+ Yko)

F(o) = =202Ap + X +3K/),”,

vy ; 2
"-20‘2& " )53/4 + XK ey +/’2Ks ws'ﬁ 6\‘%

o/g,% k,o/3)

b
H(A*,V) = Xeat = 21{,"“ = A,"IK I:Sﬂ/(l i Se) = 2ys,;?(;] ’ ,}

\31)

G(R, V) =~ 2(Y

Using Eqs (23) for the Y's and the mcthod of Ref. 31 for tho _I_{.'s, C

becomcs a known constant and E(¥) a known function of Y. Similarly,

F(et) booomes a known function of &, G 1s an oxprossion which (using

Egs. (22) and (23)) is scen tc bo proportional to Ay and also to

P e 1
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depend on ® and ¥, but aftcr inserting the value of A, (a8 determined

e o il fabae

in Seotion VIII for CH) corresnonding to any one of the ¥ values 1.0,
( 0485, 047, 0.55, G becomes a quantity which depcnds only ou o and v,
To obtain the hybrid SCF S's requircd in computing the ¥!'s by Eq. (23),
in € and G, the method of Refs. 42 and 51 was used. Finally H, cfter
inscrting ZK for the oxygen atom from Table VIII, depends only on ¥

and on the as yet undcotermincd Anye

For any assumed val ue of V, the complete cxprcssion on the

~right of Eq. (30) now decpends (aside from known constants)'only on A«
and ®, It is then possible, for any particulcr assumcd V value, to
{: determine simultaneously éﬂ and d? by the mcthod that was used to
determine és\and d? for CH, Thec results arc ir:cluded in Tableo IV

below,

IX. DEFINITE DETERIINATION OF EIfPIRICAL PADA!ET.IRS
FOR THE ..AGIC FORITULA.
DETERMINATION OF DEGREES OF HYBRIDIZATION,
For the final deternination of Agy Ay, and v, it is con-

(; vonicnt next to comnvute 20 for sevcral moleculces by the anjzie formula,
for cach of the » volues 1,0, 0c85, 0,70, 0,55, using the correspond-
ing appronriate values of ﬁm and éW 28 determincd in Scctions VII and
VIII, By comparing these com»puted Qo(u) valucs with empirical 20 vol-
ues, onc can determine what » valuc gives the best averago fit. liith
¥ thus fixed, the valucs of éwv é", and of dz for the molccules con=~-

sidored are determined,

Selecting first the ground states of N_ and Fz, it may be

2
{’ noted that their electron configurations are formally identical with
| (27) for the lﬁ% state of 02, except for the W electrons., The re-

spective N partial configurations are
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N, NeT) Wt otft) \
i: O2 :

| \
AoRi) N1)2 A1)2 f (32)

F, 02 W2 42 2,

Equations for Ng and F2 corresponding to Eqs. (28)~(3l) are easily®

written; values of 2, OF, ZK’ and iL for use in connection with these

equations are found in Table VIII, and the necessary S!'s and K's are
obteined in the manner described for O2 following Eqs, (31). Regard-

ing A o and Ay now as known (for any given v ), and 20 as a quantity to

( be coributed as a function of ¥, the analogue of Eq. (30) is
Dylauw) = € + E() + G(4,v) + Hv) , (33)
with
¢ =(2 or 0)X,, - 2P

E(v) = = 2(Yks'r Yka)-+ (O or -4)Yﬁﬁ

o
~

(34)

(_ F(o) = = 2u?ﬁf<+ %@@ + (2 or 4)K%Bﬂ‘ ; for reduction of 595;“:!

see 1q8. (31);
G(ayy) = = 2(Y +Y =¥ ) . /
o S /

Where a choice is given in Eqs. (34), the first alternative refers to

N2, the second to F2. The next step, for either N2 or F2, for each

assumed ¥ value, is to plet the computed 20 against d2, as in Figure

I. The maximum of each such curve then gives the desired value of D

=0
{. (also of d?) for the given » value,

If the electron configuration of C-H4 is written using tetra-

hedral carbon orbitals,l4b’55

S s DS
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S5 Por some discussions of hydrodbarbond ubinhg VB methods, see for

e i 8

example Je He Van Vlieck and A. Sherman, Revi LKod. Phys., 7, 167

(1935) and references there cited; R. Serber, Js Chem. Phys., 17,

1022 (1935); We G. Penney, Trans., Faraday Socs, 31, 734 (1935).
(0 |

2

k) tea.ha) tebOhb) tGCOhc) ted-hd) ’

the magic formula becomes

D = 4&X -4y - 2Y 44K - 3Y =~ P(te ,V V. (35
0 te,h kh ote,h %h hh ( 4’ 4)+- 35)

The terms = 2zote,h eE 4§mh come from transformation of a term - Gzte'h
corresponding to the 12 nonbonded exchange terms between H atoms and

the te AO's to which they are not bonded; Eﬂh ig taken as in Ref. 52,
except for a slight correction for the smaller C—H distance. P is

Voge's value for case D of Table IX, and V is Voge's ceilotional RE !
correction37 (see Section IV). A polar RE term, though probably ap-
preciable, has been neglected in Eq. (35)s In computing X and the Y's
using Eqs. (22)=-(23), the S values are obtained as fer CH,sl the I

values are IH = 13,60 ev, I_ = 288 (Table VIII), and fL = 13,68 (Table

K
IX).

For CZHn (n =2, 4, or 6), the nonbonded exchange terms are

very numerous, and the 20 formulas are best presented in tabular form

(Table III).S5 The electron configurationsl4b are

.

2 2 . . . R # ¥ # o #
02H6 k)© k) tea ha) teb hb) tec hc) tey ted) te hc) tey hb) ‘

* %
: |
ea‘ha) ’

Q
==

)2 10)% atten) dteat™) arr¥en®) New) o)

Q
Lav}
05"

. \
2 ..2 %* * . % w3 oA
k)“ k) tr_+h ) tr <h) tr etr) try hy) tr_eh ) N_oo0) .((36)
!

s
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ilany of the nonbonded exchange integrals involving hybrid AO's occur
in groups which (by using relations similer to Egs. {29) above) can
conveniently and rigorously be tranerofmed into ¥!'s and K's which are
largely non-hybrid, and this transformation has been done in Table III,
For H2 and Hez, Eqsd {21f“£93’ teduce to Eqs: (7) and (10)
resvectively. For Hz+ and Heé*, Eqs: (6) arnd (11)=(12) are respect=-
ively applicable.
The results of comvutations on all the ‘1olecules mentioned
above, carried out in accordance with the first paragranh of this Se~-
tion, are presented in Table IV, As will be seen fram this Table,

the computed QO varies rapidly, and in opposite wajys for N, and Fz,

2
with ), so that the best ¥ is rather sharply determined. On the whcle,
agreement of observed and computed 20 values is best for about » = 0,7,
with A 4 =1.16, Ay =1.53~ The fact that a compromise ¥ can be de-
termined at all to fit (evea tiough roughly) suca different moic-ules

as Hz and F_ gives important support to the valid.ty of tne geaersl

2

structure of the magic rformula.

Excluding H, and L12 as exceptional,56 the avcerage

2

The figures on H2 and L12 suggest that a distinct coefficien™ 2_,
with value about 0.7, may be needed for pure s—~s bonds, as was
proposed in Ref..4. Or possibly Ag is anomalous for iiolecules

which have unusually small ¥ values, as is true of H2 and L12 (ct

second column in Table IV); the fact that proportionality of the
theoretically computed LCAO quantity 7ﬂ to S fails wien § gets
sitall (see Section II: sentence with Ref. 1l) suzgests this poses -

bility. The discrepancy for F, might then possibly be attributed

2
to its exceptionally large E,value. For other possible ways of

dealing with H_, Liz, and Fz, see also footnote 25 and Section

2
XIII.

T s St I3




TABLE III

CO=FFICIENTS OF TERMS IN DO FORMULAS (EQ:! (21)) FOR Czﬂng

r

Yan %ap T | Yos Yeo Yoo T “ht Yy Yia |
L4 =2 Py S—— A B . T = et | s~ ——————— . S e we  e—— - - L)
n=2 2 1 2 % 1 1 £ 0 2 2 ;
| n=4¢ s 1 1| 3 1 % 3 3 2z 2
| 1
: n =6 6 1 o {% 1 % 3% 1 2 2 J
} '
e o™ e on ™ en ™ oy |
7S .
n=2 | 1 1 1 2 2 0 0 S
: 4 4 1 1 1 |
}
|

=
H
i »
o
0
0

i n =6 : 3 3 3 6 6 3 3/2 3

| =p 2 vy& d t {
LR T By Ko Faw Ko By Kl

| n=2 [ 2 2 2 2 h 4 2 2 |
| n =4 'l 2 2 2 2 1 4 4 4 }
| n=6 | 2 2 2 2 i 4 6 6 ‘

2 Uﬁprimed exchange terms refer to AO pairs on nearest, singly primed
to those on more distant, and doubly primed to pairs on most dis-
tant neighbor atoms, The subscriptS/B refer to di, tr, te for o
=2, 4, 6 respectively, gﬁ to the corresponding orthohybrids (cf.
footnote 14b), For 02H s the coefficients given above wers work:d

€
out on the basis of the opoosed form (symmetry Qsh)°

b See Table IX for the P, values (cases B, C, D forn=2, 4, 6
respectively).

S For the computations of Table IV, it is assumed that the RE correc-
tion analogous to the Voge demotional RE correction (cf. foo*note

(, 37) for CH4 (V = 1.28 ev) is the same per carbon atom in Czﬂn. This

must be conzidered a guesstimate, Polar RE corrections for the
C—~—H bonds have been neglected.

d

Negligible.



TABLE IV
COMPUTED D VALUES FROM MAQIC FCRMULA

Computed PO Values (ev)&’.t.’.’.?. | Observed
== = -
lfolecule z‘:,g L 1.0 0.85 0470 O°§5_...§ _120
Ap  1.33]  1.25) 1.16 1,07 |
1 1Ay 3.36) 2.28 1.53 0,975 1 (ev)2
3.47 3e47 3 e47 3647 3e47
10091 (eB=0.22)| (=0.20) | (oP=0180) | (oE=0.20) |
£ 4,10 4,10 4,10 4,10 4,10
0= 1131 (5R=0.14)] (®0.12)! (6B=0.09)]| (5B=0.08)
| 27427 13.'701 8.32 4,91 978
I, 1.0 | (o®=0,31)| (oC=0.26)| (of=0.21)] (6F=04.18) o
~0,46 1.97 3412 3.82 | 40,2
Fy 1.8 | (x2=0,031) ' (**=0.024) | (6@=0,018) | (oR=0,014) | ~1.6
= N (T, T
S + - 1
Y 1.0 3432 3412 2489 2466 2465
H, 047 7479 7632 6478 6424 4,48
e S Yo} .._._.r...—_-.-_. - —_— ——
3.
He,, 1.7 | 1.46 (341)
Hezﬁ 1,7 ~4,30 3466 «3,401 “2.37 | (~2.38)2
Li, 0.8 2,06 1,03
S P RO ISR S - 4. = e ]
: 15.02
CH 0.9 1731 17.64 17.61 17.36 or
4. | SRR 17.30 _
24,90
C,H. {l.2 : 22,05 25,03 26,72 27462 or
2 6 . _ . 29,46 .
19.11
0_H 140 25.86 24,23 22,79 21,47 or
P8 S (P, S —ala 23467
12,90
CH, 0.9 31,81 23 .83 18.36 | 14,15 i
R | SIS . I N 17046
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FOOTNOTES FOR TABLE IV
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See toxt of this Scction for methods of computation.

The o values given were determinoed by maximiging the computed
20 in the manner illustrated in Figure I.

For the hydrocarbons, d? values were assumed corrcesponding to the
eloctron configurations in (36), but demotional RE correotions
vere then included in the comnputed Qo's to allow for deviations
from the assumed states of hybridization. This corrcotion was
1,28 ev for CH, , 2,56 ev for all C

4 2
Polar RE correctimms havo been neglocted.

Hh (cfo Table III, note c).

For dofinition of ¥, see Eqe (3) of Rcfe 4e

For CHy Ref. 46; for F2 and Nz, Rofse 48, 49; for Hez, Ref. 4,
Table X; for the othor diatomic molecules, Rof. 47 The values
for CH4 and Can are based on hcats of formation Am@ for 0°K
taken from the American Petroleum Institute Project ilos 47 Tables
(15,99 kcal per mole for CH4, 16,52 for 02H s =l4.52 for 02H4,
and =54,33 for Cgﬂé)’ coubined with 20'=-4.478 ov = 1032 kcal
for H2 and, for the heat of sublimatian L of granhite, either (m)
124 kcal or (b) 175 kcal (see footnote 58). 1 ov = 23,06 kcal/
mole 1s assumed throughout,

%ﬁ% state.

At 1,06 &,

Thcoretical.



- 40 -

difference per electron-pair bond between observed and comvmuted QO

values forwy = 0,7 is avbout 4 043 ev.57 In view of the nresence of

R ————
%7 If the hydrocarbons, for which both the observed D values and

=0
the assumed resonance energies (Table III, footnote ¢) are rather
uncertain, were omitted, a somewhat improved fit for the remain-
ing molecules could be obtained with (say) ¥ = 0.75 (or perhaps
0.85, 1if &“ is made somewhat smaller than for y =0.85 in Table

IV, and exact agreement for O2 is sacrificed).
L : J

only three adjustable parameters in the magic formula, the agreement
found is all that one could reasonably hope for, and wmuch too good to
be reasonably attributable to accident, As a corollary, this argu-
ment indicates that the hybridization coefficients in the v = 0.7
coluan in Table IV are probably fairly near the truth,

The following furtner point is worth emphasizing. Although
the specific values for the coefficients in the magic formmula were
obtained by procedures which some readers may question, the formula
with these coefficients now stands on 1ts own merits, independent of
these nrocedures, Its degree of quantitative validity should be
judged by its enpirical success in representing observed vond energles.
One should also bear »n mind that the present magic formula is a first
edition, in need of further tcst by application to more .:olecules,
and undoubtedly capable of further improvement in various ways (see

Section XIII),

X. VALIDITY AND USES OF THE MAGIC FORMULA PROCLDULE
The magic formula has now been implemented with specific
values for its coefficients. One may ask: How good is it? What can
it he used for? The first question is discussed at the end of Sec-

tion IX and in Section XIII,.

B I
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In answer to the second question! the magic formula, used
in connection with the maximizing procedure described above, may be
expected to be valuable principally in three wayse They are: (1)
as a tool for the approximate computation or estimation of bond ener-
gies; (2) as an expression which depicts the theoretical structure
of bond energles, that is, which shows roughly quantitatively how the
total energy of atomization results from the addition and subtraction
o' significant individual terns; (g) in determining anuroximate de-
grees of isovalent hybridization. The first of these apnlications
will be considered now, the sccond in Section XI, and the third in
Section XII,.

As can be seen from Table IV, the magic formula is not as
yet recliable enough to yield conclusive decisions betwecen controver-
s.al alternative observed 20 values, such as occur in several cases
(see last column of Table 1IV), However, it is striking that, no mat-

ter what value=pairs ﬁcv*' that fit CH are taken, the ma:;ic formula

alwa; s predicts for CH4 a value of D. which agreecs closely with the

=0
highest of the "observed® 20 values corresnonding
to the several competing values58 for the heat of sublimation of

_ - R —
sa.

The extrecnie valucs are 124 kcal and 175 kcale For recent rcviews,
soe He De Springall, Rescarch, 3, 260 (1950); H. D, iagstrum,

Rev. liods Phys., 23, 185 (1951).
L o e T =)

graphite, (Note that Ay is not involved for either CH or CH4.) In

view of the nature of the similarities and differences in the struc-
ture of the C~H bond in CH and CH4 (cf¢ Eqe (25) and Table II; Eqe
(35) and Tables III, VI), and in view of the fact that the only pos-
sibly nceded further corrections to the computed 20 of CH, would prob-

4

ably be polar RE corrections which would increase 20, the definite

-

el
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indisation given by the magic formula in favor of the high heat of
sublimation of carbon may have real significance.

The magic formula should be applicable to radicals, and so,
by the use of differonces between heats of atomization for molecules
and radicais, should permit the calculation of cnergies of dissocia-
tion into radicals,

The magic formula may be helpful also in the prediction of
bond energies for excited and ionized molecules.

The formula, either in its prescnt form or after improve-
nient, may also be particularly useful in dealing with nonbonded re-

pulsiona (see the last paragraph of Section IV).

XI. THE THBECRETICAL STRUCTURE OF CHEMICAL BOND ENZRGIES
Any system of dividing the total energy of atomization of
a molecule into a sum of individual terms is more or lecss arbitrary
unless thesc terms corrcspond to realizable physical proccsses=--as,
for oxample, if 20 is expresscd as the sum of energies rcquired to

rciaove the atoms one by one in a specified ordcr.59 Even then, there

— e = 1
59 For a recent analysis of these problems, see M. Szwarc and M. G.

Evans, Je. Chem. Phys., 18, 618 (1950).
L j

is no unique way of analyzing Eb into a sum of terms, Even in a

purcly theoretical approach, any attempt to brecak 20 down into a sum
of torms raust ultimately be rcgarded as mercly a mattor of convenience
for computation or understandinge In spite of all thesc considera-
tions, everyone recognizes tho usefulness of writing 20 as a sum of
terms of moreo or less theoretical charactere Most often, 20 is cal-
culated as a sum of stancard contributions ("bond energics") one for
cacihh chemical bond--plﬁs corrections if necessary for "rcsonance%,

The standard bond energies are determincd empirically to fit observed

—— i e e R ———.

S e
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thermal data.se

The present magic forrmla likewise is a sum of tcrms, in-
cluding corrections for "resonance",36 and contains coofficlents ad-
justed to make it fit observed thermal data. However, it has (like

the VB theory formulas55

from which it is adapted) a much richer
structure than the ordinary additive bond energy formula, and, 1if
soundly based, should afford a much deceper and riore detailed thooreti-
cel insight into the various factors which determine theo total ener-
glos of chemical binding, and greater possibilities of vrediction.

The pcossibilities of the magic formula for steric hindrance effects
have alrcady becen mentioned,

Finally, whereas thc use of a table of bond enecrgies in-
volves a different cmpiricol bond energy for each kind of bond, the
magie formula has a more univcrsal character in that, for all mole-
cules built fram first-row atoms, or first-row atoms and hydrogen,
it contalns only threo ompirical coefficlentss (llorec will of coursec
probably be needed to cover the whole periodic system,) To be sure,
the nazle formula involves also ccertain other quantitics which must
be detormined: the ovarlap intograls 8, thcorcticelly; tho ioniza-
tion and promotion encrgles, best from empirical specctroscopic data
on atoms,

The way in vhich the magic formula gives insight into the
struoture of cheriical bond oncrgics can best be appreciatcd in terms
of examrlcse For this purposc, refcrence may bc nmade to Tabtle II and
Figure I above, for the CH radical, to Table V belovw, for the N2 mole=
cule, snd to Table VI, Tablo VB indicates, contrary to thc usual
ideca, that ¥ bonds arc weak, that the ¥ contribution to the bonding
is very large, the sum of the o contributions actually being strongly

2 2

nogative.eo Comparing the calculated rcsults for o7 = O and o7 :=0421.,

—————g.
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This can be understood as followss As two nitrogen atoms ap-
proach ecach other, O bonding first sets in, with little hybridi-
zation and only moderate nonbonded rcpulsions; % bonding is weak
because the W overlap integral is smalle At closer approach,
both hybridization and nonbonded O repulsions incrgoses Meantime
the ® bonding increases so rapidly with increasing o overlap that
cquilibrium is not established until long after the & intcraction

sunl has turned negative,
i j

it further indicates that without isovalent hybridization (which is
equivalcnt==see Table VIII-=to partial promotion from E?E? to 224
without change of the formal valence three), the bond strength would
be very small,

A notable feature of Tables V and VI is thc large size of

the nonbonded rcpulsion terms ¥ , ¥ , Y s 0tce, invclving the

inner-sholl (1s) electrons.4o The¢ valence-38hell repulsion torms
g and Y would be large if there were no hibridization (d?'= 0),
A 0/8 ~of,

but are made rmuch smaller by hybridizations Another point of interest
is the very considorable positive contributions made by the nonbonded
attractions (K torms),

The break-downs of the total c¢nergies of atomization into

individual terms in Tebles II, V, and VI are similar to those pre-
61

sented by Van Vleck, Penncy, and others some ycars ago, guided by

‘51 ;
Seo Je He Van Vleck and A. Shcrman, Reve lode Physe, 7, 167 (1935),
for a rcview; also Refse 37, 52, 55+ Refercnce shculd also be
madce to the important work c¢f M, Kotani and colleborators in
Japanes¢ journals,

L - J

theorctical computations and by spectroscopiec and othecr ompirical dat:,
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T_Ri:8 IN CONPUTED N o BOND

TABLE V

Al. CONSTANT TERMS (TOTAL ()

- - ——— - ki e

ENERGY2 USING THE MAGIC FORIULAR

2)(”“ - 2Yk8 - 2ka‘

- 2P 4+ 2K + 2K
0 s¥

14497 = 1,04 = 3624 - 3440 + 0489 + 1,68 + 0,10

A2,-

o T Kngy =&
\d 3_9.96

TERMS INCLUDING THOSE DEPENDING ON IIYBRIDIZATIOK‘

o

%o %o

"
o O
.
™
=

"

-:emAp+2KB,‘L__’e/3 zy‘e‘_ge 9@96 29

+9 96 + 0400 + 0489 + 3426 = 7,15 =

596 ~ 1,04

D
= = 0404

+ 9496 Se.44 +O.(_)§~+ 8422 = 4,38 = 0,05 = 0402 =+ 84,32

—— -

. T

B.

DISTRIBUTION OF T.RMS BETWEEN o AND ¥ BONDSS

__ ' (iz = dz = 0621
s —
o bond: Xgq + £ 2) S 2F /s - eo/\p - SY <14,57 | = 5478
W bonds: 22Xy + Ky + %}j{w - 4P, /s 414,53 | +14.10
. Total (D) - 0,04 | +8.32 |
£ ¢f. Eqs. (33)-(34).
L Eqs. (21)-(23) with A, ~1.16, A y 1453, ¥ =047 (of. Scction IX)
(]

For certain torms wharo thc distribution between the o and ¥ bonds

is of neceossity rathor arbitrary, it has bcen cffeccted as follows.

0f tho promotion energy, thec amount 220 is neccssary for the tri-~

valent valence state, and it is hcro assigned one-third to tho one
© cnd two-thirds to the two ¥ bonds,
crgy 208/ 1s assigned oxclusively to tho & bond, since hybridiza-

tion affocts almost exclusively this bond.

are divided equally betweon the o and Y bonds,

o

The mixed terms }_(_mf“,

—— v

The additional vnromotion er-

et Sl ol ) .H‘M" ‘
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TABLE VI. STRUCTURE OF ATOMIZATION ENERGIESS
A. HOMOPOLAR DIATOMIC MOLECULES

c Terms in Atomization Encrgy (ev)E EnBonc;
ergles
W\ and X ev)g
&6 Terms 6)X¥ Terms Terms |
-p2 Il x (2}3)3 Y X X X 2X |loross|Net |
Fy [[=0+80 16425  (-0425) =1.01| 0483 | === ~-1429 0.04} 3,92 3.12 |

0y |l =¢.31 17495  (=1.60) =5.50] 2421 | 6.29 =2.62 0.08!| 9,398 5.08f

Ny 11=8,84i8.22 (-4430) =B8.73| 2460 [14497 ==~ 0.10/|17,16 | 8,32
( B. HYDROCARBON MOLECULESE
) le CH Intragroup Torms (ev per C—H Bond)
&l
o,h Torms h,h ",h
X () | Ix | o 2K
u e N e
CI{ 6.73 ("0.62) "1.71 e 0040
]
CH4 6066 ("'0070) -l.OO "0065 0082
02}16 i 6463 (-0468) 0497 -0,44 0.83
C H, 6477 (=0.74) | =0.90 <0418 || 0486
/6% oo, .89
C o || e | (o |owo || - Jlo-09
2. Inter&roup Tcrms (ev per Molecule)
HewH and Ce=H Terms C=C Torms
h,h &,h N,h 6,6 Torms 1 on AN and AN
o | S
I [oxpelsy o |l x | ovpfsy |5 | x | 5r | 5
C2H6 -0;.56’ (=0,07)2.86]| 0435 ||6,20 (=l ¢38)2416|1eB6| w=e =1.20] 0,06
02H4 =0e21 | (=0.07)m2,26] 0,30 |[6+72 (»2¢54)343 (2648 {5656 {=0.,96 | 0,09
i
(_ CgH, |0.0L | (=0.02)F0.67]0409 ||7.22 | (=4428)}-4480 2496 1245 | === | 0413

- ot
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TABLE VI. STRUCTURE OF .TOFIZATION ENERGIESE (continuod)
C. HYDROCARBOW BOND ENERGIES (ov)2

! l
C—~—H Bonds |iC—C, C=C, or C=C
___E.F_x-}i*.,-gr:eas- L._ Net I Gross | liet
!
95 5042 3047
i
"1042 5.75 4.33
-2,.845 3.51 0,67
-1.465 6425 I 4,79
=5.86 , 9.48 3462
=1.63 6485 | 5422
765 | | 17.67 7.91

Ia

Comyuted by megic formula with coefficicnts as in v = 0,7 colum
of Table IV. The terms are grouped by typve (X, ¥, X, P) and by
category (6,0 o,%; etce), in a way which will be mado clear by
coitpcrison with tho detailed tablo of terms for Nz (Teblo V, with
of = 0.21.

The nature of the terms in detail can be scon in Eqs. (28)-(31)

for O, Eqs. (33)=(34) for N

5 and Fz (also Table V for Nz).

2

“The net bond ocnergy is thc sum of all the terms listed (except o

Xk's (gg. footnote @), which arc included in the Zz}s). The
gross bond onergy is thc sum obtained cxcluding =P and so corrcs

pondg to thc cnergy of formation from tho promoted valence stc ..

- A 2
P, + 20€¢/P with P, and /\p from Table VIII and

IV (¥ = 067 colum).,

"D is 2 from Trk_.o

These suwas represent those portions of the immecdiately~followi..«

2{13 wiilch result from nonbornded rcpulsions betwecn the inneor
shell (K shell, 122 or 5?) clcctrons of onc atom and tho valeonce

clcctrons of its ncighbor, They arc separatcly listed to show

T . o s W

e e e e ke
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their froquently lerge mognitudo,
Horc for the 32:8 ground stato of 02, an additional tcrm 40,98 ev
(dotcrmined ompirically froa the molecular spcctrum) has beon ine-
cludud, oqual to the oxtra bond encrgy of the Sng statc as com=
parcd with tho %C% state for which tho magic formula computation
was madee

In cn4, and within each CH  group in C Hn (m = n/2), thoro aro

2
C~H tcrms (introgroup dh and #,h in Table VIB) and H==H tcrms
(intragroup h,h in Table VIB)s In addition, thcro are in CQHn
also intcrgroup tcrms of thrce kinds: He—=H torms, botwcen oneo Hm
group and the othor; C==H tcrms (0,h and ,h) botwoon Hm in one
group and carbon atom cloctrons of tho othor; and carbon-carbon
terms of various catcgoricse (Sec Eqe (25) and Teble II for CH,
Eq, (35) for CH4, and Teblce III for Czﬂh, for a complctc listing
of all thesc tcrms; cf. also footnote 55s)

th 0t the

Each C~=H bond cnergy is tcken (cfe footnotc 55) as onc m
sun of the following tcrms: (a) ell intragroup C=H and H=H torms
in CHh; (B) all intergroup H=-H turms; (¢) ono~half thc sum of the
intcrgroup C~=H tcrms, Each C==C or C=C or C=C bond cncrgy is
tcken (cfo also footnoto 55) as the sum of (2) one=half the sum

of the intergroup C—H tcrms; (b) the total of all C—-C tcrms, For
cach nct bond cnorgy, a tcrm (cf. footnote x below) ~P 4 RE fron
thc sccond column 1s included; for the gross bond cncrglos, thesc
prostotion tecrms arc omittcd,

The valucs in this colwmn arc 2ll per bond (C~~H or C——C or C=C

or CZ=C). For CH, RE = 0 and =P = =P - azgg, v th P ond AP as
in Table VIII, ond o = 0,155 (cf, Table I), For Ci,, =B + RE 1s

ong—=fourth of (=697 4 1e28), vhcre 6,97 ov is thc tctrahedral pro-~

motion cnergy P of carbon (Table IX, casc D), ond 1le23 cv is the

t

il ko S e ) B b BOSE
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Vogo rocsonancc enorgy (_13_1_3_) correction V (scoe Soction IV and Ref.
37)¢ Sinilarly for CZH (somowhat erbitrarily), tho amount
n

‘ -(_.’:t - y_)/‘} is assignod to sach individual electron-pair-bond tore-

minus cnding on carvon; hcneo =(P, = V)/4 to cach C==H bond and

t
—-(_z;;/z)(g_t - V) to tho carbon-carbon bond, with g = 1, 2, 3 for
02H6, 02H4, and C2H2 rcspeotively; noto that Et diffcrs somewhat
in thc three molccules (sco Table III, cspocially footnotcs b, c);

cfe also footnoto 55.

e i et D 4 kil -
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Howover, the individual torms arc now in many cases much larger,
Thore are tﬁo main roasons for this diffcrence: (l) -tho toerms corres-
pondlng to inner=-shell:outecr=shell ropuls1ons carlier woro almost al-
ways neglectod,'whoreas actually they are probably fairly 1arge;40
(2) tho possibility of hybridization was usuall& noglected earlier
except for CH4 aﬁd ¢ H, and excggt for CH, NH,_and.OH in a rccont

2n 5 ;
5? When thoso two cffects are considored, one ar=-

paper byAHoffitt.
rives at much largoer bonding torms;thén whoen thoy arc ignored,

By making shitﬁblo combinations of indiviéual térﬁs in the
magic formulé, thooropicai oxpressions or numerical values can-be ob=
tainoed wﬁich aro countérparts of the ordinary "bond oncrgics"s In
thé casc of diatomic molocuies, the bond encrgy is thc samec as the
atonlzqtlon enorgy, hence is the sum of all tcrms in the magic formula,
For polyatomic moloculcs, as 1llustratod by tho hydrocarbons Czﬂi in
Tablo VIC, thore 1is sone arbitrarinoess (cspociallv for the nromotlon
cnergy corrcctions) in diV1d1ng the total qtomlz‘..tlon cner gy among

the carbon-hydrogen and carbon carbon bonds.G?

I g - a—

9 For carlicr VB theory discussions of the division of 26 among

bond cnergics, soc Refes 55, cspeccially tho papcr by Scrber,

-

The ordinary‘_ussumptions38 of approximto constaney and
cdditivity of standard bond onérgios have becen criticized by Sorbor62
and OthOPqug It will bo noted that the mogic formula yiclds doefi~-
nite bond cnergies which aré not nccessarily constant or additive;
but in particular cases whore they actudlly aro so=-os for cxample in
.a scrics of moloculcs such as tho normal paraffins==it should be able
to show the roasons why;vénd in cases where they are not, it sh ould |

‘make clecar the rcasons why notg 'Horo.tho magic formula (nrefcrably

in a futurc improved odition, including if possible a systcmatic
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fornulation of the RE torm) should give interosting insightss As an
cxXamplo, using the prcsent magic formula=--and probably significant
in spito of the latter!s llmitations--Taﬁio VIC shows approximate
oquality of C=<H bond strcngths for CH4 and Csz--a rclation which
presumably would cxtond also to the higher paraffins-~-=but somewhat
varying Ce=H bond strcngths for othor types of hydrocarbons.

As Van Vleck clcarl§~pointed out in: the casc of hybrid car=-

bon bonds,,e"5 it is uscful to distinguish betwoen gross bond oncrgles,
Cfe Refe 61, pe 195; also Rofe 37. . oy
e : : :

J
roforred to atoms in suitable valenco states, and net bond Gnorgios;
represcnting what is left aftcr promotidn oncrgy doductionslhaﬁc beon
madee5? ‘Gross bond encrglcs arc trucr mcasurcs of rcal or iﬁtrinsic
. bond stréngths, and it is with theso rother than with nét bond cnor=
gios that cquilibrium distancgs and forcc constants shoﬁld tcnd to be
;coirolated. (This idba should; howevor, be applicd with caution,
‘sinco dogrces of hybridization or pronotion may oftcon vary dﬁprcciably'
'with<inﬁeratcmic distances cven ncar cquilibrium; for sufficiently
largo distancos, of course, theoy rust chango,)

- Table VI 1lists both gross ond net bond cncrgics for a num-
" bor of bonds, as computed using the magic formula baséd on the ¥ = 0,7
colwm of Tablo IV. Intorcsting, and probably significant 1n,spité of
the preliminary.character of the prosdnt magi; fprmuia,.is the slowly
incroasing C=~H bond strength from CH %o CH {'c H, CH,and C.H ,

: 26 2 22
in spitc of a ncarly constat rrimary bonding torm.zh .6 ‘For the

] 1
‘For an carlicr VB calculation, bascd on similar consideration of

f

64
varying hybrid charactor in the carbon bonding A0 in the C~—H bohd,
and in thc bond encrgy of the lattor, sce T. P8rstor, Zeits. I.

Physike Chemic, 43B, 58 (1939), in particular thc Figure. In a
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reeent somi-crndirical analysis rclating bond cnorgios te tond dis-

tancos, G. Glockler (J. Ciicine Phys., 16, 842 (1943)) olso obtains

e s s, sl |

similar rcsults,.
| )

62

carben=carbon bonds, thce comnhutcd variation from C—=C to C=C to
C=C in Tablo VIC scoms to boc too rapid, ond this irprcssion is con-
firmicd by rcferenco to Tablo IV, whero the computod atonization onagy
(for ¥ = 0647) 1is rclatively too small for CZHG and too largc for CZHz’

as conporod with the obseorved values.65

{ - - 1

69 20s8sibly hypcrconjugation (R. Se Mullikcen, Ce Ae Rioko, and Vie Go t
Drevn, Je Ane Cheme Soc., 63, 41 (1941)) is partly rcs»onsible.
However, the authors mentioned estimated the hyperconjugation

cnergy per niclec as 245 keel for C2H6, and 545 kcal for 02H4, not

P PPy Aoma

nearly large enough to account for the discrewancies under dis-
cussione It secrns just barely possible that a revision of the
calculations (cf. footnote 30 of Refe. 74) might sive considerably

crger computed hyperconjugation encrgies,
1 N

An interesting problem is tihe possible resolution of the
(net or gross) bond energy of o double or triple bond into a ¢ bond
energy plus a Y bond energy or bond energies. Unfortuncately
there is no uniquely justifiable logi=-
ocl basis for doing soe. Neveirtneless, it can be done in one or another
vay 1f one 1s willing to accept a considerable degree of orbitroriness
(nartioularly so for net bond energies) in making fractional assigne-
1:ents of sorie of the terms in 20 partly to the s and vortly to the W
bonds. The terms in question include the promotion energy, the o K
terms, and in CZHn the H~—H and C—H intergroup terms of Table VIB«.62 ]
One wa- of naking such o division 1s illustrated by Table VB for the

nitrcgen molecules This makes the o net bond encrgy regative in the
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TABLE VII

6 AND M BOND ENERGIES

‘ ASSUMING CONSTANCY OF C—~H AND C~~C & BOND ENERGIESS

! Bond Enorgios B (ov)
Bond : Typo b o
Net= ross—
— e ta _-—_—1{—... _-_——A ------- -—e-. [ ] - ol - - ....—E_E - e . e
B—H in Ha o 4448 4,48

C—~H in 054 o 3,78 or 4,35 5020 or 5.77

C—C in CZHG o 2,41 Or 3455 5e26 or 6,40
= C=C in C E {0\ [2.441 or 3.55)&

L § 24l X 1,69 or 2,83 4,62 or 5,76
C=C in C_H {6‘ | [(pos1 or 3.55]4

22 L | 1448 or 2,62 | 4474 or 5.88

£ This matcrial was first prcscntod at a mcoting in 1942 (footnote

3), and was lcotoer publdshed in part in Refe 7 (scc footnotos i

to Tablos V and VII thcro)e Sco also feotnoto 62,

P‘ Obtainod as follows (and sco Tablo IV, footnoto ¢o):
= o 4
g(cmnn) AHp(C H ) + nL éngo(ne)
B(C~=H) = @O(CH) ; B(C=C) = D (c H ) = 6B{(C=H] ;

Bg(C=0) = D (C_H) - 4B(C—H) - B(C—C) ;
B, (C=0) = ;TD (CB) - 2B(C—H) - B(c-c_|

o

B(gross) = B{(net) + im(P - V), withm=1for CH, 2 for C H,
= = =t - = 4 2n
and V = 128 ev (cf. ‘Tablo VI, footnoto k), vith zt valucs from
Tablo IX.

_€_1_ Asauniod,

§
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N2 triple bond, and the ¥ net bond energy very large and positiVe;60
Applying the same method also to other molecules listed in Table VI,
one would obtain as a general result that ¢ net bond energies are
positive for single bonds, near zero in double bonds, negative in
triple bonds, The ® gross bond energles appear to be always positives

A very arbltrary but simple way to obtain separate o and A
bond energies is to use the assumption of constancy of bond energies,
including equality of energles of ¢ bonds in single and multiple bmnds.
Although this procedure connot be logically justified, ond is seriously
at variancevwith the results of the magic formula approach, a few ro=
sults obtained.by it may be of'interest_for comparative purposes (see
Table VII; the assumption of constoncey of & bond enerzies is embodied

in footnote b of the Table).

XIX. DEGREES OF HYBLRIDIZATION AND BOND PROPERTIZES

; Recently eviaence haé appeared from a nunber of sources
indica ting the essential.importancékof isovalent hybridization‘(i.g.,
partial hybridization without increase of formal valences~—~see Sectim
iV) for the energy and other properties of many moleculess One of the
most interesting aspecﬁs.of the maglc formula, taken ih connection
with the procedure for moximizing 20 as a function of dogree of iso-
valent hybridization, is its ability to yleld information about the
latter quantity (see Table IV, v = 0q7 colunn, for results on CH, Nz,
02, anad Fz). 'Moffiﬁt55 has already anplied_a similar wrocedure ;o
CH, IH, and OH, using a conventional VB formula with smaller values
than here for the X!'s and Y's, and neglccting the Xk's;sl he ob=~
tained calculated degrees of isovadlent hybridization somewhat smaller
than hcre.

The interpretaﬁion of information on the following proper-

ties of molecules has also yielded rough values for degrees of
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66,67

isovalent hybridization: moleocular dipole moments, atomic eleo-

{ -7 i
6
‘ 8 D. Zo Robinscn, Je Cheme Phys., 17, 1022 (1949), theoroctical cal-

culations on HCl,.

6
i Ref, 7’ De 541,

L PSR CHRT PSS, |
67,68

tronegativities, molecular quadrupole momcnts,69 coupling con-

; i
o8 The effect of isovalent hybridizction on the electronegativiitloes

of N and 0 was discussed in Ref. 34 (p. 787 ond Table I), and it
was pointed out there that the observed (Pauling) clectronega-
tivities of N and 0 could be explained (aside from an improbable
explanation using "second-stage clectronegativities") only by as-
suning fairly large amounts of isovalent s,p hybridization, For
the trivalent N atom, the result was 44%, which, however, now
seems rather too large to be credibles In the scme discussion,
Poulingts clcetronegativity for the corbon atom was found to ogree
fairly well with that ccloulated by the writcr for a tetrahedral
hybrid carbon AO.

69
(_ Ce Greerhow and We Ve Smith, J, Chen, Ihvs., 12, 12938 (1951),

exnlanation of molecular quadrupolc moments deduced from rdcro-
veve line=broadeninges Theoretical comjutations indicated that
20% s,p hybridization in thec 6 bond of N, and 5-10% in that of

02, cculd explcin the na nitudes of these quadrunole omentsa
\ :

- e+ e

stants of lnoleculur face~fields with nuclcar quadruvole uonents,

— - ———

Cs He Tovmcs and Be Pe Dailoy, Je Chens Phys., 17, 782 (1949):

70 L

( "Hybridization of the normal covalent bonds of N, Cl, and As with
- at lcast 15% 8 character is clearly shown,"

= P |
71

{

absolute intensities of molcculsr clectronic spectro, The degrces
g

WV SN PRy MW

2l AP o oEpve

O e .
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7L "He Shull: intensities in 02 and N2+"spectraA(to be published

soon) .
.

of isovalent h&bridization indicated by all) these methods agree
roughly with those-by the present method.

A brief discussion will be given here only of the effect of
isoval ent hybridizaticn_on dipole moments and on electronegativities,
Robinson66 has shown‘fhat if HC1l were covalent, it would have, acoorG-
ing fo a VB theory calculaﬁion, a\considerable dipole monent of polar-
ity $o1t if thers were no s,p hybridization, while about 12% s.p
hybridization in the chlorino bonding AO would.give%a dipblg monen t
of the obscrved magnitude and with sign gtc1-, ACtudlly, there is
no reasqnable doubt that HCl1l has primcry heteropolar cha racter of
polarity #tc1”, so that less thon 12% hybridization would be suffi-
cient to account for the obéerved moman te Héwever,~the VB calecula-
tion is not reliable enough to permit quantitative-conclusionse ~ The
mein point to be emphasized hore is that dipole moﬁents are extremely
scnsitive to small amounts of isovalent hjbridization. _

In a rough LCAO calculation,67 the writer cbncluded that as
nuch as 20% S,p hybridization in thc bonding A0 of Cl in HC1l would be
necded to explain:'(g) the observed dipole moment; (b) a sufficicnt
elecetroncgativity df the chlorine ctom to account for the latter. The
scoond point is quite distinet from the first, and is also of intorest

for itsclf, .Some time ago,54

in setting up a seml-thcorctiecal scalc
of clectfoncgativities, the writer pointed out that the olectrbnegan
tivity of an atom should vary greatly with the type of bonding AO it
was using, dqd in the case of a hybrid AO should depend strongly on
thé degree of hybridization, As aprlicd to the chlorine atom, the

writer!s cdnclusion67 wos that, for it to have the degree of
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ilectronegati#iﬁy necessdry to icoount for o strong enough HYC1™

1oterooolar1ty in the H-Cl bond to roproduce the observed HCL dlpoie
momaut, there must be a considoruble amount of S,p hybridization in
the bondlng AO. Regardless of the. qunntitatlvo soundnoss of the con=
clusion in this partlcular casey 1t is clear that isovalent hybrldi-
zatiqn must be of essentlal 1mportance ‘in determlnlng tho;actual elec-
tronegativ1ties of atoms like N, O, and 01.68 7

. The ef;ect, on electronegatlv*tlos, bond stron”thq. bond

9 engths, and dipole moments, of varylng dogrees of hybridlz“tLon of

c’bonds formed by carbon atomsew=in portlculﬂr, of C—H bonds in CH4

and C H , C H s C_H wehas been:d 1scussed by vorlous au'bhors.g72 &
: 26 2 4 22 e 5k

‘1 E
72 Ref. 64; Ref 4 (Flg, 2 and p. 4500, and rexorancos 1ﬁ footnote :

24 thore), Ao Macooll, Tronse Foradav Soc., 46, 359 11950). and

~ soe Table VI above,

XIITI. ;GRITiGISMS AYD POSSIBLE I/PriOVEMENTS
oN THE IAGIC- FORMULA '

As has ‘boén emph351zed abovo, the prescnt mabjo formula .
(cf. Section IV, in particular Ref. 30), both as to 1ts preclse form
and as to the choice of numcrical velues of its cocfficients, is
still pfeliminarv? In‘this Scction somne oritioismo of its possiblo
shortcomingo and SQhe>§ossibié'load§.for its-futuro:ifprooomenﬁﬁ%iil
be sLotched. o . )

-= -~ First of all, it mey be an ovcrsimplifioﬂtion-tollumetho_f

“Coulonb“ torms C of VB thecory into tho other terms (corpa ro Eq. (Bi)
with Egs. (19), (20)), This oroceduro vas adopted because in the.VB “
theory for Hé, the theorctically cmnputod Coulomb tern C is rolqtlvdb
waoll, capecially at tho oquLlLbrlum R also because in LCAO MO theory

for Hy=-which was used as a basls for the adopted form of the X!s
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(Eq. (22)) in the magic formula==it was found empirically that the

sun of Coulomb plus orror terms (C + Ef in Eq. (4)) 1is small, How-

37,55

evor, thooretically conmputed Coulomb cnergics indicate that in

C~—H bonds (and in general whonever p® and hybrid @ bonds are present)
the Coulcmb terms of VB thoory are much larger then in H‘2.73

73 |

Also in Liz, the Coulomb onergy seems to be relatively larger

If so,

than in Hz'(gg, He M, Jamos; Jo Cheme Physe, 2, 794 (1934},
L |

the fact that the moglc formula, using Eqs (22) for the primor; bond-
ing torms X of VB theory, works as well as it doos may be o result

of the likely possibility-that in gencreal thé Coulonb to:ms, if ac-
tually imwortant, may be norc or loss proportional to the ovorlap
integral S. The fact that the value of Ag, dotorrmuned by fitting CH
ond other molecules involving po and hybrid-AO bonds, is too large

2
sence of much larger Coulomb torms in tho former. Howcver, all this

to fit H and Li2 right then bc explcainable as a result of the pre=

is as yet h&pothetical.

Another rathcr uncertain feature in the magic formula lies
in the method of calculating the nonbonded repulsions bctween innor_
(horo 18) and outer clectronss As computed using Eq. (23) with:i
velucs taken as averages of ls and outer=-clcctron I valucs, these
partiocular nonbonded repulsions arc often rather lorge (cf. sz col=

59 for

urms in Table VI). Although there aro rather good rcasons
.giving ercdonce to thosc large valucs, a mers thorough study==theor-
otical or empiricai--would be dcsirable. (It scems possible cven
that such a stud might point to éomowhat larger rather than smaller
valucs, )

When a study of the effect of Coulordb terms is made, pos-

sible cffccts corrcsponding to the "multiple oxchange intcgrcols! of
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VB thoory?4 should 2lso be lookod 1ntoe
With oxplicit inclusidn of Coulomb torms in the magle for=

mula (and possibly smaller_gk ternms), ioading to smaller A spond re-
vised ém»and.v #alues, tho rosﬁiting revisod Table IV night pcrhaps
show improvdd agreenionts botween computed and ObSOPVOdVEO values, in
particular for Hy, Ii, ond - 32,56 and for the molooules O H » (For
CH Hand Cth, polar RE corrcctions for the CH bonds, nogleected in

4
Table IV, should be includods). With smaller A valuos, the X's and
xis'would bcéome gmalldr,:ﬁnd theroby cioser to tho muoh.sﬁallcf cf~'
footive éthange integrals indicated by thg egrlior'work of;Van Vleck
and othcrs.Gl_ : ; | .

Thc magie formplé should of coursc be tested and édjustod
by fitting to more'moleculos, incluaing molcecules containingvatoms
higher in the pepiodfc systen, For-ﬁhiS'purpose,”it willrbo necéé-
sary to obtain self-cbhgistcnt-field S valucs for overlaps botwoen
such atons, VThé hybridizatién situation will quo bc morc compli-
catcde :

The usefulnoss_of thé preéent magie formula is to some de=-
groc limited by the faet that corroctions under the genaral headlng
of rcsonancc enorgy arc often nceded (cfs Scction IV); thesc correc-
tions, although usually of modoratc sizo, must be obtained by out-
sido considorations, Thoy dro necded in the following situctions:
(1) where strongly‘poiar bonds cre prcscnt;‘(g);wboro thore is un~

usuqi stabilization by conjugation or aromatic resonance;74 (§)_thr9

!

T N ;
74 por a theorotical analysis and somo theoretical computctions of

conjvugation and rcsonancoe énergies, scc Re Se.Mullikcn and Re G,

Parr, Je Chem., Phys., 19, 1271 (1951), Scrbor (cfe footnote 55)

has olso discussed thec problam, Mulliken and Parr also give some

i cnalysis  of hypcrconjugotion cncergics, , _J




3

3 4

- 68 =
atoms ore present in a partinlly domotcd valcnce stato.

With rcgard to polor bonds, rofercnce may be made to Seo-
tion V oboves In cxtreme ionig bonds, the procedure indicotod: there
fails, but the magic forrula should now be valid with thc molecular
strustural ﬁnits takeoen as ions instcad of ctoms, and an ionic attrac-
tionvtorm addod, |

In addition to RE tcrms likc those uscd in VB theory for
aromatic or conjugated.moloculos; a small second-order hypcrcon juga=
tion RE torm.65’74 18 probably nceded in the magic forrmula for C_H ,

24
caﬂs;, and highor olefines and paraffins, _
' The magic formula is particularly good in cascs whore there
is only isovolent hybridization (cfe Section IV). Herc the usc of
hybrid~A0 S valucs, togcther with a subtractive corrcction for the

corrcspondlngﬂcxcoss promotion cncrgy, complctely tokes care of the

cffect of hybridization on D ¢« But when, 2s in CH, and C H (cf.
: ‘ o ) 4 & a0

Scetion IV), pluvalent hybridization is modificd by partial.dcmotion,
no simple way is apparcnt for taking coro of the damotion cnergy ex-
copt by an RE corrcction likc the Vogo corrcction in Tablés III and
VI. Like other RE tcrms, this one must bc coiputed or cstimatéd by
spceial mcthods.' |

| Finally, it may bc rcealled that the usc of tho mogic for-
mula is at proscont limited to molceculces with bond longths at their
equilibrium valucs, cxccpt with rcspcct to nonbonded intcractions
(scc last paragraph of Scetion IV). It sccms possible fhat,‘when por-:
feeted, the magic formula may to copable of reproducing D as a funastia,
of all thc intcratonic coordinatcs for large ronges of thesce In ro-
lation to'this,possibility, the magic formula, taoken in cdnnoction
with thc stondard proccdurc adopted abbve of always maximizing the

coiputod 20 with recspect to degrec of hybridization, has tho vary
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good property that it pormits ncuvded adjustment of hybridization
with varying R without oxtra complicotiona.

Al s bl AL 0 i i &
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APPENDiX I. VALENCE-STATE ENERGY DATA
TABLE VIII
SOME VALENCE-STATE ENERGY DATA
APPLICABLE TO FIRST-ROW ATONS WHEN IN LINEAR MOLECULESS

P

Promotion Enorgieéh Ionization
Ground Enorgies (ev)
Stato ' = g e

Statel Po(ov) State—. NP (ov) I - T =

X L
2

8y S Sy Vl - OQOO bl ol L) (66) 5639

8%p2, 390 sZa, v, 0.49 || s&®N, v, 9.45 || 288 | 14.88

s%p°, 43 s %o, v, | 2.0 a0, v, |(12.60) ((398) | 18,11

s2p?, 3P2 s %N 2, V1067 |is A2, v, | 6.0 | 550 | 21.22

3/2

2.5 2 2. 2 2 = ;
s%p°, 2p e T V| 0.02 saPen 12, 5 [20.92] || 636 [24.68)

S

[=)

{o

{o

All cncrgics are in ev, assuning 13.60 ov as thc ionization oncrgy
of tho H atom, S
P dcnotes cnorgy above the ground stato,;ﬁg the additional promo-

=0 ?
tion c ncfgy to rcoach the state listeds The 20~valuos arc from Ro:

34, and thc Ag valucs (cstimated uncertaintics a fow tonths ev)
are from data iﬁ Rcfe 34, oxcopt the valuo for fluorino which is
cxtrapolated. (The valucs for corbon arc slightly inconsistent
with Voge!s gi’ gé, and Et valucs in Tablc.IX, but sinco tho prec-
sont valucs had alrcady been uscd in the later computations, it
did not soom.ﬁorth'whilo to rcodjust thome Voge's parancters wald
load to B = 0432 and P+ AR = 10,04 ov.) '

Tho detailed configurations given corrcspond to quantization in o

forco-fiola‘of cylindric syrmctry, as in diatomic or other lincar

molocules; the symbols s, Oy W, ﬂ!, rcspoctively mcan 28, 2po,
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2pfY; and 2p¥”,
The _;x valuos aro 1s I's of Holweck quotod by Douvillior, J. de
phys. ot le radiun [6], 8, 1 (1927)(sce also J. Thibzud, ibid.,
8, 447 (1927)), corrcctcd slightly to agroo with footnoto as
(Actually, slightly higher cstimatcd voluos-=291, 401, 542, 696,
for C, N, 0, F=-wcro us.d in thc calculations in this papcer.)
Tho I valuce aro L sholl valencc-state valucs from footnoto 34
or fran data givon therce, obtainod by averaging over ti by 3 + n
olcctrons in tho g_za‘ﬂm velenco statos abovo. For cxaplo, EL for

nitrogen is ono=fifth of
21 (azoﬂfﬂi,v <> soMit,v ) +1I (a%«m:,v . | szfﬂﬁ!,v )
8 3 4 o 3 2

+ 211(82@‘“’“‘"\73 ‘) 82a\ﬂ’V2) .

T
e L. e N s s B
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APPENDIX I. VALENCE-STATE ENERGY DATA (continucd)

TABLE IX
‘ VALENCE-STATE ENFRGY DATA FOR TETRAVALENT CARBONE
ety o .___::_. _g___
case Statae P, (ov) I_(ov)=—
e i o e D =, PO ey S t . = ._.-..I.' T
A so¥ Y ., Vv 8.47 13.68
X K4 4
Al sofie, V4 8.78
B! didirfte, v4 7479
i
1 C trtrttr"oy \.r4 Tel4
D 1 tetotteMte"y, V 6497
SR P U e s e O %_._ . S g

—— e e

I

di, tr, to rcfcr to digonnl, trigonal, and totrchodral 2s,2p hy-
brids rcspectivoly. gt dcnotues promotion cncrgy to o tetravaloent

valoncoe statce The valuo 6,97 cv for Case D is fraa He H. Vogo,

(_ Je Chom. Phys., 4, 581 (1936); 16, 984 (1948): Tho valuos for tho
othcr unprimoed cascs arc obtainod fraa this by using Voget's 1948
valucs of 62 (0e21 cv) and Gl (2¢24 cv) and a formula of Je. He Van
Vleoek, Je Chom, Phys., 2, 20 (1934), Eq- (7), noting that Casus D,

C, B (didimxﬁy), A, corrcspond to M =%, 1/3, 4, and 1, rospec-
tively in Van Vlceck'!s fornula, The cascs A', B!, arc obtaincd

from A and B respcctively by adding 13 62 (g{. Tablcs in Rof., 34).

jo

(. Stato A. Sincc thc wholo magie formula proccduro is rough,

.£ for Statc A con sorve for all tctravelont statos,

Tho AO symbols coro in part as in Table VII, notc ¢; in addition,

Onc=fourth of 23 plus thrcc—-fourths of 2p ionization cncrgy for

SR
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APPENDIX 1II
ENERGIES OF ISOVALENT HYBRID VALENCE STATES
)2

For thc carbon atom in tho stato k)2 ho )y W), v

e Ve
first considor the antisyrmotrized wave function writton in determi-
nant form, (6!)'* Dot k(1) kr(2) b (3) h *(4) h,(5) %(6), whoro
the umprimcd symbols refer to AO!'s with positivo spin (_x_n.sz +4), tho
primod onos to AO's with nogative spin (m = -%), Writing out Bo

and 9_/3 as por Eqs. (24), the dotcrminant may bo cxpandod (cfe, €ege,

lHargenau and Murphy, The Mcothenatics of Physics and Chemistry, D.

Vor. Hostrand: 1943, pe 289) into a linear combination of eight deter-
rminonts of which four vanish, and the remaining four coribine (using

o +/§2 = 1) to give the result
\p(k2 hcﬁe 73 X) = 014)(1{2 s pof 'N)+/9¢(k2 sLpom . (37)

This derivation is for the cnse of 2 carbon atom with 38‘-' +% for the
spins of _Qﬁ and Y. 4n analogous derivation evidently holds for each
of the other three possible coubinations of Es values for these two

AQ!'s, hence also for the k2

n 2 %?f, V2 volence state, since each

V2 valence state wave function is 2 linear combination, of like form

in all cases, of wave functions for the four different _138 combina-

tions nentioned,

W. Moffitt, >

- M
gs Proces Roy. Soc., 96A, 524 (1948), top of p. 527,

L S P S|

in o similar discussion of hybrid valence.

states, arrives at a relation the same os Eqs (37) exceot that, ap-
parently erroneously, he gives dz c:rxd,()2 as coefficients instead of
o and,ﬁ. In 2z loter pnper',':x5 he mckes computations whose results,
when graphed (his Fig. 1), are in agreement with Eq. (38) ond Table

VIII of the present paper.

-t i i,



—

E— e A . g

- 74 =
v — * ~ ~ -

By computing E = S\P HlPdv with + taken s a V2 valence
stote function given by an equation corresponding to Eq. (37), one
obtains, after noting that the two terns on the rignt of Eq. (37)
are rutually orthogonal if ortaogonal AO's are used or in general if

4

true excct 4"3 are used,

E (K th? rp ", V) = FPEGE o po ¥, v,) + oCE(k s pof ¥, v.)

(38)
= E(k" 82 p°, °P) + P, + o“Ar,

where _130 and& have the iteanings ond the numerical volues given in
the ccrbon atom entry in Toble VIII. (The derivation of Eqe. (38)
btased on determinant wave functionsg, though strictly not exnctly
valid rSr true exact wove functions, should be very necrl; sc, and
entirely satisfactory for present purposes. The values of 20 and
ng listed in Table VIII, being based on spectrosconic data, corres-
pond to accurate wave functionse)

For hybrid valence stotes of other atoms, like that of car-

h Jese, but cecntaining ad-

y

ditional ¥ electrons, equntions znalogous to (37) ~nd (38) con be

bon in having the configur~tion k)2 ho

proved by the sames kind of procedure,
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