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PROPOSITIONS

The electron diffraction method is the most generally appliczble

method for determining the structure of gas moleculss.

The molecular structures of the chloroethylenes efford evidence
for the resonance of molecules among different electronic

structures.

The wven der Waals forces between hydrogen atoms can be conveniently

caleulated by the use of @ set of ortho-normsl functions which

sre different from the hydrogen atom wave functions.

The molecule-ion, HeHV, is stable, the stability being cue to
the partizl formation of & covelent bond and to the polarization

of the helium aton.

The molecule-ion HeH++, is unsteble., The molecule-ion H8H3++ is
probably stsble if constrained to the symmetrical linesr config-
uration but ig probably unstable with respect to dissociation

into HeH' ond HY.
The group V pentehslide molecules are trigonal bipyramids.

In spite of the general epplicability of Pauling's theory of bond
directions it does not lead to unambiguous resulis in the case of
the group VI tetrshalide molecules and ions isoelectronic with

them,
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The treatment of double bonds by double bond orbitsls is siaple
enalytically but faces serious theoretical difficuliies snd, in

the case of POClz, is in dissgreement with experiment.

The existence of covelent compounds znd ions containing the inert
pair is due to the utilization of execited orbitals for bond
formebion.

In the A1(OH)z sol snd the Cr(OH); polymerization products the
oxygen bonds should be equivelent; contrary to the picture givean

by Thomast.

It is time to stop writing nitrogen with five covalent bonds.

-
The explemetion of Lessheim and Samuel® for the increase in

disgociation energy of NO upon excitation is incorrect.

The "lambds point™ of liguid helium end other similer phenomena
are neilther second order nor third order phuse equilibris but

exnibit some of the charscteristics of both.

Chemistry 1 at C.I.T. would be improved if the lectures and fext
books placed more emphasis on writing chemicel equations in the
ionic form.

The reilroad compznies should speed up the service between Los
Angeles and San Francisco by operating buses between Los Angeles

and Bakersfield which would nmeet the trains st Bskersfield,
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Introduction

" The first of the guantum mechenicel csleculations of the
stability of molecules wes the itresiment by Burraa;) in 1827 of the
hydrogen molecule ion, Hg+. Previous classical treatment of this
'problem by Pauliz) and Piessans) had feiled to give resulis compatible
with experiment. Burram's czlculation showed that the potentisl
energy of ﬁhe system for 1l finite internuclear distances greater
than sbout 0.6 A was less than the energy of the hydrogen atom. The
potential energy curvepossessed a minimuwa of .2083 Rhe at an inter—
nuclear distance of 1.08 A. This result was obtzined by & numerical
integration of the weve equation after separation of varisbles in
confocel elliptie coordinates. Other treatments were given by
Hylleraasé) and Jaffe5) who, while using different methods, arrived
at the same results. The value obtained for the dissociation energy
after teking into zccount the zero point vibretionsl energy is
2.859 £ 002 v.c. which is in complete agreement with and probably
more accurate than the existing experimental velue. This calculstion
was thé first theoretical Justificslion of the concept of the electron
bond, in this case a one electron bond., A less precise bub much
simpler discussion of this molecule was given by Paulings) who treated

the problem by the variation method using a veriation function of

the following forms Q? = a 4+ b. & denotes an electron occupying



a hydrogen ground stete weve function on proton A and b denotes
an electron occupying a hydrogen ground state wave funciion om proton
B. This celeculation gives a dissociation energy of about two thirds
the observed value , sgreeing qualitabively with experiment. £&n
obvious interpretetion of this result is thset to & fair approximation
the stability of the molecule is due to the resocnance or exchange
of the electron between the two positions given in the variation
function. The variation method, due to Ritz7) before theadvent of
quantum mechanics, will be described in some detail in the section
on the helium hydride molecule-ion; its distinctive festure, however,
is that it gives an upper limit for the energy of the system. The
only restrictions on the varisition function are that it obey the
voundary conditions and that it permit the evalustion of the necessary
integrals. Other trestments of intermediste precision have been given
this molecule by Finkelstein and Horowitze), Guilleain and Zenerg)
and Dickinsonlo). This triuweph of guentum mechanics within & year
of its incepiion foreshadowed ithe subseguent success it was to meet
in treating other more complicated molecules where the classical
theory invariably failed,

In the same yeasr of the appesrence of Burraals paper on the
hydrogen molecule-ion the first trestment of the hydrogen molecule
was started by Heitler and Londonll). This celculstion was completed,

also during 1927, by Sugiuralg) who evaluated an integral only estimated



by Heitler =nd London. The Heitler London Sugiurs treatment of

the hydrogen molecule wes auch less accurzte than the Burrau treat-—
ment for the hydrogen mclecule-ion, being z varistion treatment
uging a variation function siwmilar to the one mentioned above, used
in 1928 by Pesuling in discussing the hydrogen molecule-ion. This
calculation showed ti&t the potential energzy of the system for all
finite internuclezr distances grester than sbout .5 & was less than
the energy of fwo igolated hydrogen atoms. The minimum in the
potential energy curve was found tc be 3.14 e.v. sl an inbternuclear
distance of .80 A. This derivstion of the existence of the zon
polar bond, never reslized by classical mechanics, msde the electron
pair bond, which up to that time had merely been en assertion nmsde
reasonable by chemical evidence and bearing no relation to physieal
laws, a natursl consequence of & generally applicable mechanics.
This dissociation energy, 3.14 e.v., is only about two thirds of the
observed value, 4.72 e . v., and the internuclear distence, 80 4, is

somewhat grester than the observed distznce, .74 A. The wvaristion

significunce as above. 1 sud 2 refer to the two elsctrons. This
result sdmits & qualitative interpretation analogous to the one made
in the case of the hydrogen molecule-ion; that is, that to a fair
degree of approximstion the stability of the umolecule is due to the

resonance of the molecule belween the two eyuivelent configurations



given in the variation function. More detailed trestuments approach—
ing more closely the correct vslue for the cissociation energy of
> % - Z 4 3
the molecule have been given by haﬁglé), Hundl‘), Rcﬁenl5)
17)

%ullikenle) end Weinbsum The desired accuracy in the hydrogen

molecule celculation was oblained by James and Coolidgela). Intro~
ducing the interelecironic distence exzplicitly inte the varistion
funcvion, not done by zny of the other investigetors, they cbtsined
a value for the dissociation energy coincident with the éxperimental
value.

The interprefation made sbove thet the bond formation in the
hydrogen molecule aend the hydrogen molecule-ion is due to the reson-
snce of the molecule between two electronic structures is of no

theoretical significsnce. In the detalled celculation for these twe

molecules nothing appears that suggests,that it is true. The inter-
pretation wes based on the varisticn trestasnte of the hydrogen
molecule by Heitler, London and Sugilura snd the hydrogen molecule-ion
by Pauling to which no unique theoreticel signiiicence can be ascribed.
In spite of its gualitetive naturs, however, it provides an extremgly
valuable and practically indispensable langusage for discussing the
large number of molecules where rigorous trestment is impossible.
dccurscy comparable to that in the two calculations just
deseribed has not been realized for any other molecule., Severzl other

molecules have, however, been treated by the variation method using



varistion functions of varying complexity snd upper limits for their

energy have been obtainsd. The molecules for which these calculations

y ’ 19) . 20) R1) . 422) | 4R3) .. 28

have been made ave: Hy' ~, Ha™", He, 7T ment™®) rigt 2 Lif Z
+24 25) 4+26) 4

Lig s Ly He, « Li, is the most complicated molecule for

which & varietion treatment has been made. Hany other wmolecules
have been treated by more spproximste methods but will not be mentioned
nere, In the following section ithe verisiion ireatment for Hert will

be given,
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QUAN TUM MECHANICAL TREATMSHNT OF HELIUM HYDRIDE MOLECULE-IOW, Heﬁﬂ



QUANTUM MECHANICAL TREATMENT OF HELIUM HYDRIDE MOLECULE-ION HeH'

Singly charged helium hydride molecule-ion has been knownl)
for many years from muss spectroscopic investigations of helium
3 x 5 544 ; 3 .
hydrogen mixtures, Its position with respect to that of neyeplt

in the mass spectrograph has been used to deteramine aecurutely the

mass of the deuterong). Spectroscopic work hes not shown the existence
of this ion.
The only previous qusnbum mechenicsl discussion of HeH' is

& variation iresbtment made by Glockler and Full&ra). They congider

two problems: (1) the interaction of & proton with an excited helium

—K Ay

aton, the wave functions for the electrons being ¥ = sze snd
b 4 &

I

2 = (b + en)eS% | snd (2) the interaction of a hydrogen atom
with a singly ionized helium aton, the wave functions for the
electrons being ‘1”, = 2™ "7 una Vo = be—ﬂ/)‘n} When in the
first case oK and 3 are put equel to 2 aand 0.7 respectively the
interaction is repulsive st all distances. The functions ¥ and ¥,
are the ls end Zs hydrogenlike wave functions, the helium atom being
approximately in the first excited state. In case two o« and 0 are
put equal to 2 and 1, The resulting potentiel energy curve has a
minimum of 8.1 e.v. gt 1.3 zg. In this calculetion the unsymuetrical
Suglurs type integrel was neglected. As pointed out by Glockler and

Fuller, including this integral will reise the energy by an undeter-

/"



mined amount.

The above calculation is not evidence for the existence of
fled*. The dissociation energy, 8.1 e.v., obtained by meking the
above approximation, is with respect to the dissoclation products
hydrogen atom snd helium ioﬁ, while the difference in the ionization
potentiale of hydrogen and helium is 10.9 e.v. Under these conditions
the molecule would be unstable with respect to dissociction into a
heliwm atom and a hydrogen iom. To prove the stability of the mole-

cule

@

it is necessary to show that for some intermediate internuclesr
distance the enerzy of the molecule is less than the energy of the
helium atom.
The varistionsl integral % = / 'f*H fp/’r / f ’fd'r gives
an upper limit for the energy of & system. _‘[/ is &n approximate

wave function. H is the Hamiltonian operator and in this case is

n

& & & P
28 g 2 2 26"

8Tm V 8// a Vl -/75,, TAzy T ABIT Ap * 2T TR

_ m
Yihen a variation function of the form _'f/ = E en ‘f/n is used,
n=1

the condition that ¥ be a minimun with respect to the constants ¢y

is that the determinantal eqguation ,Hi 3~ Aij‘ﬁ

=0 (eg. 1)
E
be satisfied4), where Bij r—/‘ﬂ: H ‘fj Av end Aij 2/‘/; ﬁ /1.

The spproximate energy for ihe grouand state will be the lowest root

AN



of this equation. The coastanis, ¢y, &
—taq

set of linesr equations _> cj (Hij
v=s

of the integrals reguired in evaiuating

- 5 1 Tir - E 6 - 3e 2
B,Qsen"’) and a;;e:;.nbaumo) in discussing

Weinbaum has n

my disposal. The integrals used in thi

" 1) 5 1 3
by Roseno) » are given in the appendix.

The varistion functioas used he

7
2 ZAa,
ing functions: al) = e 20 K
Zs 5’_ ZNa
a'(l) =7 a5 Aa; ©€o08 Bq,€ Ao

for electron (2).

the ground state wave funcbion for 2 hy

Z, end satisfie§ the equation (— .é_%z_.

2
where Wy = -2~ .a'(1) is & first
2

genic atom of nuclear

)’*'(l) Z 'fﬁé;' (l}:

( W 27e°

i 4] ~/)a,’

by Raeen5) in intreoducing polarization

calculation. It is very convenicent ae

1)
Q

a(l) end a'(l) identiesl meking

- 015, 1

the

not published his integrals

Bach function is nor

charge 27 and satisfies

the celculation of iante

re obtained by solving the

= 1,2...m. Host
Hij and AN 1j were used by
hydrogen molecule., Ur,
but kindly placed theam at

s calculation, noi tabulated

re are conposed of the follow-
23 & Ty,
, b(1) =fzo3)e A0 equ(2)

snd the same funcitiouns

melized to unity. g(l) is

drogenic etom of nuclesr charge

=

2
Vi =

a/

a
a(l) = -2 Wya(l)

excited wave function for a hydro-

the egusation

This form of z'(1) was used
into the hydrogen molecule

it leeves the exponents in

grals much

)3
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simpler. In the present calculation the sanme effective nuclear
charge, Z, is used in each term of the variation functions. This
ig done to eliminate the necessity of calculating the unsymmebricsl
Sugiura integral asnd other integrszls. This procedure was adopted
by Pauling7) in treating the helium molecule-ion He3+.

It is evident that the stable state of the molecule is &
singlet state so we shall reguire the variation function to bs symmet-
ric in the spatial coordinstes of the two electrons (snd sntisymmetric
in the spin coordinates). In the following parsgraphs we shall calcu-
late the energy of the systems for severzl such veriation functions.
It will{be found possible, by teking = linear coubination of the
lowest lying states for simple wave functions, to oblain & calculated
vélﬁ@ of the enewgy of the molecule that is lower then the experinmental

vaelue for the helium atonm.

1. Hormal helium stom and proton.
The most steble state for the system for o single wave function

of the type we sre considering, eq. (2), is the state helium atom and

o

proton. It will therefore be neeessary, if the lowest value of the
energy is desired, to include this state in the cslculations. Taking
as the electronic wave function of the gystem HV = a(l) a(2),

equation (1) for the energy becomes

. ) i :
W:/? Hfd’r= ZCEZ‘»EZ[%-ZG“((l-r%ﬂ}ﬁH where



C= %ﬁw This interaction is repulsive at all distences and is

S0
shown by curve C, Fig. 1 for the case that Z = %%w When € equals
infinity this expression becomes the familisr expression for the
energy of a helium atom for hydrogenlike wave functions with veriable
effective nuclear cherge, W = (2Z° - %} Z)¥y. This energy is &

e % wt Mmoo 2 a
minimum when 7 = %% then W = -5.695 ¥y. The experimental value and

the value calculated by Hylleraasa) for the helium atom is -5.807 ¥y.

2. Hydrogen atom snd helium ion.

The symmetric variastion function, Y = a(1) b(R) + =(2) b(1).
corresponds to an electron peir bond between the two atoms. The
energy is shown by curve B in Fig. 1 for the cese that Z = 27/16 = 1.63.
his energy can be minimized with respect to Z for esch value of C .

When this is donme a value of ¥ only 0,04% lower than that for Z = 27/18

"

ig obtsined, the effective charge then being equsl to 1.72. When
equals infinity the energy becomes W = (22° - 62)Wy whnich is &
minimum when 2 = 3/2 and § = -4.58y. The correct value for the sum
)

of the energies of a hydrogen atom and a belium ion is -5 Wy. This
\discr&p&ncy is due to the faelt that we have tzken the same effective
charge on the iwo atous.

Thisg calculation is the same as that mede by Glockler and
Fuller except that here the same effective nuclear charge is used on

both atoms and consequently all the intégrals can be calculated. This

——

i3
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curve indicetes the existence of & mebasteble abiractive sgtate for

HeH*.

3. Ixeited helium stom znd proton.

The variation funciion Y = a{l)at(2) + a*(l)a(2) in coajunc-
tion with a(l)a(2), will be used to yepresent & polarized helium astom.
The potentizl energy corresponding to the veristion function
at(1)a(2) + a(1l)a?(2) alone is shown by curve A in Fig. 1 for the
case that 2 = 27/16. This curve is higher then that fo? the corres-
ponding triple state, a'(1)a(2) - a(l)a*(2), but the triplet state
does not combine with the morerimportant ginglet stetes, non-diagonal
astrix elemente being equsl to-zeru, s0 cannot be used. Vhen the

energy for the singlet state is minimized with respect to the effeetive
nuclear cherge, the enefgy curve is lowersd by about 0.55 ¥y, the
eorresponaing velue cf the effective nuclear charge at the mininum

being 1.26.

4. Combination of 1 and 3.

Using ¥ = a{l)a(2) + k(at(1)a(2) + a(l)a'(2)) =s & variation
function, the energy sppears &s a root of a quedrstic seculsr sguation,
equation (1). The result of solving the squation is shown by curve
B in Fig. 2 for the case that the effective nuclear charge is 27/186.
It is not possible to minimize easily with respect to the effective

nuclear charge so ths guadratic is merely solved for severzl values
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of the effective charge. It is found ithal the energy is worse for
any value of the effective charge much different then 27/18. The
minimum energy for this curve is W = -5.750 &t R = 1,80 ag. The
normelized function is 9? = 0.99 a(1)a(2) + 0.13(a{l)a(2) +
2(1l)a*(2)). The best value of the energy of the system at @ eyuals
infinity for this type of wvaristion function is -5.685 ¥y, giving
for the dissociation energy of the molecule 0.085 ¥y or 0.74 v.e.
The stabilization resuliting {rom the use of this varistion function

ezn be attributed to 2 polarization of the helium atom.

$. Combinstion of 1 and &.
The energy corresponding to the variation function

9? = a(l)a(2) + k(&(l)b(2) + b(1)a(2) is shown in curve § in Fig. 2
for the case that Z = 27/16. The normelized function is _27=
0.972(1)a(2) + 0.24(=(1)b(2) + h{l)a(2)). It is not easy to mininmize
with respect to the effeciive charge so agein the quadratic secular
equation is solved for several velues of the effective charge, the
calculated energy being much higher when the effective charge is much
different than 27/16. The lowest value obtained is W = -5.805 at
R = 1.60 245, which when subtracted from the value -5.88% Wy for the
helium atom, gives a dissociation energy of 0.110 ¥y or 1.48 v.e.
The form of the variation function suggests that this is due to the

pertial formation of & covalent bond.
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6. Coumbination of 1, 2 and 3.
The best veriation funciion used is of the form

V= s(1)a(2) + k (at(1)a(2) + a()e'(2)) + k. (a(1)b(2) + b(1)a(2)).
On the basis of cslculations 5 and 6, in which it was found thai the
best value of the effective charge was not far {rom £7/16, calcula-
tions were wade only for the case that Z = 27/16. The energy sppears
as a root of a cubic seculer ejquation and iz shown by curve b, Fig. 2
end by curve D, Fig. 1. The normulized function is v = 0.972(1)a(2)
+ 0.20(at(1)a(2) + a{l)a'(2)) + 0.10(a(1)b(2) + b(1)a(2)). The

lowest energy obtained is -5.844 Wy ab R = 1.57 ag. This, when sub-
tracted from the helium atom value of -5.685 W , gives & value for the
dissociation energy of 0.149 Wy or 2.02 v.e. This dissociation energy
is obteined by using the energy of the helium stom caleulated from &
varigtion function of the same type as the one used for the undissocizted
molecule. This procedure assumes that the error in the energy is the
same ab the equilibrium distance and at infinity. & lower limit for
the dissociation energy is obtasined by subtracting the winimim energy
for the molecule from the experimental value, -5.807 Wiy, for the
helium atom. The result is 0,087 ¥y or .50 v.s. This positive result
proves conclusively that the molecule is stable. The value 2,02 e.v.
however, is probably much closer to the zctuzl value of the dissccia-
tion energy.

Fitting & parabole to the bobtom pert of the curve leads to
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g value for the foree constent of 0,43 megedynes/cu. as & fundamentel

5 . P 3
vibration frejuency of 2800 ca™.

The Kolecule-Ion Hei™

Doubly charged helium hydride molecule-ion was treated by
the same type of variation function, Y = a(l) + kyb(1l) + keat(1).
The resulting potentiul energy curve shows no minimum asnd differs
only slightly from -4¥y + %i. The one slectron bond between the two
atoms ig not sufficiently strong to overcome the coulomb repulsion.
Another molecule in which there is coulomb repulsion between the atons,
the helium molecule ion, He¢++, has been breated by Psuling including
ionic terms in bthe variation fusction. In this case the electron
paif bond formed is strong enough to overcome the coulomb repulsion
of the two atoms, there being = minimum in the potential energy curve,
The instability of HeH'™ is due to the lack of degeneracy of the two

states HE BV and HE* u .

Discussion
From & comparison of curves B and §, Fig. 2, it is seen that
the introductica of polarizaiion into the variation funcition is sbout
half as effective in stabilizing the molecule as the introduction of
the covalent bond. It iz therefore qualitatively correct to ssy that
two thirds of the stzbilization is due to the formation of & covelent

bond and one third is dGue to polarization of the helium atom. The
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strength of the bond, 2.08 e.v., is surprisingly great in view of

the small coefficients of the covelent boad terame snd the polariza—
tion term, 0.20 and 0.10, in the variation function given in section
6. It is roughly hslf as strong ss the bond in the hydrogen molecule,
4,10 e V., calculateds) from the saame type of variation function.

I wish to thank Professor Linus Pauling for meking many

valuable suggesbions during the preparation of this paper.

&
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Appendix

The simpler integrzls are omitted. The integrals, Hy01.0
- AN ,

and MOlO,O: are evaluated by the use of the Neumann expansion in

confocal elliptic coordinates. The functions H(uz,n, ) and S(am,n )

v 3 5
are defined by Rosenb) .

0,0 = /a @) +(8) O oy v, :502( a0 - N+ Y

i6¢ 8 i6¢

#2

2
% - & l al 2 b EE 2 3 C o 2 A
555001’0 —-[ ( ) ‘\‘/)/(1) ( ) av, vy = — H;a{)g O &ig 1&8\}[ {- 225 H(u,m,(’) +

4

-

135 H(5,2,¢€) + 195 H(3,4,¢) - 117 H(3,2,¢) + 225 5(3,5,¢) -

80 5(1,5,¢) + 225 8(4,4,¢) - 120 8(2,4,¢) - 195 8(3,3,¢) +

72 5(1,3,¢) - 135 8(4,2,¢) + 72 s(z:,:z,c)} + D{DTC H(5,4,¢) -

225 H(5,2,¢) - 195 H(1,4,¢) + 117 H(1,2,¢ - 375 8(3,5,¢) +
100 S(1,5,¢) - 575 8(4,4,¢) ~ 125 S(2,4,¢) + 120 5(0,4,¢) +
225 8(4,2,¢) + 75 8(2,2,¢) - 728(0,2,¢) + 195 8(5.1,¢) -
72 5(1,1,¢) 3 +C g- 575 H(3,2,¢) + 225 H(1,4,¢) +

225 H(3,2,¢) - 135 H(1,2,¢) + 875 5(2,4,¢) — 100 S(0,4,¢) +
375 S(3,5,¢) - 225 S(5,1,¢) - 100 8(3,3,¢ - 225 8(2,2,¢) +
60 8(0,2,@ + 60 5(1,1,¢) E]
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6
. _ [ a(d) a'(1) a(2) B(2) se. cv = Cu +Z E g i ~
#010,0 ‘/ ra dvy dvy s H900,0 T & H(5,2,¢)

H(3,0,¢) - 9 8(4,2,0) +
s(:rz,o,(o)g " B{-—f};“? H(5,2,¢) +
5 B(1,0,¢) + 27 8(4,2,0 -

- 3 H(5,0,¢)

4

(854

g H(S;Es e) -

[$}]

+ 3 5(4,0,¢) - 9 5(1,5,¢) +

+ 9 H(5,0,¢) - 9 H(1,2,¢)

+
©

(40}

-9 5(4»0,6) + 9 8{29236) b 8(230>C) +. g7 S(l,f‘;y(’) =

i
w

s(1,1,0)% + CF 27 H(3,2,¢) - © H(5,0,¢) - 9 B(1,2,¢) +
+ 5 H(1,0,¢) - 27 5(2,2,¢) + 9 5(2,0,¢) - 27 5(1,5,¢) +

+ 9 8(1,1,¢) }]

where :
L L1 !

A= e~ Fax B = x0e~®dx, and C = 19~ C¥x
3 2

==fl = —
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Fig. 1. Potential energy curves. £, ¥= a(1)e?(2) + 2'(1)a(2);
B, Y = aa(l)b(2) + b(1)=(2); C, 7 = e(1)a(2);
p, ¥ = e(1)a(2) +x ((1)b(2) + b(l’)lza(é&))-i— K. (a(D)at(2) + a'(1)a(2))
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Fig. 2. Potential energy curves. A4, Y = a{lla(g);

B, ¥ = a(1)a(2) + K a(l)a'(2) +a'(L)al2) ;
¢, ¥ = a(l)a(2) + K{a(1)e(2) + b(L)a(2));
D, ¥ = a(l)a(2) + K (a(1)b(2) + b(2)a(1)) + K. (a()at(2) + st (1)a(2))
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The van der Waals interaction energy of two hydrogen atoms at large internuclear distances
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The van der Waals Interaction of Hydrogen Atoms

is discussed by the use of a linear variation function. By including in the variation function, in

addition to the unperturbed wave function, 26
the dipole-quadrupole interaction, and 26 fe

interaction energy is evaluated as

6.49903 ¢?
ag p®

T =

in which p = R /a,, with R the internuclear distance.
which are orthogonal for the volume element £d& s

in atomic problems is pointed out.

INTRODUCTION

N approximate second-order perturbation
treatment of the inverse sixth power inter-
action energy of two hydrogen atoms a large
distance apart (corresponding to the so-called
dipole-dipole van der Waals attraction) was given
in 1930 by Eisenschitz and London.! This treat-
ment led to the result W"'= —e? A/app® with
p=r45/a (745 being the internuclear distance for
the two atoms), 4 being evaluated as 6.47. Ap-
plications of the variation method by Hassé* and
by Slater and Kirkwood? verified this result es-
sentially, the constant 4 being shown to be
equal to or greater than 6.4976.
As early as 1927 this problem had been at-
. tacked by Wang,* using the method developed
by Epstein® for the treatment of the Stark effect.

1 R. Eisenschitz and F. London, Zeits. f. Physik 60, 491

1930).

; 2 H. R. Hassé, Proc. Camb. Phil. Soc. 27, 66 (1931).
8], C. Slater and] G. Kirkwood, Phys Rev. 37, 682
1931).

¢ 4S. C. Wang, Physik. Zeits. 28, 663 (1927).

5 P. S. Epstein, Phys. Rev. 28, 695 (1926).

s for the dipole-dipole interaction, 17 for

ed to have obtained an exact solution*;,g‘\‘

ever, pointed out by Eisenschitz and‘t

London that Wang’s result is necessarily in error.

It seemed to us possible that Wang’s work might

have contained only a numerical error, and that '

the method might actually be capable of giving

an exact solution. Because of the usefulness

which a method of exact solution of problems of

this sort would have, we thought it worth while

to study the problem thoroughly. We have found m

that the method used by Wang does not give an

exact solution,® but that it can be extended to

give as closely approximate a solution as is de-

sired. The results of the treatment are com-

municated in this paper. ) .
A rough treatment of the dipole-quadi

and quadrupole-quadrupole interactions

hydrogen atoms has been published by

% Wang does not present the final steps in his cale
in detail, but states that he set up a sixth degree
equation from which he obtained an accurate value'
energy. We believe that the error in his treatment
at this point.



au.” We have applied our method to obtain
nably accurate expressions for these inter-
ons also.

FORMULATION OF THE PROBLEM

In the wave equation for two hydrogen atoms
Hy=Wyletusput H= H°+ H’, H°being the part
of the Hamiltonian corresponding to two isolated
hydrogen atoms and H’ representing the interac-
tion of the two hydrogen atoms. In order to do
this we neglect the resonance phenomenon (which
is unimportant at large distances), taking as the
unperturbed wave function the product function
Yi00(A1) Y10(B2); that is, we consider electron 1
to be attached to nucleus A and electron 2 to
nucleus B. We also write W= W°+W" (W, the
first-order perturbation energy, being equal to
zero). We shall consider only the interaction of
two normal hydrogen atoms, so that 17° is equal
‘.J‘t to —e?/ay,. Making the substitutions &=274;/a
~ and £=2rp/a,, the wave equation becomes

=l
v22+———)¢
-4

2

Qo

2e?

HYy=M, (1)

in which A= — W"a,/2¢%.
The interaction ' is equal to

—e%/ras—e/rm+e*/rap+e/rn.

If R(=ra3) is large, this can be expanded’ in in-
verse powers of R to give the expression

H' = (e*/R?) (%102 +y1y2 — 22122)
+(3/2)(e2/R*) {71222 — 12221
(21004 2y1y2 — 32122) (21— 22) |
+ 2(e2/R5) { 712192 — 5722212 — 5712252
— 1522222+ 2 (x1xa+y1ye+42122)2 + - - -, (2)

. In this expression x;y,2; are Cartesian coordinates
"~ electron 1 relative to nucleus A4, and xays2.
“those of electron 2 relative to nucleus B, the z
axis for each being directed towards the other
nucleus. The first term represents the mutual
energy of two dipoles; this term alone is impor-
tant for large values of R. The second and third

7H. Margenau, Phys. Rev. 38, 747 (1931).

VAN DER WAALS

INTERACTION

terms represent the dipole-quadrupole and
quadrupole-quadrupoleinteractions, respectively.
It can be easily shown that in the calculation of
the second-order perturbation energy the terms
can be considered separately, their contributions
being additive.

In the solution of the problem we shall make
use of the functions F,, (¢, ¥, ¢) discussed in the
appendix. Each of these functions can be made
identical with a hydrogen-like wave function
Yuim (7, 4, ) by choosing a suitable linear rela-
tion between 7 and £; the functions F,,, all con-
tain the same exponential function, in contra-
distinction to the functions ¥,,. We have defined
& and & in such a way that Fip (&1, 91, ¢1) and
F100 (Ez, 192, §02) are identical Wlth ¢mo (7’1, 191, <p1)
and g (72, 2, ©2), respectively; that is, the un-
perturbed wave function can be written as
Fio (&) Fio (£2). We now apply the variation
method in treating the perturbed wave equation,
using as the variation function a linear combina-
tion of the product functions F,,,,, (&1, 91, ¢1)
Fopuy (£, 99, @3), with arbitrary coefficients. It
can be seen that the second-order perturbation
energy for the perturbation function

' = —(2e%/a,) {ak & cos 91 cos Pe
+BE1E:? cos 94(3 cos? 9o —1)
+vE128:%(3 cos? 91— 1)(3 cos? 9,—1)

in which .
a=(6)%ac’/8R%, B=(30)'ao!/32R",
and v=(70)la:>/128R5, (4)

is identical with that for the function of Eq. (2),
and, moreover, that to obtain the first-order
perturbed wave function and the second-order
perturbation energy, the variation function used
need contain, in addition to the unperturbed
part Fmo (51) Fmo (62), Oﬂly the terms Fpll() (El, 191)
F,,10 (&, 92) (for the dipole-dipole term in «),
Fy‘lo (Ely 01) Fy220 (52, 192) (fOI' the term in 6), and
Fv120 (Elv 01) Fy220 (Ez, 192) (fOl’ the term in ’Y)B

8 On application of the ordinary methods of perturbation
theory, it is seen that the first-order perturbed wave func-
tion for a normal hydrogen atom with perturbation func-
tion f(r)T'(d, ¢), where T is a tesseral harmonic, has the
form ¥y00(r) +®(r)T'(¥, ¢), the perturbed part involving
the same tesseral harmonic as the perturbation function.

The statements in the text can be verified by an extensior
of this argument.

o1

i S
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For a linear variation function }_a,®; (where and
®, represents the product functions F,p,, 5! 4
(&1, 91, @1) Fopu, (£2, 92, o)) the secular equation Ajk= B Rairidry,
corresponding to the wave equation (1) is the
determinantal equation®

dr, being equal to &? sin 6id&ddder (with drp
differing only in the subscripts) and the integrals

. . A |3Cix0+3C;" — Ak | =0, (5)  extending over the configuration space of the
in which , system. It is to be noted that the volume element
dmdry is not such as to make the functions @

3= f f MU+ (1/8)— 2 mutually orthogonal. The integrals can ii

evaluated with the help of the relations given in
+val+(1/&)—1)®dridrs, the appendix. To obtain the second-order per-
turbation energy we need introduce the term in A

30! = f j-‘l’f* (= (ao/2e?) H')Bsdradrs, in the row and column corresponding to the wave
function for the unperturbed system only.

S R

El

THE Di1POLE-DIPOLE INTERACTION

The secular equation for the dipole-dipole interaction is

ViNIpiV2Nopta A
100100 Z4x 32a ' =160 —16a 8a 0 0 0 0 0
210210 3 =8 2 2 o0 0 0 0 0 0
210310 —16a 2 —14m 0 BB 4 V(U0 0 0 0 0
310210 —16a 2 s — 14 4 0 +(10) 0 0 0
310310 8a 0 4 4 -2 0 0 2v(10) 2v(10) 0
210410 0 0 V(10) 0 e 0 6 0 0
410210 0 0 0 i(10) ¥ 0o 0 —20 0 6 s 0
310410 0 0 0 0 2v(10) 6 0 -34 0 3v(10) :
410310 0 0 0 0 2vy(10) 0 6 0 —34 3v(10) 4
410410 0 0 0 0 0 0 0 3v(10) 3v(10) —48 ... | =%
o

- up shown at the left. We obtain successive
ng rows and columns beyond the nth. This
some simplification is achieved by combining
orresponding functions having the same
le I, in terms of the constant 4 in the*’éx-

the rows and columns corresponding to the values of »
approximations to the solution of this equation by ne
process has been carried out for =2, 5, 10, 17 and
rows (and columns) with », and v, mterchanged,
coefficient. The results of the calculation are given in’

TABLE 1. The dipole-dipole TABLE I1. The dipole-quadrupole TABLE I1I. The quadrupole-gaiad—
interaction constant A. interaction constant B. rupole interaction constant C.
Degreeof  Terms Degreeof  Terms Degreeof  Terms - "
approx. included A approx. included B approx. included
2 Vl__.2 Ilzfz 6 2 V1_2 llzfs 1157 2 1’1_3 V2$3
5 3 3 6.4822 S 3 4 124.10 5 4 4
10 4 4 6.4984 10 4 5 124.386 10 5 5
17 S ] 6.49899 17 5 6 124.399 17 6 6
26 6 6 6.49903 26 7 7

.

pression W= —Ae?/aope®, with p=R/ay (4 being equal to 3\/16a2).

one unit in the last decimal place

9 See, for example, L. Pauling and E. B. Wilson, ]Jr., Introductwn to Quantum Mechamcs 'wuh Applications é‘
Chemzstry, McGraw-Hill Book Co., 1935, Chap. VII.

o = m’m”
A T




. The secular equation for the dipole-quadrupole interaction is

NV Nop

100100 -
210320
310320
210420
310420
410320
210520
410420
310520
410520

VAN. DER WAALESSEEERE RACTION

TaE DIPOLE-QUADRUPOLE INTERACTION

g it

—4n —192Y(3)8 96V (3)8 96v28 —A48V28 0 0 0 0 0
—192v(3)8 —14 4 () 0 0 0 0 0 0
96+ (3)8 R 0" e 20 o 0 0 0
96v28 L V(6) 0 —20 6 0 +(14) 0 0 0
—48v28 S0 2v(E6) 6 —34 0 0 3v(10) 2+(14) 0
0 % 0 2v(10) 0 0 —34 0 3v(6) 0 0
0 50 0 v(14) 0 0 —26 0 8 0 =0. (7)
0 0 0 0 3v(10) 3v(6) 0 —48 0 3v(14)
0 0 0 0 2v(14) 0 8 0 —44 4+v(10)
0 0 0 0 0 0 0 3v(14) 4v(10) —62

We have solved this equation approximately, the results being given in Table II in terms of the

 constant B in the energy expression — Be?/ao®.

The error in the final value of B we estimate to be less than one unit in the last figure quoted

THE QUADRUPOLE-QUADRUPOLE INTERACTION

The secular equation for the quadrupole-quadrupole interaction is

) 3'1 )\mw?)\zﬂ
100100
320320
320420
420320
420420
320520
520320
420520
520420
520520

—4X
3456y

—576+
576y

3456y —S76v(6)y —576(6)y 576y Z%

—24 2(6)
—576(6)y 2v(6) —34
(6)y 2(6) 0
0 3(6)
0 2+(14)
0 0
0 0
0 0
0 0

o oooS

0 0 0 0
24(6) 0 g 0 0 0 0
0 3V(6) 2+4(14) 0 0 0 0
—34 3v(6) 0 2v(14) 0 0 0
3vV(6) —48 0 0 3v(14) 3v(14) 0
0 (R = 0 4v(6) 0 0
2+/(14) 0 0 T 0 4v(6) 0 --- | =0.(8)
0 3v(14) 4v(6) Ol —62 0 4v(14) .-
0 3v(14) 0 4(6) 0. =62 My{Id) ise
0 0 0 0 4v(14) 4y(14) —80 ---

The results of the approximate solution of this equation, in terms of the constant C in the energy
expression — Ce?/aop'?, are given in Table III.
The final value, C=1135.21, is reliable except for the last figure.

DISCUSSION or REsuLTS

We have thus found for the interaction energy of two normal hydrogen atoms at the large distance
R= pa, the expression

ke

6.49903 ¢> 124.399 ¢* 1135.21 ¢?

Qop

e = % il 9)

6 @op® aopt

It is interesting to note that the value 4 = 6.4976 found by Hassé for the dipole-dipole coefficient by
. the use of a variation function Y (r1) Y (72) {1+H'(A+Brirs+Cri?rs®+Driryf)} is very close to
- our value for »=

4, vo=4, which is based on a variation function involving all terms (unsymmetric

as well as symmetric) out to 7/°7,?. This indicates that the unsymmetric terms are of minor importance.

10 We use here shortened symbols, such as F,, F,, for Fy\u,(&, 91, 1) Fuan.ua(£2, 93, @2), etc.

el .
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Ehn=—{(—N A+ DE+NA+2) (N +3) 1A, 2

LY PAULING, AND J. Y. BEAGCH

The approximate second-order perturbation energy Wy = (Ho/ 2/ Wo?, with W= —e?/ay, 1
the values A=06, B=135, and C=1417.5, the last two values being given by Margenau.” It
that the value of 4 is too low, and those of B and C are too high. This means that the dipole-d
interaction is due more to excited states with negative energy (less than €?/a, above the normal s
of the system of two hydrogen atoms) than to excited states with positive energy, whereas the dlp
quadrupole and quadrupole-quadrupole interactions are due more to the latter than to the former
states. '

As has been pointed out by earlier authors, the van der Waals forces are more important than ex-
change forces for values of R greater than about 7a,. At this distance the dipole-quadrupole force is
about one-half as large as the dipole-dipole force, and the quadrupole-quadrupole force is abgut
one-eighth as large, the dipole-dipole attractfon becoming relatively still more important at |
distances. This van der Waals calculation, based on product wave functions, is not significan
values of R much less than 7a, because of neglect of the resonance phenomenon and because of :
of the expansion given in Eq. (2).

While our treatment has not led to an exact solution of our problem, the use of the fun

Fo. (&, 9, ¢) has permitted th gasonably accurate approx1mate solution to be made with consid
ease, and we feel that these fu ons may be fc : in the treatment of other problems of
and molecular structure.” e . T A

The functions F,,, (£, 9, ¢)
We define

Fiu(§, 9, @) ?‘
An(®) = {(r=r=1) '/E(v+x) i %—mz*me(z)
L being an associated Laguerre polynomial, 3 ».
O1,(9) = ([N 1) (A =1) 11/20041) !}*ﬁf'»wcos ),
P being an associated Legendre function, and
B,(¢) = (2m)teives

The functions are orthogonal and normalized for the weight function & sin ¢, satisfying the ¢
tion A

with

o T 27
f f J Flynonel&, 8, ) FonalE, 9, @)E sin 0ddddE =5, ,53r0u0n
0

Fau(, 9, ¢) satisfies the differential equation ,
‘ (V24+1/= D Fnu=—[(r—1)/£]F s

The following relations involving the A’s can be easily derived from the properties of the assoc
Laguerre polynomials:

A= —{(r=N A+ D A0 2 F20A 0 — [ (PN (r—A=1)}}A, 4, 2

+22v—N) {(r+N+1) (v +N+2) } A, 4, Hl—ﬁv{(v—l—)\-{—l)(v—-)\—'l)}*A.., Ml |
+2(2u+?\){(v—)\—l)(v—)w—Z)}%A,._l, r1— LN =A=1)(v—A=2)(r—A—3) } }A,_,

U Added in proof: Professor J. H. Van Vleck has pointed out to us that the functions were used in the treat
dispersion by.hydrogen-like atoms by B. Podolsky, Proc. Nat. Acad. Sci. 14, 253 (1928).
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A= —{(r=N N+ (+A+2) (r+A+3) (A +4) (N +5) A ois, aie

F2@Br =20 {(r A+ 1) (r A+ 2) (rHA+3) (rHA+4) A 42, ag2

=5@r=N{(r=A=D)EF+N+DE+N+2)(r+A+3) } 1A, 41, ag2

+200{ (v A+ D (P HA+2) (r—A=1)(# =N —=2) }}A,, 2p0

=S5@r+N{HAF D) (A=) (F—N=2)(r—A=3)} A,y 242

+2Q@r+20){(r—A=1)(r =A=2)(r =N =3)(r =N —4) }}A, 2, 242
—{ENEA=DE-A=2)(r=A=3)(r—A=4)(r—A—5) } !A,_3, rs2.

From these we obtain similar relations in the F’s. The following special cases are needed in evalvating

the matrix elements in Eqgs. (6), (7) and (8):

£F100= —V2 Fa00+2 F100,
— 2V2 F310+4V2 Fay,
: —24F420+24'\I (6)F320..

£
£%(3 cos *0 —1) Fyy

e evaluation of the matrix elements

In order to illustrate the method of construction of the matrices in Eqs. (6), (7) and (8) we shall
va]uate some of the integrals. Let us first consider the integral®

&1 Scovl’vg’vlvz=ffF*xq'F*v2’1V]2+1/£1—%+V +1/£2—%}Fr1Fde]de.

By using the differential equation for F,, (&, 9, ¢), the eq

.’}C"n'n'm,=f 2 'fF*xq’F*uz'{ = (V1—' 1)/51— (Vg— 1)/52} & Fiz‘§1 k 22 sin Y sin 02d£1d151dg01d£2d192d<p2

=f' g ‘fF*vl'F*Vz'{ —(Vl—' 1)52— (Vz— 1)51} FV]_FVQE’I‘E2 sin 0, sin ozdsldﬁld(pldfzdﬂzdgoz.
.

For Eq. (6) (\=X2=1, ja=p2=0) this becomes

o= [+ [Pl o= Dl =Dt DY PPt (1= D {G2= D r D} P

—2(2111142—1'1—Vz)Fv;f'y;z—l){
+ (=1 {(va 1) (v2—
3CO41, ve, »1, 2 (=1 (n+2)}4,
éé”n, n+i.-r1;"* = Vl—l){(”2_'1)(”2+2)}51

500y, abbr, va= (ra—1) {(m+1) (11— 2) 1},

30y, va—1, »1, V2=(Vl_l){(Vi!‘*’l)("?_z)}&r

5(’,0”1. V2, v1, v2— —2(21/11/2'—111—1/2),

1+1)(V1_'2) } %Fw—vaz

V) Fxlg—l]SlEz sin 1’1 sin 02d£1d01d§01d52d02d¢2,

and hence we obtain

and

all others being equal to zero.
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In Eq. (7) we have

o ’nwg, 11=ﬂf‘ . 'I_an*sz*E1£22 CcOoSs ‘01(3 cos? 02— 1)F1F1£12£22 sin 01 sin ’(92d£1d!’1d¢1dfzdt’zd<p2
g

3
=6f' ?"-*an*sz*{48V2F310F420—96V (3)F310F320—96\/2-F210F420

+192v (3) FazoFiso} £1£2 sin 9 sin 9odt1d01dordbaddad oa)
393,11 =192V (3)B, 3¢/ 55,11= —96v (3)B, 394, 11= —96V2B,

andlsc’“, n=48V28, all others being equal to zero.
To illustrate the evaluation of the integral A let us consider Ay, 11:

and hence

Aq, 11=f' ¥ 'f{Fxoo(fx)Fmo(fz) } 281289 sin 91 sin 99d £1d91d o1d E2d92d 02

=f' : 'meo(&)Fmo(&) {2 Fa00(£1) Faoo(£2) — 2V2 Fago(£1) F1o0(£2) — 2V2 F1o0(£1) Fa00(£2)
+4 F100(£1) Fro0(£2) } £189 sin 94 sin 9ed £1d01d p1d Exd

or, making use of the orthogonality and normalization of the F's, Ay, n=4.
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The Electron Diffraction Investigation of Phosgene, the Six Chloroethylenes,
Thiophosgene, «-Methylhydroxylamine and Nitromethane!

By L. O. BRockwAy, J. Y. BEACH AND LiNUus PAvuLING

Introduction

The importance of the use of interatomic dis-
tances as a test for resonance of molecules among
several wvalence-bond structures has been men-
tioned in earlier papers,? in which it was pointed
out that the interatomic distance for two bonded
atoms in a resonating molecule is determined
mainly by the strongest of the bonds between the
two atoms provided by the resonating structures.
We have now obtained evidence regarding the
quantitative dependence of interatomic distance
on bond type for resonance between a single bond
and a double bond, and have made use of this
relation in the discussion of the electronic struc-
ture of a number of molecules involving single
bond—double bond resonance. The investigation
is based largely on the determination of the
atomic configuration of molecules by the diffrac-
tion of electrons; the description of this work is
given in this paper, and the interpretation and dis-
cussion of results in the following one. 5

Electron diffraction photographs of the gas
molecules investigated were prepared in the usual
way,® with film distances of about 12, 20 or 30
cm., the electron wave lengths being about 0.06 A.
The photographs were measured on a comparator
and interpreted both by the radial distribution
method* and the usual visual method.® The
results are given below; in each case the inter-
atomic distances and bond angles are provided
with estimated probable errors, which indicate the
extent to which we consider them to be reliable.

We are indebted to Dr. S. Weinbaum and Dr. J.
Sherman for aid in connection with the extensive
calculations involved in the interpretation of the
photographs.

Phosgene.—The phosgene used was prepared

by the action of fuming sulfuric acid on carbon

( ')ﬁ%ome of the results communicated in this paper were presented
e meeting of the A. A. A. S. in Berkeley, June, 1934.
y (2) L. Pauling, Proc. Nat. Acad. Sci., 18, 293, 498 (1932); L. O.

Brockway, #bid., 19, 860 (1930); L. O. Brockway and L. Pauling,
ibid., 19, 868 (1933); L. Pauling and M. L. Huggins, Z. Krist., 87,
205 (1934).

(3) R. Wierl, Ann. Physik, 8, 521 (1931); L. O. Brockway and
L. Pauling, Proc. Nat. Acad. Sci., 19, 69 (1933).

(4) L. Pauling and L. O. Brockway, THIS JOURNAL,+67, 2684
(1935).

(5) See L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 867
(1934). =

tetrachloride in the presence of a catalyst (in-
fusorial earth), and was purified by distillation.

The photographs show eight rings, with values
of s = (4 7 sin ©/2) /A (averages for eleven photo-
graphs measured by two observers) and estimated =
intensities given in Table I.

The eight-term radial distribution function
(Fig. 1) shows two peaks, the first, with maximum
at 1.79 A., representing C-Cl, and the second, a
broad peak with maximum at 2.74 A., representing
CI-Cl and CI-O (unresolved).

In applying the usual visual method we calcu-
lated curves for sixteen plane symmetric models.
Three parameters are involved, the CI-C-Cl
angle, the C-O distance, and the C-Cl distance,
the qualitative appearance of the curves being
dependent on the angle and the ratio of the dis-
tances. The angle was varied from 110 to 125°
and the ratio C—Cl/C-O from 1.23 to 1.60. Most
of the models are eliminated at once by qualitative
comparisons. The model corresponding to the

Cl
valence bond structure CI>C:O’ with C-Cl =

1.76, C-O = 1.28, and the angle CI-C-Cl = 110°,
leads to curve A of Fig. 2, which is unsatisfac-
tory in regard to the fourth and sixth rings, each
of which is observed to be close to the preceding
one. Curve B of Fig. 2 represents the model
(with €O = 1.12, C-Cl = 1.80, angle CI-C-Cl =
110°) reported by Dornte® as the result of the
study of electron diffraction photographs showing
only four rings; it is seen that this curve is unsatis-
factory, showing no maximum corresponding to
our observed fourth ring.

It was found that models with the CI-C-Cl
angle equal to about 117° and the ratio of dis-
tances C-O/C-Cl equal to about 1.28/1.66 lead
to curves in reasonably good qualitative agree-
ment with experiment, all other models tried being
unsatisfactory. Thus in Fig. 3 the curve for & =
117° (C) is reasonably satisfactory, the fourth and
sixth rings being represented by humps rather
than maxima; the curve for @ = 115° (D) shows
no sign of the sixth ring, and that for 120° (B)
is unsatisfactory with regard to the clearly ob-

(6) R. W, Dornte, THIS Journaw, 58, 4126 (1933),
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TABLE I :
3 ProsceNg, COCl; ; i
= Values of x Values of C-Cl
Max. Min, "4 s c D F € D (e d
1 20 3.00 2.88 2.84 2.90 (1.574 A.) (1.590 A.) (1.605 A.) e
2 3.95 3.88 3.83 3.88 (1.610) (1.629) (Gl 631)
2 : 15 5.05 5.15 5.07 5.11 1.672 1.687 1.680
3 6.33 6.50 6.35 6.40 1.684 1.685 1.678
3 10 7.44 7.70 7.66 7.74 1.697 1.730 1,727
4 8.53 8.90 8.87 T.711 1.726
4 2 9.34 9.63 9.30 1.691 1.653
5 10.33 10.76 10.25 10.50 1.708 1.667 1.687
: 5 5 11.51 12.25 11.75 . 11.95 1.745 1.715 1.723
6 12.54
6 1, 13.51°
7 14.52 14.50 14.25 14.40 1.638 1.649 1.646
7 3 15.70 16.00 15.62 15.76 1.671 1.671 1.666
8 16.94 17.38 16.88 172112 1.683 1.674 1.678
8 1 18.10 18.25 17.80 18.00 1.654 1.652 1.651
Average 1.687 A. 1.681 A. 1.683 A.
Model C: CI-C-Cl = 117° C-0 = 1.28A. C-Cl = 1.644
D: CI-C-Cl = 117° 1.28 1.68
F: CI-C-CI = 118° 1.28 1.66
Results: C-Cl = 1.68 = 0.02 A.
Cl-Cl = 2.87 = .02A.
C-0 =1.28 =,.034. 'd
Angle CI-C-Cl = 117 = 2° i
Angle CI-C-0 = 121°30’ = 1°

¢ This ring or shelf does not appear as a maximum on the simplified theoretical curves for these models.

served fourth ring. The effect of changing the
C-0/C-Cl ratio is shown by the lower four curves
in Fig. 2. Of these the curves for 117°, 1.28/1.64,
and 117°, 1.28/1.68, agree very well with the

photographs in qualitative appearance except C

that the sixth ring is not quite so well represented
as expected, appeanng only as a shelf on the
curves.

" In the figures of this paper showing intensity
curves the observed values of s for apparent
maxima and minima are indicated by small verti-

to be less accurate than the errors assigned to
them indicate. o
Vinyl Chloride.—Photographs of vinyl eﬁb
ym the Carbide and Carbon Chemical
y) were taken with a film distance of

‘12 19 cm. (the same distance being used also for

the other chloroethylenes). The photographs
show about six rings: the first very weak, the
second strong, the third and fourth medium, the
fifth weak and the sixth very weak. In addition

there is apparent a very weak ring or she% =

3

cal lines. In comparing these with the calculated
intensity curves it must be borne in mind that a Tazpaail
linear change of scale may be made; the indicated L CanRps
s values are shown in each case for the x/s ratio Max. Min. I s model D CCIy
determined by quantitative comparison for the 2 30 5.19 5.14 1.663 A.
model finally accepted. 8 6.45 s 1687
ol e : 3 20 7.61 T07 1.714
The results of the quantitative comparison of Shelf 5 984
the photographs with the curves for three models % 10.76 10.76 1.680-
- are given in Table I. Bearing in mind the quali- 4 15 12715 12.21 1.687
tative comparison, we write as the probable con- 5 13.51 13.48 1.676
figuration of the phosgene molecule a = 117 = 2° B 19 15,27 101 1. 68
fangle C1-C-Cl), C-Cl = 1.68 = 0024, C-0= ° A LR 1,
1.28 = 0.03 A., and CI-Cl = 2.87 = 0.02 A. Average S
The values of Dornte (whose work has been Results: C-C = 1.8 A. (assumed) o=
Cr-Cl = 1.69 = 0.02 A, s
referred to above), @ = 110 = 5°, C-Cl = 1.80 = CCl = 2.70 = .02 A.
0.04 A., and €O = 1.12 = 0.02 A., we believe @ =
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~ tween the third and fourth rings, somewhat closer
to the third than to the fourth. - Measured values
of s obtained by two observers from nine photo-
graphs are given in the fourth column of

AN ELECTRON DIFFRACTION INVESTIGATION 2695

mentally established value for the carbon-carbon
double bond, the non-resonating structure is un-
satisfactory.

Table II and estimated intensities for the
rings in the third column.

The six-term radial distribution curve
is given in Fig. 1. It shows two pro-
nounced peaks, with maxima at 1.695 and
2.69 A., with indication of a subsidiary
peak at 1.35 or 1.40 A. The first two we
associate with the two carbon—chlorine
interactions, and the last with carbon-
carbon. If we accept the value 1.38 A.
for C-C, the distances 1.695 and 2.69 A.
lead to the value 121° for the C-C-Cl
bond angle a.

In applying the usual visual method,

. we have found that the photographs do
not provide enough information to permit
us to evaluate simultaneously the two
distances C—Cl and C-C and the angle
Cl-C-C with much accuracy. Accordingly
we have assumed the C-C distance to
have the double bond value 1.38 A., and
have calculated curves for C-Cl = 1.68,
C-C = 1.38 and the angle o = 130, 125,
122.5 and 120°. These are shown as B,
C, D and E in Fig. 4. Of these B and C
are qualitatively unsatisfactory in that the
hump corresponding to the faint ring or
shelf observed between the third and fourth
rings is too large, and E in that the hump
is too small. Comparison of measured .

CoH3Cl

COCl,

values of s with the x values for model D 1
(Table 1I) leads to the carbon-chlorine
distances 1.683 and 2.70 A.

 Combining the results of the two meth-
ods, we write C-C = 1.38 A. (assumed), C;~Cl =
1.69 = 0.02 A., Co-Cl = 2.70 = 0.02 A., a =
122 = 2°. No earlier electron diffraction work
on this substance has been reported.

It is of interest to consider also the model with
C—Clg& 1.76, C-C = 138 and a« = 125°
corresponding to the non-resomating structure
Cl e
Dy &
which,is in satisfactory qualitative agreement
with the photographs. The quantitative com-
parison leads to the distances C—C1 = 1.68 A. and

C-C = 1.32 A., however, and since the latter dis-
tance should, not fall below 1.38 A., the experi-

This gives the curve A of Fig. 4,

Fig. 1.—Radial distribution curves for phosgene and the six

chloroethylenes.

1,1-Dichloroethylene.—The substance was
prepared by treating 1,1,2-trichloroethane (made

. by passing vinyl chloride into antimony penta-

chloride) with alcoholic potassium hydroxide, and
was purified by fractional distillation.

The photographs, showing seven well-defined
rings, have the following qualitative appearance:
the first medium, the second strong, the third
medium, the fourth weak and the fifth medium
weak, these five being about equally  spaced;
then a wide minimum and a weak ring, and
another wide minimum and weak ring. Measured
values of s (averages for four photographs) and
estimates of I are given in Table ITT,

285
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:1&-*‘\ TasLe IIT
B I 1,1-DICHLOROETHYLENE
5 x for C-Cl for
Max. Min. I S Model C Model C 0
1 15 2.87 2.75 2.74 (1.629 A.) (1.623A.)
2 3.83 3.78 3.67 (1.656) (1.629) °
2 40 5.02 4.96 4.95 1.679 1.676
3 6.28 6.23 6.20 1.687 1.679
3 15 7.33 7.40 7.34 3 1.702
4 8.42 8.33 8.22 1.681 1.660
4 8 9.38 9.24 9.15 1.674 ©1.659
5 10.52 10.50 10.33 1.697 C 16700
5 20 11.76 11.78 11.73 . 1.703 1.696
6 10 15.55 15.75 15.56 Iy, 722 10700
Average C-C1 = 1.695 A. 1.680 A,
Cl-Cl = 2.858 A. 2.870 A.
Model C: C-Cl/C-C = 1.70/1.38, 8 = 115°
Model D: C-Cl/C-C = 1.70/1.38, B = 117.5° ¥
Results: C-C = 1.38 A. (assumed)
C-Cl = 1.69 =0.02 A. 25 5
Cl-Cl = 2.86 = 0.02 A. AR
Angle CI-C-C1 = 116 = 2° g i
Angle CI-C-C = 122 = 1°

The six-term radial distribution function (Fig.
1) shows a C-Cl peak with maximum at 1.67 A.,
and a large peak due to both CI-Cl and C-Cl inter-

110 and 125° and the C-Cl/C-C ratio varied
between 1.76/1.38 and 1.64/1.38.
found possible to evaluate the C—C1/C-C ratio as

It was not

actions. The lack of resolution of this peak well as the angle 8 with much accuracy; accord-
(maximum at 2.81 A.) makes its interpretatic ingly we have assumed the C-C distance to have
difficult. <the double bond value 1.38 A. Of the models
T tried, only those with 8 equal to
: ¢ olciz ] - about 115° agree qualitatively

/ . 1 with the photographs. For ex-
! _~p | ample, the model with C-Cl =
1.76 A., C-C = 1.38 A, and 8 =
\ . 110°, corresponding to the va-
/ B C1 H
lence-bond structure >C=C< *
C1 H

is unsatisfactory in that
fourth maximum on the ﬁ
(curve A of Fig. 5) is high
than the third, whereas the fourth
ring is observed to be much
weaker than the third and fifth,
Quantitative comparison with
this and other curves shows the
C-Cl distance to be about 1.70 A.
Curves B, C, D and E of Fig. 5
are calculated for C-Cl = 1.70,
C-C = 1.38, and the angle § =
112.5, 115, 117.5 and 120°, @&
spectively. Of these curve B'is
unsatisfactory in that it shows
an additional maximum between
those corresponding to the fifth and sixth rings,
and curve E in that the fourth maximuns is too

-

15

Fig. 2.—Simplified intensity curves for phosgene. A, o (angle CI-C-Cl)
110°, r (ratio C-O/C-Cl) = 1.28/1.76; B, « = 110°%,r = 1.12/1.80; C, «
117°, r = 1.28/1.64; D, & = 117° r = 1.28/168; E, a = 117° r
1.28/1.72:

[ T

We have calculated intensity curves for twelve
models, with the CI-C-Cl angle 8 varied between

L

WA

- ‘!?&‘f 1 .
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h. \Curves C a.nd D are satxsfactory, and we peaks, with maxima at 1.67 A. (C-Cl) and 3.21 A.
ordingly accept for the C1-C—Cl angle the value (C1-Cl). These correspond to the value 123°15’
o= 27, for the angle CI-C-C, and to another C-Cl dis-

_ tance of 2.69 A., some indication
CACls | of which is visible in the curve.

o On calculation of theoretical
A | intensity curves it was found that
all models giving rough qualita-
tive agreement with the photo-
g | graphs lead to a CI-Cl distance
close'{to 3.23 A. In order to
determine the C-Cl distance,
_ ¢ | curves were calculated for a series
of models with C-C = 1.38 and
CI-Cl1 = 3.23, the value of C-Cl
being varied. It was found that
the shelf beyond the second ring
changes rapidly in this series;
only for C-Cl1 = 1.68 (curve C
in Fig. 6) does the shelf corre-~ =
spond to its appearance on the &
: . photograph (about one-fourth as t
P 3.—Intensity curves for phsgRie % pronounced as the second ring).
140,117 ahd 1157 fog 81 ‘ : " Decrease by 3%, wipes it out en-
he quantitative comparison f the measured  tirely. We accordingly accept model C. The
r ( D, yarison of ?)served s values and x values for -

$
.
i

g1ven in Table III, leads to the in elﬁ‘
y
tomic distances C-C1 = 1.69 = 0.
CI-Cl = 2.86 = 0.02 A., with the angl
CI-C-Cl = 116 = 2° and C-C *‘1 38
(assumed). '
- The only previous investigation &f thls
B !ﬁbstance, that of Wierl” by electron dif-
fraction, gave the value CI-Cl = 2.9 =
0.3 A.
cis-Dichloroethylene.—The sample of |
-dichloroethylene used was obtained |
_ from a mixture of the cis and frans com-
- pounds by fractional distillation with a
[ 90-cm. column.
~ The photographs show five well-defined
rings, with the following qualitative ap-
pearance: the first ring medium; the sec-
‘ond strong, with an outer shelf; the third
medium; the fourth weak, and somewhat
- closer to the third than to the fifth; the . . : L
- fifth medium weak. Observed values of s A 19 o 1 A
averages for nine photographs) and esti-
 mated intensities are given in Table IV. - . .
. The six-term radial distribution function is this model, given in Table IV, leads to C—CI =
shown in Fig. 1. It shows two well-defined 1.671 A., CI-Cl = 3.223 A. i
: (1. R. Wierl, Ann. Physit, 13, 453 (1932). Curve A, calculated for ﬁhe non-resonati

e

Fig. 4—Intensity curves for five models of vinyl chloride.
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TABLE IV
¢1s-DICHLOROETHYLENE
% for C—Cl for
Max. Min, I s Model A Model A
1 10 2.480 2.36 2.46 (1.675 A.) (1.666 A.)
2 3.489 3.20 3.35 (1.614) (1.613)
2 30 4.652 4.33 4.62 (1.639) (1.668)
Shelf 8 6.00
3 6.958 6.57 6.88 1.662 1.661
3 20 8.095 7.74 8.14 1.682 1.689
4 9.22 8.78 9.23 1.675 1.681
4 3 10.10 9.62 10.01 1.677 1.665
5 11..16 10.54 10.98 1.664 1.653
5 10 12.17 11.63 12.15 1.682 1.677
' Average 1.674 A. 1.671 A.
Model A: C-C = 1.38, C-Cl = 1.76, B = 125°
Model C: C-C = 1.38, C-Cl = 1.68, B8 = 123.7°
Results: C-C = 1.38 A. (assumed)
C-Cl = 1.67 = 0.03 A.
Cl-Cl = 3.22 = 0.02 A.
Angle CI-C-C = 123.5 = 1°

model with the CI-C-C angle 8 = 125°, C-C =
1.38, and C-Cl = 1.76, is in satisfactory qualita-
tive agreement with the photographs, quantitative
comparison, however, giving C-Cl = 1.674 A. and
CI-Cl = 3.233 A. (Table 1V), the only essential

Combining the results of the two methods, we
accept for the structural constants the values
C-C = 1.38 A. (assumed), C-Cl = 1.67 = 0.03
A, CI-Cl1 = 3.22 = 0.02 A, 8 (angle CI-C-C) =
123.5 = 1°. Previous investigations have given
the less accurate values CI-Cl = 3.30 =

CH,CCl,

0.1 A. (Wierl,” electron diffraction) and
CI-Cl = 3.6 A. (Debye,® x-ray diffrac-
tion).

trans-Dichloroethylene.—The sample
of trams-dichloroethylene was separated
from a mixture with the cis compound by
fractional distillation.

The photographs show seven measur-
able rings, with apparent intensities as
given in Table V (the second ring showing
an outer shelf). Values of s (averages
for ten photographs) are also given in
the table for the features which could be
measured with accuracy.

The eight-term radial distribution func-
tion, given in Fig. 1, shows three well-
defined peaks, with maxima at 1.675, 2.70
and 4.27 A. These we correlate with the
two C-Cl interactions and the CI1-Cl

5 10 15

o

Fig. 5.—Intensity curves for 1,1-dichloroethylene.

difference from the results for model C being in the
C-C distance, for which the low value 1.30 A. is
obtained. Curve D, calculated for 8 = 130°,
C-Cl = 1.72, and C-C = 1.38, shows the extreme
qualitative disagreement caused by a relatively
small change in model.

20 interaction, the three interactions being
of about equal importance. The dis-
tances correspond to the values C-C =

1.38 A., 8 (angle CI-C-C) = 123°.

In applying the usual visual method we ob-
served that the quantitative comparison with the
photographs of all the models tried gave values
close to 4.27 A.' for the C1-Cl distance. We then

(8) P. Debye, Physik. Z., 31, 142 (1930).

38
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TABLE V
trans-DICHLOROETHYLENE
x for 1 C-Cl for
Max, Min, s Model C D Model C
1 5 3.11 3.25 3.26 Q.7774) (1.803A)
2 3.98 3.95 3.95 1.687 1.707
2 20 4.90 4.87 4.87 1.690 1.716
Shelf 5 5.68
3 6.78 6.71 6.77 1.682 1.717
3 10 7.74 0o 7.74 1.702 1.720
4 1 9.18 9.17 9.18 1.698 1.720
5 1 10.59 10.63 10.62 1.706 1.724
6 5 12.11 12.10 12.11 1.699 1.720
T 2 14.97 15.05 15.02 1.709 1.725
Average C-C11.697 A. 1.719 A,
Cl-Cl14.272 A. 4.277 A.
Results:
c-C = 1.38 A. (assunied)
c-cl =1.69 = 0.02 A.
Cl-C1 = 4.27 = 0.02 A.

Angle C1-C-C = 122.5 = 1°

calculated curves for models with CI-Cl = 4.28,
C-C = 1.38,and C-Cl = 1.68, 1.70, 1.72 and 1.76
(curves B, €, D and E, respectively, of Fig. 7).
All of these agree qualitatively with the photo-
graphs except in so far as the weak fourth and
fifth rings are concerned; the approximate
equality of these rings is best represented

(average for three photographs, two observers)
are given in Table VI.

The five-term radial distribution function
(Fig. 1) shows three peaks, with maxima at 1.73,
2.85 and 4.37 A., the first corresponding to the
small C—Cl distances, the second to the larger C—

by curve D. The results of the quanti-
tative comparison for C and D are given
in Table V; it is seen that the value of
‘the CI-Cl distance is essentially independ-
ent of the model.
~ Averaging the results of the two meth-
~ ods, with about equal weights, we assign
‘to the structural parameters the values
C=C = 1.38A. (assumed), C—Cl = 1.69 =
0.02 A., CI-Cl = 4.27 = 0.02 A., 8 (angle
ClI-C-C) = 122.5 = 1°. Previous studies
‘gave the values CI-C1 = 4.33 = 0.1 A.
(Wierl,” electron diffraction) and CI-Cl =
41 A, (Debyes® x-ray diffraction). In
addition a note has been published by
de Laszlo® in which the C-Cl distance
in this molecule is given as 1.74 A.
Trichloroethylene.—The photographs

¢-C,H,Cly

A 1 L

of trichloroethylene (Eastman) show six
rings, with intensities weak, strong, me-
dJum, ‘weak, medium weak, weak. Char-
acteristic features are that there is some indica-
tion of a small shelf between the second and third
rings (closer to the second than to the third)
and that the weak fourth ring is closer to the
third than to the fifth. The measured values of s

(9) H. de Laszlo, Na{ure, 186, 474 (1935).

i R

5 10 15 20

X—»

Fig. 6.—Intensity curves for cis-dichloroethylene.

Cl distances and to two CI-Cl distances, and
the third to the frans Cl-Cl distance. The lack
of resolution of the second peak makes it of little
value. o ———

In discussing the possible molecular models we
have restricted ourselves mainly to those in which

i

39



R

LA

s

BE for E=0h=

e TR Rl o e

oy
Rt e

2700 L O. BROCKWAY, J. V. Beach ANDEWUS’PAULmG

the three CI-C-C angles are equal. Curve A
(Fig. 8) is calculated for C-C = 1.38, C-Cl =
1.76 and the angles CI-C-C = 125° for the CCl,
group and 123° for the CHCI group. This curve
agrees with the photographs qualitatively, and
leads on quantitative comparison to the value
1.69 A. for C-Cl1 (and hence 1.32 A. for C-C).

1}

tively. ~0f ﬁm&e curves C el 16 i satxsfactory
qualitative agreement with the photographs.
Quantitative comparison (Table VI) leads to the
values C-Cl = 1.69 A., CI-C1 = 2.85, 3.19 and
4.27 A. Giving somewhat more weight to these
than to the radial distribution values, we accept
as representing the configuration of the

|
|

TR-C,H,Cl,
A/\WW Ao
/\/\/\u\/_w B

! C-Cl =
|

molecule the values C-C = 1.38 A. (as-
sumed), C-Cl = 1.71 = 0.08 A., CI-Cl =
2.72 = 0.04 A. (in the CCl, group), and
Cl-Cl = 3.23 = 0.05 A. and 438 =
0.05 A. (between CCl, and CHCI), with
the angles CI-C-C = 123 = 2°,
Trichloroethylene previously has been
studied by this method by Dornte,? Whgik
reported the values C-C = 1.32 = 0.08
1.82 = 0.08 A., CI-Cl.= 3.41 -
0.08 A, and CI-Cl = 4.52 0,08 A.in
approximate agreement with our values.
Tetrachloroethylene.—The rather weak
_photographs of tetrachloroethylene (East-
man) obtained at room temperature show
six rings, the first medium, the second
“strong, the third medium, the fourth weak,

/\MM ’ | the fifth medium weak and the smtlil#~

M Averaged values of s (for four

5 10 15

==t

Fig. 7.—Intensity curves for trans-dichloroethylene.

Other models lead to about the same C—Cl value.
Curves B, C, D and E of Fig. 8 are calculated
1.38, C-Cl1 = 1.70 and the angles

TaBLE VI
TRICHLOROETHYLENE
Model C ,
Max., Min, I s x C~
2.91 2.80  (1.639A.)
2 3.88 3.78 (1.633)
2 30 4.86 4.79 1.675
3 6.43
3 15 7.81 7.73 1.683
L 4 8.68 8.59 1.682
4 4 9.67 9.11 1.602
By 10.91 10.97 1.709
5 e 10 12.04 12.03 1.699
6 4 15.49 16.20 1.778
e Average 1.690 A.

are given in Table VII.
e six-term radial distribution func-
(Fig. 9) shows three peaks, with
maxima. W2 2.86 and 4.37 A., the first repre-
senting a C-Cl distance, the third the #rans CI-Cl
distance, and the large second peak representing
three distances.

Curves A, B, C and D of Fig. 9 are calculated

TaBLE VII + &
TETRACHLOROETHYLENE %‘*
Max, Min. I & « for model B c«c‘.ﬁ’.
1 15 2.78 2.70  (1.69A:
2 3.81 8,68, ' (1.68)%8
2 30 4.76 4.63 1.691 °
3 10 7.46 7.52 1.75508
4 3 9.00 9.12 1.761.
5 . 8 1.8  11.72 1.727% 1.8
6 3 15.17 :
Average 1.732 A
Results: C-C = 1.38 A. (assumed)
C-Cl = 1.73 = 0.02 A.
Cl-Cl = 2.87 = 0.03 A.
3.30 = 0.03 A.

4.28 = 0.03 A.
Angle CI-C-C = 123° 45’ = 1°
(10) R. W. Dornte, J. Chem. Phys., 1, 566 (1933).

o o TR L Nt 4
e et il W L g L 40 e

o
— photographs) and estimated intensities




Dec., 1935

for models with C-C = 1.38, C-Cl = 1.74 and
the angles CI-C-C = 125°, 123°45/, 122°30’ and
121°15’, respectively. It is seen that the curves

. AN ELECTRON DIFFRACTION INVESTIGATION
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peak is not sufficiently displaced toward the third,
We accordingly accept for the CI-C-C angle the
value 123°45" = 1°.

The quantitative comparison leads to C-C1 =
1.782 A, and CI-Cl (frans) = 4.38 A., in essen-
tial agreement with the results of the radial
distribution treatment. We accordingly ac-
cept for the structural parameters of the mole-
cule the values C-C = 1.38 A. (assumed),
C-Cl = 1.73 = 0.02 A, CI-Cl = 2.87 =
0.03 A. (in the same CCl, group), and CI-Cl =
3.30 = 0.03 A. and 4.28 = 0.03 A. (between
CCl, groups), with the angle CI-C-C =
123°45" = 1°,

A previous electron diffraction investigation
by Dornte!® gave the values C-C = 1.32 =
0.08 A., C-Cl1 = 1.82 = 0.08 A., and CI-Cl =
3.41 = 0.08 A. and 4.52 = 0.08 A., in approxi-
mate agreement with our results. De Laszlo
has also reported the value C-Cl = 1.74 A. in
a preliminary note.?

Thiophosgene.—The thiophosgene used was

5 10 15 20

Fig. 8.—Intensity curves for trichloroethylene.

change very rapidly with change in angle. The
appearance of the photograph is closely repro-
duced by curve B, and not so well by C or A; the
latter is unsatisfactory only in that the fourth

TaBLE VIII

g THIOPHOSGENE
Max. Min, I 5 « for model B c-Cl

1 10 2.84 2.67 (1.598 A.)
2 B0 3.67 (1.664)
2 25 5.00 4.84 (1.646)
3 6.08 6.04 1.689
3 12 7.16 7.13 1.693
4 8.10 8.06 1.692
4 12 9.17 9.09 1.685
5 10.25 10.29 1.707
153 6 11.40 11.49 1.718
6 12,43 12.51 e
6 3 13.41 13.48 1.709
7 14.51 14.56 1.706
7 3 15.56 15.75 1.721
8 16.78 16.88 1.710
8 1 17.79 17.90 1. 71
9 18.90 18.87 1.697
9 1 19.90 19.97 1.706
Average 1.704 A
Results: C-S = 1.63 A, (assumed)
Angle CI-C-Cl1 = 116 = 2° (assumed)

C-Cl = 1.70-= 0.02 A.

Cl-Cl = 2.88 = 0.04 A.

Cl-S = 2.90 =0.04 A

prepared by the chlorination of carbon disulfide

and subsequent reduction, and purified by frac-

tional distillation.!!

The photographs show nine rings, for which
measured s values and estimated intensities are
given in Table VIII (averages for four photo-

CoClg

! i 1
5 10 15

X—>

Fig. 9.—Intensity curves for tetrachloroethylene.

(11) ““Organic Syntheses,”
City Coll., Vol. I, p. 493.

John Wiley and Sons, Inc., New York
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graphs!?). The nine-term radial distribution curve
(Fig. 10) shows two well-defined peaks, the first,
with maximum at 1.59 A., corresponding to the
C-S and C-CI distances, and the second, with
maximum at 2.87 A., to the CI-Cl and CI-S dis-
tances. The sharpness of the second peak (which

CHNO,

CH3ONH,

cSCh

L 1
2 3

A.

Fig. 10.—Radial distribution curves for nitro-
methane, a-methylhydroxylamine and thiophos-
gene.’

-1

closely resembles the C1-Cl peak for carbon tetra-
chloride) indicates strongly that the CI-Cl and
CI-S distances are nearly equal. The position of
the first maximum is unreliable, being strongly
dependent on the estimated intensity values.

On calculating simplified intensity

N op
; L. O. BRockwAY; J. Y. BEAcH AND LiNus PAULING

the light carbon atom; however, the'curve for
C-Cl = 1.76, C-S = 1.44 and the angle CI-C-Cl =
110° (B of Fig. 11) is qualitatively unsatisfactory
in regard to the fourth ring, which is observed to
be as strong as the third.

We have assumed for the C-S distance the
double bond value 1.63 A., as given by the table
of covalent radii (and verified by the value 1:64 A.
reported for crystals of thiourea),'® and for the
angle CI-C-Cl the value 116 = 2°, as in phosgene
and 1,1-dichloroethylene. The observed size of
the CI-CI-S triangle then requires that C-Cl be
close to 1.70 A. The quantitative comparison
with curve A leads to C-Cl = 1.704 A.; taking
some cognizance of the 2.87 A. peak on the radial
distribution curve, we accept for the structural
parameters the values C-S = 1.63 A. (assumed),
angle CI-C-Cl = 116 = 2° (assumed), C-Cl =
170 = 0.02 A, CI-C1 = 2.88 = 0.04 A, and
Cl-8 = 2.90 = 0.04 A.
~Methylhydroxylamine.—The photographs
of ‘a-methylhydroxylamine (Eastman) show three
well-defined rings, with s values (average for four
films) and estimated intensities given in Table IX.
The three-term radial distribution function (Fig.
10) shows peaks with maxima at 1.39 and 2.31 A.
The first we interpret as showing the C-O and
O-N distances, unresolved, the table of covalent
radii giving for them the values 1.43 and 1.36 A.,
respectively. The C-N distance 2.31 A. then
leads to the value 112° for the C—O-N angle.

Intensity curves were calculated for the follow-
ing values of the angle: 114, 110 and 106°. In
these the ratio of the O-N and C-O distances was

curves for eight models it was found that
all of the parameters determining the
structure of the molecule could not be
* evaluated. The curves out to the tenth
ring are affected very little by small
changes in the CI-Cl/CI-S ratio, no per-
ceptible differences existing between those
calculated for C-S = 1.63, C-Cl = 1.70,

and the angle CI-C-Cl = 114, 116, 118
and 120°, respectively, the CI-Cl/ cl's
ratio changing from 0.97 to 1.02. All of
these curves agree satisfactorily with the photo-
graphs in qualitative appearance; the 116° curve
is shown as A in Fig. 11. The curves are also not
very sensitive to small changes in the position of

(12) Some measurements made on five rings of Very weak photo-
graphs, disagreeing with those in the table by about 2%, were
discarded.

5 10 15
Fig. 11.—Intensity curves for thiophosgene.

taken as 1.36/1.43. The curves for the first two
are shown in Fig. 12 and the x values in Table IX.
Model A (110° angle) is superior to Model B
(114° angle) as indicated by the poor agreement
between the x and s values for the second maxi-

(13) R. W. G. Wyckoff and R. B. Corey, Z. Krist., 81; 386 (1932).

e
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3
TaBLE IX 5
a~-METHYLEYDROXYLAMINE *
. Model A Model B
Max, Min, b § s x N-O x N-O
1 5 6.00 6.10 1.383 A. 6.04 1.369 A.
> 7.95 7.93 1.357 7.88 1.349
2 2 9.49 9.93 1.418 _10.20 (1.461)
3 12.13 12.20 1.367 12.17 1.362
3 1 13.94 14.30 1.393 14.18 1.381 o
Average 1.384 A. 1.365 A.
Results: N-O = 1.37 = 0.02 A. :
C-O0 = 1.44 =0.024
C-N = 2.31 = 0.03 A.
Angle C-O-N = 111 = 3°

- mum in Model B. The 106° model was rejected The photographs do not permit the evaluation
~ because it leads to widely fluctuating values for of all the structural parameters. We expect,
the size of the molecule as calculated from the however, that the C-N distance has the single -
, ious maxima and minima. The quan- :
" titative comparison for Model A leads to :

N-O = 1.38 A, C-O = 1.45 A. and C-N CH3ONH,
& 231 A

Combining the results of the two meth-
ods we obtain the values N-O = 1.37 =
002 A., C-O = 1.44 = 0.02 A, angle
CEO-N = 111 = 3° C-N = 231 =
0.03 A.

Nitromethane.—The photographs of
nitromethane (Eastman) show four well-
defined rings followed by a very wide
minimum and two more very faint
maxima. The s values averaged from I 1 1 |
six photographs and the estimated in- 5 10 15 20
tensities are given in Table X. The =
six-term radial distribution function (Fig.
10) '§1ows two peaks with maxima at 1.19 and bond value 1.47 A. and the N-O distances ap-

'2.18 A., the first corresponding to the N-O dis- proximately the double bond value 1.22 A. The
nce with the N-C distance unresolved and the three curves in Fig. 13 correspond to models

&

nd to the O-O and C-O distances. having the relative dimensions determined by

By,

1o°

114°

Fig. 12.—Intensity curves for a-methylhydroxylamine.

--,[..*%};' TABLE X the above distances and the three values -of the
' NITROMBIHANE O-N-O angle, 120, 125 and 130°, respectively.
Max. Min, I s x N-Ouze The qualitative features of the photographs
i1 10 3.65 3.2 (L.09A)  fix the angle at about 127°. Thus, the promi-
3 2 26 ggg ‘é;g (1(1);2) nence of the third maximum relative to the
3 7.96 8.00 1.206  fourth and the position and character of the :
3 12 9.29 9.28 1.219 fiftth minimum as observed on the photograph o 5
N 4 10.54 10.17 1.178 eliminate the 120° model. In the 130° curve
5 2 i 1;1'5/ 1;2?; }gg? the position of the seventh maximum is a little g
. s 1777 a7.21  1.181 better than in the ome for 125° but the hump =
6 19.37 19.50 1.227 following the fifth minimum is too; pronounced. -
6 2 21.02 The quantitative comparison (Table X) leads e
L e § Average 1.208 A 4 tne values C-N = 146 = 0.02 A. and
i C-N = 1.46 = 0.02 A. « N-O =121 =0.02 A, with the angle O-N-O =
Angle O-N-O = 127 = 3° - 127 = 3°,
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120°
125°

130°

5 10

15 20

X

Fig. 13.—Intensity curves for nitromethane.

Discussion of Results

In phosgene, thiophosgene and the six chloro-
ethylenes the carbon-chlorine distances vary be-
tween 1.67 and 1.73 A., being between 5 and 2%
less than the normal single bond value 1.76 A.
This decrease is due to the partial double bond
character caused by resonance resulting from the
conjugation of an unshared pair of electrons on the
chlorine atom with the adjacent double bond.
The values found for the angle CI-C-X are some-
what smaller than the tetrahedral value 125°16’
for the angle between a single bond and a double
bond, as a result of the same phenomenon. A
detailed discussion of these effects is given in the
following paper.

For the other interatomic distances the values
found are in good agreement with the table of
covalent radii. In phosgene the carbon-oxygen
distance has the double bond value 1.28 = 0.02

tion of the photographs. The N-O distance
1.21 = 0.02 A. for the nitro group in nitromethane
is close to the double bond value 1.22 A. The
distances N-O = 1.37 = 0.02 A. and C-O0 =
144 = 0.02 A. in a-methylhydroxylamine and
C-N = 1.46 = 0.02 A, in nitromethane agree well

with the single bond values 1.36, 1.43 and 1.47 A.,

respectively, given by the table of radii.

Summary

The arrangements of atoms in molecules of
phosgene, the six chloroethylenes, thiophosgene,
a-methylhydroxylamine and nitromethane have
been determined by the use of electron diffraction
photographs, interpreted both by the radial dis-
tribution method and the usual visual method,
with the following results. (Values given without
attached probable errors were assumed to be cor-
rect in the investigation.)

Phosgene: C—Cl = 1.68 = 0.02 A.; C-0 =1.28 = 0.02 A.; angle CI-C-0 = 121.5 = 1°,

c—Ci Angle CI—C—C
1.69 = 0.02 A. 122. = 2° =8
1.69 = 0.02 122 = 1° B
1.67 = 0.03 123.5 = 1° S8
1.69 = 0.02 122.5 = .1° 48
1.71 = 0.03 123, = 2° S
1.73 = 0.02 123.75 = 1° (S

c—C
Vinyl chloride 1.38 A.
1,1-Dichloroethylene 1.38
cis-Dichloroethylene 1.38
trans-Dichloroethylene 1.38
Trichloroethylene 1.38
Tetrachloroethylene 1.38
Thiophosgene: C-Cl = 1.70 = 0.02 A; CS =1.63A.; angle CI-C-S = 122°.

a-Methylhydroxylamine: N-O = 1.87 = 0.02 A.;; 0—C = 1.44 = 0.02 A.; angle C-O-N = 111 = 3°.

Nitromethane: N-O = 1.21 = 0.02 A.; C-N = 1.46 = 0.02 A.; angle O-N-O = 127 = 3°.

A. (1.28 A. from the table), and for thiophosgene
the double bond value 1.63 A. for the carbon—
sulfur distance leads to a satisfactory interpreta-

[

The discussion and interpretation of these
results are given in the following paper.

PasapeNa, CALIFORNIA  RECEIVED SEPTEMBER 24, 1935

79




The Dependence of Interatomic Distance on Single Bond-

Double Bond Rescnsnce



[Reprint from the Journal of the American Chemical Society, 57, 2705 (1935).

[ConTrRIBUTION FROM THE GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY, No. 509]

The Dependence of Interatomic Distance on Single Bond-Double Bond Resonance!

By LiNus PAuLING, L. O. BROCKWAY AND J. Y. BEACH

Introduction

Three years ago it was pointed out? that ob-
served values of interatomic distances provide
useful information regarding the electronic struc-
tures of molecules, and especially regarding reso-
nance between two or more valence bond struc-
tures. On the basis of the available information
it was concluded that resonance between two or
more structures leads to interatomic distances
nearly as small as the smallest of those for the
individual structures.® For example, in benzene
each carbon—carbon bond resonates about equally
between a single bond and a double bond (as given
@‘ ‘the two Kekulé structures); the observed
carbon—carbon distance, 1.39 A., is much closer to
the carbon—carbon double bond distance, 1.38 A.,
than to the single bond distance, 1.54 A.

In benzene the two Kekulé structures contrib-
ute equally. In general, however, the coeffi-
cients of the functions corresponding to different
structures in the approximate wave function of a
molecule may have arbitrary values, and a bond
between two atoms may have any intermediate
character between the extremes of a pure single
bond and a pure double bond. For a series of
bonds covering the range between a pure single
bond and a pure double bond we expect the inter-
atomic distance to change continuously from the
single bond value to the double bond value. In
this paper we present evidence regarding the
nature of the function expressing the dependence
of interatomic distance on single bond-double
bond resonance, and then make use of the function
in order to obtain information regarding the elec-
tronic structures of resonating molecules for
which experimental interatomic distance values
are available. The effect of resonance on bond
angles is also discussed.

(1) Part of the material in this paper was presented at the meeting
of the A. A. A. S. in Berkeley, June, 1934,

(2) L. Pauling, Proc. Nat. Acad. Sci., 18, 293 (1932).

(3) The following argument, suggested by Professor P. M. Morse,
shows that this conclusion is r ble. Of two potential functions
corresponding to two structures, the one with the smaller value of
the equilibrium internuclear distance will have the greater curvature
in the neighborhood of the minimum [see for example, R. M. Badger,
J. Chem. Phys., 2, 128 (1934)]. Hence the more stable of the two
restiltant potential functions corresponding to resonance between
these two structures will tend to have its minimum in the position
determined by the original curve of greater curvature, that is, near
the smaller value of the internuclear distance.

The Interatomic Distance Function for Single
Bond-Double Bond Resonance.—The carbon—
carbon single bond distance is 1.54 A. (diamond,
aliphatic compounds). For the carbon—carbon
double bond distance we shall use the value 1.38
A. given by the table of covalent radii;* some sup-
port for this is given by Badger’s value® 1.37 A.
for ethylene. These give the two extreme points
of the interatomic distance function for single
bond-double bond resonance. The midway point,
for fifty per cent. double bond character, is pro-
vided by the value 1.39 A. for benzene;® the

electronic structure of benzene is represented in

the main by resonance between the two Kekulé
structures (the contribution of excited structures
being smallf); and this makes each bond resonate
equally between a double and a single bond.
Another point on the curve is provided by graph-
ite (C-C = 1.42 A.), in which each bond has one-
third double bond character, corresponding to
resonance among many structures such as

o) e G
R rasal e o
C=C Ce==C
A e ey
= c—C C=
R0 Ngld (1

Through these four points we draw a smooth
curve, as shown in Fig. 1, which we accept as
representing the dependence of carbon-—carbon
interatomic distance on double-bond character for
single bond-double bond resonance. We believe
that by a suitable translation and a change of
vertical scale (to give the correct end-points) the
same function can be used for bonds between
other atoms, and probably also for double bond-
triple bond resonance. This use of the curve will
be illustrated below.

(4) L. Pauling, Proc. Nat. Acad. Sci., 18, 293 (1932); L. Pauling
and M. L. Huggins, Z. Krist., 87, 205 (1934).

(5) R. M. Badger, Phys. Rev., 45, 648 (1934).

(6) L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 867 (1934).

(7) A possibly more accurate value for the double bond character
of the bonds in benzene (0.46) is obtained by considering all five
canonical structures with weights equal to the squares of their
coefficients in the wave function. There is some uncertainty as to
the significance of this, however, because of the non-orthogonality
of the wave functions for the canonical structures, and for chemical
purposes it is sufficiently accurate to follow the simple procedure
adopted above.

45
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It is seen that a small amount of double bond
character causes a large decrease in interatomic
distance below the single bond value, whereas only
a small change from the double bond value is
caused by even as much as fifty per cent. single
bond character.® In consequence, the inter-
atomic distance criterion for resonance provides

- quantitative information only through about one-
‘half of the bond character region.

5 c-¢c QO

1.50
041.45’
GRAPHITE

1.40 O/

L B=0 BENZENE

o ——/

5 ? [

L ; : L el ; i

Double Bond Single Bond

Fig. 1.—The empirical function expressing the depend-
ence of carbon—carbon interatomic distance on bond char-
acter for single bond-double bond resonance.

The applicability of the curve to bonds other
than carbon-carbon can be tested with the data
for carbon-oxygen and nitrogen-oxygen bonds
given in Table 1, the predicted distances being
obtained from the table of covalent radii for pure

-~ single and double bonds, and from the curve (with
~ end-points determined by the table) for bonds of

intermediate type. The carbonate and nitrate
ions resemble graphite in that the double bond
resonates among three positions, whereas in the
carboxyl and nitro groups, as in benzene, the
double bond resonates between two positions.
It is seen that there is approximate agreement
between predicted and observed values.

The Use of the Interatomic Distance Function
in Discussing the Electronic Structure of Mole-
cules.—The observed interatomic distances listed
in Table II are interpreted with the aid of the
curve of Fig. 1 to lead to the assignment of frac-
tional double bond character as given in the last
column. It is seen that a single bond between
conjugated double bonds (cyclopentadiene) or

(8) Verification of the shape of the curve has been obtained with
the collaboration of Dr. J. Sherman by the theoretical treatment
of a somewhat similar problem (the effect of s-p hybridization of
bond orbitals on interatomic distance).

& .
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TaBLE I
COMPARISON OF PREDICTED AND OBSERVED INTERATOMIC
DISTANCES
Carbon-Oxygen Bonds
Amount of double Predicted Observed
bond character distance distance
0 1.43 A. 1.42 A. in (CHj),0°
1.44 in CH;ONHza
/s 1.32 1.31 (1.26) in (CO5)=®
1/s 1.29 1.29 in (HCOOH);’
1 1.28
Nitrogen—Oxygen Bonds
0 1.36 A. 1.37 A. in CH;ONH;*
/3 1.26 1.22 (1.26) in (NOj)~*
1/, 1.23 1.21 in CH;NO,*
1 1.:22

¢ Preceding papers. b Preliminary values - obtained
through redetermination of parameters in crystals (cal-
cite and sodium nitrate) by Mr. Norman Elliot. The
values in parentheses are based on older parameter deter-
minations. ° L. Pauling and L. O. Brockway, Proc. Nai.
Acad. Sci., 20, 336 (1934). The value 1.25 A. reported in
crystals of oxalic acids and oxalates is probably less re-
liable.

conjugated benzene rings (biphenyl) p-diphenyl-
benzene, has about 15 or 209, double bond char-
acter,? whereas a single bond between conjugated

TaBLE II
INTERATOMIC DISTANCES AND BoND TYPE
Amount of
Observed double bond
Molecule Bond distance character
Cyclopentadiene G 146 AN
p-Diphenylbenzene  C—C 1.48° .14
Biphenyl C—C 1.4%° .14
Cyanogen G+, A 428 .29
Diacetylene c—C 1.43° .29
Urea C—N 1.37° .28
Thiourea C—N 1.37 .28
Cyanuric triazide C—N 1.3% .25
Carbon suboxide Cc=C . 1.30! .20 g0
C=0 .1.20" .20%8

* Preliminary result of electron diffraction study in this
Laboratory. °L. W. Pickett, Proc. Roy. Soc. (London’),,
Al142, 333 (1933). °¢J. Dhar, Indian J. Phys., 7, 43
(1932). ¢L. O. Brockway, Proc. Nat. Acad. Sci., 19,
868 (1933). °R. W. G. Wyckoff and R. B. Corey, Z.
Krist., 89, 462 (1934). ' R. W. G. Wyckoff and R. B.
Corey, ibid., 81, 386 (1932). ? I. E. Knaggs, Proc. Roy.
Soc. (London), A150, 576 (1935). * L. O. Brockway and
L. Pauling, Proc. Nat. Acad. Sci., 19, 860 (1933). * Triple-
bond character. f

(9) The comparison of these results with the simple theory of
conjugated systems [Pauling and Sherman, J. Chem. Phys., 1, 679
(1933)] is not straightforward because of non-orthogonality of the
canonical structures. If we assume that the double bond character

& 3
is given by the square of the coefficient of the structure — = — in
the normalized wave function for a system of two conjugated double
bonds the simple theory leads to the value 0.25. in approximate
agreement with the experimental result
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30% d()uble bond character.

triple bonds (cyanogen, diacetylene) has about
In cyanuric tri-
azide the reported distance for the bond linking
an azide group to the cyanuric ring corresponds
to_abotit 259, double bond character.

;Mea and thiourea the ionic structures such as
HzN"' NH,

are of sufficient importance to give

:9:_
each C-N bond about 289, double bond character.
In case these structures were equivalent to the

H.N NH,
strﬂ%!u're ﬁl giving complete resonance,
0
_ SEERT
each would have one-third double bond

as in the carbonate, nitrate, and guan-
im ions. The experimental result shows
at resonance is nearly complete.
" In carbon suboxide, for which the structure
: 0=C=C=C=0: is most important, structures
such as —: :(:)—CEC—CEO:+ contribute about
209, triple bond character to each bond.
Resonance of a Carbon-Chlorine Bond and an
Adjacent Double Bond.—We expect the phos-
gene molecule to resonate among the structures
o
N
C
i :.Ol‘i_

o

s et e
86, fLly. Gl

and

... /
O0—0)
\

ghich the first is the most important, the
-conc %:d third making only small contributions
éﬂ:e mxmal state of the molecule. The value

’".1.‘68 = 0.02 A. for the C~Cl distance, reported in

the preceding paper,' corresponds to 179, double
bond character for the carbon—chlorine bonds,
calculated with the curve of Fig. 1, with end points
C-Cl = 1.76 A. and C=Cl = 1.58 A. The value
C-Cl = 1.70 = 0.02 A. in thiophosgene leads to
129, double bond character, indicating that the
ionic structures make a smaller contribution for
this molecule than for phosgene.

We might predict that of the six chloroethylenes
the C-Cl distance would be smallest in vinyl
chloride, which resonates between the structures

>c_c/ -k and

H +

S

= S Wi i)
(10) jrockway, Beach and Pauling,
1935).

/
\H

vAL, B7, 2603
e 24
O
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~
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and largest in tetrachloroethylene, in which the
effect of the double bond is divided among fou

carbon—chlorine bonds. This is found experi-
mentally (Table III), except that the distance
reported for cis-dichloroethylene is about 0.02 A.
smaller and that for vinyl chloride somewhat
larger than expected. The amounts of double
bond character shown in the table are reasonable—
about 159, for mono- and dichloroethylenes, 10%
for trichloroethylene, and 69, for tetrachloro-
ethylene.

TaBLE III

INTERATOMIC DISTANCES AND BOND TYPE FOR
CARBON-CHLORINE BONDS

Double bond

Molecule C-Cl distance character
Phosgene 1.68 = 0.02 A. 0.17
Thiophosgene 1.7002 02 12
CH,CHC1 1.69 = .02 .14
CH,CCl, 1.69 = .02 .14
¢is-CHCICHCI 1.67 = .03 .20
trans-CHCICHCl 1.69 = .02 .14
CHCICCl, 1.71 = .03 .10
C.Cly 1.7 = .02 .06

The effect of this partial double bond character
on the chemical properties of chlorine atoms con-
jugated to double bonds is well known; it corre-
sponds in the main to a diminution in reactivity.
The correlation with bond angles is discussed in a
later section of this paper.

Inasmuch as the conjugation properties of a
double bond and a benzene ring are closely simi-
lar,'! we expect for the halogen substituted ben-
zenes interatomic distances similar to those for the
halogen ethylenes. De Laszlo'? has reported the
values G=C1 = 1.69 A., C-Br = 1.88 A., and C-I
= /2,05 A., corresponding to 14, 6, and 10%
double bond character, respectively.!?

The Dependence of Bond Angles on Single
Bond-Double Bond Resonance.—In a molecule
such as phosgene or 1,1-dichloroethylene the value
125°16’ for the angle C1-C-O () is predicted by
the theory of the tetrahedral carbon atom in case
that the C—Cl bonds have no double bond charac-
ter. If the double boud resonates equally among
all three positions, giving the C1-C bond one-third
double bond character, we expect from symmetry

(11) L. Pauling and J. Sherman, J. Chem. Phys., 1, 679 (1933).

(12) H. de Laszlo, Proc. Roy. Soc. (London), A146, 690 (1934).

(13) The interatomic distance values given are stated to hold for
hexahalogen, sym-trihalogen and p-dihalogen benzenes. We expect
the distances in these different compounds to be different, however;
and investigation of these and other halogen compounds is under
De Laszlo has also reported values of
C-Br and C-I distances in gthylemc and acetylenic compounds in
a letter to Nature, 135, 474 (1935)
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the value 120° for B. Between these limits the
dependence of 8 on the amount of double bond
character of the C-Cl bonds may be postulated to
be given by a curve similar in shape to the inter-
atomic distance curve of Fig. 1. If this is so,
there would be a linear relation connecting the
angle 8 and the C—Cl distance, between the points
B = 125°16’, C-Cl = 1.76 A. and g = 120°, C-
Cl = 1.64 A. (as given by the curve for one-third
double bond character). From -a similar discus-
sion, the other chloroethylenes (except vinyl chlo-
ride) would be expected to fall roughly on the same
line.

A test of this relation is shown in Fig. 2, the
seven points being those determined experi-
mentally for phosgene and the six chloroethylenes.

124°
(]
[ ]
[ ]
122°L
]

120° 1 L I 1 1 J

1.64 1.68 1.72 1.76

C—CL

Fig. 2.—The relation between bond angle
_ and carbon-chlorine distance for phosgene
and the chloroethylenes.

It is seen that, with one exception, the points lie
very close to the straight line drawn according to
our assumptions, the displacements being much
less than the probable errors of the experimental
values. The exceptional point is that for cis-
dichloroethylene, the discrepancy confirms the
suggestion made in the preceding section that our
results for this substance are slightly in error.4
It is surprising that vinyl chloride obeys the same
relation, as there is no apparent reason for the
angle to be much different from 125°16’.

Interatomic Distances in Polynuclear Aro-
matic Hydrocarbons.—As a further example of
the use of the interatomic distance function we
shall discuss the polynuclear aromatic hydro-
carbons.

For naphthalene there are three unexcited

(14) The discrepancies are removed by increasing the C-Cl dis-
tance by 0.02 Aiyrtoals 69 A,,;m@ decreasing the angle by 1°, to
122°30’. = These changes are within the estimated probable errors
ofmd’étermmaﬂon. *OGSA and =1°, respectively.

§

LiNus PAULING, L. O. BROCKWAY AND J.'V. BracH

Vol. 57

e T\ NN W\
structures [j[ l [j ) E\Q

N ) A VAN A \S
Giving these equal weights, we obtain the result
that the 1-2 bonds have %/; double bond character
and all others !/;.
1.39 A. for the 1-2 interatomic distances (includ-

ing 34, 5-6 and 7-8), and 1.42 A. for all others,

/ 1.39
giving the configuration (j

A possibly more reliable prediction can be made
on the basis of Sherman’s wave function for naph-
thalene,’ by considering all 42 canonical “struc-
tures. The fractional double bond character of a
bond can be considered to be given approximately
(neglecting non-orthogonality of the canomical
wave functions) by the expression

E; ai’ / Zi“*‘z

in which @; represents the coefficient for the ith

structure; the unprimed sum includes all strue-

These correspond to the values

98

tures of the set of 42, and the primed sum thosé'a‘“‘

for which the bond in question is a double bond.
The results of this calculation are the following:1
Bond 1-2 2-3 " 91 9-10
Double bond character 0.60 0.33 X 0.26 0.43
C-C distance 1.394. 1.424. 1.444. 1.40A.

corresponding to the configuration
1.44 ~\1.39
8 / 1
LA B
" 1.40 1.42
6 10 3
\5 \4/ .
The four unexcited structures for anthracene,

given equal weights, lead to 3/, double bond
character for the 1-2 bonds, !/, for the 9-11 bonds

and !/; for others, the predicted configuration

being

(15) J. Sherman, J. Chem. Phys., 2, 488 (1934).

(16) It may be pointed out that the changes from the simple,

calculation given above result mainly from the fact that the coeffi-

VAVAN
cient for the structure | is larger than that for the other
7

unexcited structures. ™



1)

Pec., 1935

For phenanthrene the five unexcited structures
lead to */s; double bond character for the 9-10
bonds, ?/; for the 1-2 bonds, 2/5 for the 1-11, 11-12
. and 4-12 bonds, and '/; for the 10-11 and 12-13
bonds, and the predicted configuration is

1/4‘—ﬂ1'38 14
% \H_/H*X”
B T L

Similar prediction can be made for larger mole-
cules. It must be pointed out that the contribu-
tions of excited structures become important for
bonds with small double bond character, inasmuch
as in conjugated systems excited structures alone
may lead to as much as 209, double bond charac-
ter; it is probable that the maximum carbon-
carbon bond distance in aromatic hydrocarbons
is about 1.46 A:, the minimum being the double
bond distance 1.38 A.

The predicted average interatomic distance is
1.41 A. in naphthalene, anthracene and phenan-
threne, this value being somewhat larger than
‘the benzene value (1.39 A.).” With increase in
size of the hydrocarbon the carbon—carbon dis-
tances should all approach the graphite value
142 A.

The only experimental values of sufficient
accuracy to permit a test of the predicted values
are those obtained by Robertson in his careful and
thorough x-ray investigations of the structure of
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crystals of naphthalene” and anthracene.’® In
each of these molecules Robertson reports the
value 1.41 A. for the average carbon-carbon bond
distance, in complete agreement with the pre-
dicted value.® He does not discuss individual
variations from the average; however, measure-
ments made on his‘reproduced electron distribu-
tion projections (Fig. 2 for naphthalene, Fig. 2 for
anthracene) show differences of 2 or 39, in the
predicted directions.?°

Summary

Using experimental values for carbon—carbon
bonds, a function is plotted showing the depend-
ence of interatomic distance on bond character for
single bond-double bond resonance. This fune-
tion is tested with data for other bonds, and used
in the discussion of the electronic structure of
molecules containing conjugated double or triple
bonds or aromatic nuclei and of molecules contain-
ing carbon—chlorine bonds adjacent to double
bonds. The dependence of bond angles on single
bond—-double bond resonance is discussed. Values
of carbon-carbon bond distances in polynuclear
aromatic hydrocarbons are predicted and com-
pared with the existent experimental data.

(17) J. M. Robertson, Proc. Roy. Soc. (London), A142, 674 (1933).

(18) J. M. Robertson, ibid., A140, 79 (1933).

(19) The data for chrysene [J. Iball, ibid., A146, 140 (1934)] are
also compatible with this value.

(20) The value 1.41 A. has also been reported for the carbon—
carbon distance in benzene derivatives, We think it probable that
this is 0.02 A. too large.
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